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Propositions
accompanying the dissertation

IN SITU FOAM GENERATION

IN FLOW ACROSS A SHARP PERMEABILITY TRANSITION

by

Swej Yogesh SHAH

1. Foam, that would not be generated in a porous medium in steady flow at a low
velocity, can be created at the same velocity in flow from low- to high-permeability
provided that the permeability change is sharp and the contrast is great enough
(Chapters 2 and 3).

2. Foam strength, when generated by snap-off in flow from low- to high-permeability,
is greater when the permeability contrast is greater (Chapter 2).

3. Foam generation by snap-off across a permeability boundary is an intermittent
process. This intermittency is greater with greater permeability contrasts, lower
velocities and/or higher gas fractions (Chapters 2 and 3).

4. Brooks–Corey type drainage capillary-pressure (Pc ) curves do not allow for
snap-off to be modelled. Even during a drainage process, a brief moment of local
imbibition causes snap-off. The corresponding reduction in Pc can be modelled
only if van Genuchten type or imbibition curves are used (Chapter 3).

5. For a PhD candidate, learning to be critical is a precursor to, and a bigger
achievement than, mastering a subject.

6. The impact of the students that a PhD candidate supervises should be considered
among the achievements of a PhD candidate.

7. Writing a PhD dissertation involves multiple feedback loops in which the first
iteration is invariably unintelligible. That gibberish is still useful, as it motivates a
second wave of writing and the feedback loop continues.

8. A research group where confidentiality within the group is minimized and the
exchange of ideas is promoted can produce more valuable results than its
antithesis.

9. When a country has too many rules, something is missing in the flavour of its
people, but a little bit of tolerance and open-mindedness in its people helps
mitigate the blandness.

10. “Action isn’t just the effect of motivation, it’s the cause of it." - Mark Manson



11. Kobe Bryant is the greatest basketball player of all time.

12. In research, failure is also a valuable result.

These propositions are regarded as opposable and defendable, and have been approved
as such by the promotor prof. dr. W. R. Rossen.
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Universal law is for lackeys
Context...is for kings.
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PREFACE

This dissertation is the result of original work conducted at the Geoscience and
Engineering Laboratory of the Delft University of Technology in the period November
2015 – November 2019. This work is directly related to the use of foam for subsurface
displacement processes such as enhanced oil recovery (EOR), aquifer remediation and
CO2-storage. When I started working on this project, the idea was to examine a
potential “Plan B" that aimed to sustain foam deep inside the reservoir. If foam does
not propagate far from a well, this might bring the utility of foam as an effective agent
for improving sweep efficiency into question. The mechanism studied in this work,
namely snap-off across sharp permeability changes, is shown to be a useful mechanism
for generating foam in situ, deep inside a reservoir. The results of this thesis imply
positive consequences for the applicability of foam for the above-mentioned
displacement processes.

In this book, the chapters succeeding “Introduction" are either published or
submitted journal papers. Therefore, they can, in principle, be read individually. While I
have tried to simplify the terminology used in this thesis as much as possible, it is
expected that the reader is familiar with some basic nomenclature used in the
petroleum-engineering community. It is also expected that the reader is aware of how
oil is produced from the subsurface and what causes it to flow.

When I started my doctoral studies, the first order of business was to find the right
porous medium for my experiments. Based on the experimental plan, after screening
possible options, we chose to use porous sintered glass cores. To the best of my
knowledge, sintered glass samples of comparable dimensions have never been used
before for coreflooding experiments. As you will read through the rest of this thesis, we
learned a great deal about cores made out of sintered glass and their applicability for a
wide range of coreflooding experiments. We also investigated other methods to create
synthetic porous media for future experimentalists.

Foam is a complicated system, and its behaviour in a porous medium is far more
complicated than in bulk. We have been studying foam in porous media for over forty
years and we still do not completely understand it. That is, in my opinion, the beauty of
foam, for it will always keep your mind occupied. Foam is still not widely used as an EOR
agent, but my experiences have led me to conclude that foam is effective, and safe, with
respect to the displacement processes mentioned above. What we really need at this
point is more data from field-scale implementations of this technology. We need a well-
documented success story, one that prompts companies that invest in this research, to
actually implement it.

Swej Yogesh Shah
Delft, October 2019
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SUMMARY

Liquid foams are a distribution of discontinuous gas bubbles separated by liquid
lamellae, which are part of a continuous liquid phase. For subsurface applications,
liquid foams can be used to displace a resident fluid, such as oil or water, from
underground formations. For instance, for processes such as enhanced oil recovery
(EOR), foam can be used to displace oil towards a producing well. For aquifer/soil
remediation, foams can be used to displace non-aqueous liquids and clean the
groundwater system.

In most cases, foam is a more efficient displacing fluid compared to those that are
conventionally used, such as gas (for example, natural gas or CO2) or water. Since
creating foam requires gas, foam is especially attractive in processes where gas is
already being used and is readily available on site. In the presence of foam, gas mobility
is reduced. As a result, sweep efficiency is improved when compared to a gas-only
injection process. The success of the foam application relies heavily on how far foam
can propagate in the subsurface reservoir. The deeper it goes, the greater is the amount
of resident fluid it can contact and displace from the pores of a rock.

Usually, foam is generated close to the well through which it is injected due to a high
pressure-gradient in that region. When the pressure gradient is low, as is the case away
from these wells, the resident fluids migrate at a lower velocity. Under those conditions,
it is not certain how far foam can propagate or whether it can maintain its strength. In
such a situation, some phenomena that occur in situ, can help generate foam, which can
have a positive impact on the application.

In situ mechanisms of foam generation can help generate foam far from where it is
being injected. These mechanisms depend on the properties of the rock and the fluids.
One such mechanism is snap-off. Snap-off is the term given to the bridging of a pore
throat (initially occupied by a non-wetting fluid such as gas) by a wetting fluid (water)
through capillary action. This can happen in several different ways. In this work, we
examine one particular mechanism of snap-off that can cause foam generation in flow
across a sharp increase in permeability.

To motivate the research presented in this work, first, in Chapter 1, a general
introduction to foam in porous media is presented. Snap-off, and other pore-level
mechanisms responsible for creating bubbles in a porous medium are described.
Previous work on snap-off in flow across a permeability boundary, both theoretical and
experimental, is reviewed in detail. Possible modelling approaches for simulating the
mechanism of snap-off studied in this work are also reviewed in this chapter.
Considering the previous work, the existing gap in knowledge and the motivation
behind this work is highlighted in this chapter. At the end, the research objectives are
outlined.

xi



xii SUMMARY

Chapters 2 and 3 are the main body of this thesis. This is an experimental study
where the process of foam generation is investigated through so-called coreflood
experiments. Such experiments are conducted using cylindrical pieces of a porous
medium. Fluids are injected from one end and produced from the other. Pressure and
phase saturations are measured during the course of an experiment to observe flow
generation and propagation. The cores used in this study are made from sintered glass
and were initially designed to replicate the sharp changes in permeability found in
nature.

At the beginning of Chapter 2, the experimental procedure is described in detail.
Technical specifications of the various porous media used in this study, to perform
foam-generation experiments, are also reported in the same section. Through
Chapters 2 and 3, various experiments conducted during the course of this project are
presented. These experiments were conducted to investigate the effect of permeability
contrast, velocity and gas fraction on the process of snap-off in flow across an abrupt
permeability increase. The experimental results are used to validate preceding
theoretical work that explains this mechanism.

Through several experiments conducted as part of this work, the drawbacks of using
long cylindrical sintered glass samples for coreflooding experiments are identified. As a
result, a short study was undertaken in order to explore other possible options for
creating well-characterized porous media with predetermined properties for laboratory
studies. The results of this investigation are presented in Chapter 4, together with an
overview of our experiences with using sintered glass porous media.

In Chapter 5, the main conclusions from this work are summarized. Additionally,
some directions for future work in this field of research are proposed.



SAMENVATTING

Vloeibaar schuim is een verdeling van gasbellen gescheiden door vloeibare lamellen als
onderdeel van een vloeistof. Voor ondergrondse toepassingen kan vloeibaar schuim
gebruikt worden om aanwezige vloeistoffen, zoals olie en water, te verdringen uit de
ondergrond. Bijvoorbeeld, voor processen zoals tertiaire oliewinning (enhanced oil
recovery: EOR), kan schuim worden gebruikt om olie te verdringen naar een
producerende olieput. In bodemsanering kan schuim gebruikt worden om vervuilende
vloeistoffen uit het grondwatersysteem te verwijderen.

In de meeste gevallen is schuim een efficiëntere vloeistof verdringer dan wat
normaliter gebruikt wordt, zoals bijvoorbeeld gas (aardgas of CO2) of water. Omdat er
gas nodig is om schuim te creëren, is het gebruik van schuim bijzonder aantrekkelijk
daar waar al gas beschikbaar is. In de aanwezigheid van schuim, wordt de mobiliteit
van gas verminderd. Als gevolg daarvan wordt de efficiëntie van de verdringing
verbeterd in vergelijking met wanneer alleen gas wordt geïnjecteerd. Het succes van het
toepassen van schuim is sterk afhankelijk van hoe ver het schuim zich kan verspreiden
in het ondergrondse reservoir. Hoe dieper het schuim gaat, hoe groter de hoeveelheid
vloeistof die in contact kan komen met het schuim en kan worden verplaatst uit de
poriën van het gesteente.

Doorgaans wordt schuim dicht bij de injectie bron gegenereerd vanwege de hoge
drukgradiënt in dat gebied. Wanneer de drukgradiënt laag is, wat het geval is ver van de
bron, zullen de aanwezige vloeistoffen migreren met een lagere snelheid. Onder deze
condities is het niet zeker hoe ver het schuim zich zal verspreiden en of het zijn sterkte
blijft behouden. In zulke situaties, kunnen sommige fysische mechanismen die in de
poriën plaatsvinden ook lokaal voor extra schuimvorming zorgen om zodoende de
toepasbaarheid van schuim te helpen vergroten.

Lokale mechanismen voor schuim generatie kunnen dus helpen bij het maken van
schuim ver van de plek waar het geïnjecteerd is. Deze mechanismen zijn afhankelijk
van de eigenschappen van het gesteente en de vloeistoffen. Een zo’n mechanisme is
“snap-off”. Deze term wordt gebruikt als een porie vernauwing (in eerste instantie
gevuld door een niet-bevochtigende vloeistof zoals gas) door capillaire werking wordt
overbrugd door een bevochtigende vloeistof (water). Er zijn verschillende manieren
waarop dit tot stand kan komen. In dit werk bekijken wij specifiek het zogenaamde
snap-off mechanisme dat leidt tot schuimvorming in een stroming bij een sterke
toename van de permeabiliteit (doorlatendheid).

Om het belang van het verrichtte onderzoek aan te geven wordt, allereerst, in
hoofdstuk 1, een algemene introductie voor schuim in poreuze media gegeven.
Snap-off, en andere mechanismen op porieniveau verantwoordelijk voor het creëren
van bellen in poreuze media worden hier beschreven. Eerder werk aan snap-off in een

xiii



xiv SAMENVATTING

stroming over een permeabiliteitsgrens, zowel theoretisch als experimenteel, wordt
gedetailleerd beschouwd. Mogelijke modelleringen voor het simuleren van snap-off
mechanismen worden eveneens in dit hoofdstuk bestudeerd. Het bestaande werk, de
nog ontbrekende kennis en het belang van het onderwerp komen aan de orde. Aan het
einde van dit hoofdstuk worden de onderzoeksdoelen geschetst.

Hoofdstukken 2 and 3 zijn het voornaamste deel van dit proefschrift. Het is een
experimentele studie waarin het proces van schuimvorming wordt onderzocht aan de
hand van zogenaamde “coreflood” experimenten. Bij zulke experimenten wordt
gebruik gemaakt van een cilindrisch poreus medium. Aan een kant wordt vloeistof
geïnjecteerd en aan de andere kant geproduceerd. Gedurende het verloop van het
experiment worden druk en saturatie van de verschillende fasen gemeten om de
vorming en het voortbeweging van het schuim te bepalen. De in deze studie gebruikte
kernen zijn gemaakt van gesinterd glas en zijn oorspronkelijk ontworpen om een sterk
contrast in permeabiliteit te weerspiegelen zoals dat van nature voorkomt.

Aan het begin van hoofdstuk 2, wordt de experimentele procedure gedetailleerd
beschreven. De technische specificaties van de verschillende poreuze media die in deze
studie gebruikt worden voor schuimvormingsexperimenten worden hier ook genoemd.
Verder in hoofdstukken 2 and 3, worden de verschillende, in de loop van het project
uitgevoerde, experimenten gepresenteerd. Deze experimenten zijn uitgevoerd om te
onderzoeken wat het effect is van permeabiliteitscontrast, snelheid en gasfractie op het
proces van snap-off in stroming door een abrupte permeabiliteitsverhoging. De
experimentele resultaten worden gebruikt om eerder theoretisch werk dat dit
mechanisme verklaart te kunnen toetsen.

Door het uitvoeren van de verschillende experimenten als deel van dit werk worden
de bezwaren van het gebruik van lange cilindrische gesinterde glasmonsters voor
coreflood experimenten duidelijk. Dientengevolge is een korte studie opgezet die
andere mogelijke manieren om goed gedefinieerde poreuze media met van te voren
bepaalde eigenschappen voor laboratorium testen te maken beschrijft. De resultaten
van dit onderzoek worden gepresenteerd in hoofdstuk 4, samen met een overzicht van
onze ervaringen met het gebruik van poreuze media van gesinterd glas.

In hoofdstuk 5, worden de conclusies van dit werk samengevat. Daarnaast worden
mogelijkheden voor toekomstig werk in dit onderzoeksveld voorgesteld
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1
INTRODUCTION

In 2018, oil consumption worldwide rose by 1.5%, equivalent to roughly 1.4 million
barrels per day (bbl/d). China and USA were the largest contributors to this growth,
while the European Union maintained its 2017 consumption level (British Petroleum,
2019). While the demand for energy (including fossil fuels and modern renewables used
to generate electricity) has increased steadily over the last year, gas and renewables have
shown the most remarkable growth. Unfortunately, coal consumption has also increased
despite the need, more now than ever, of the reduction of the human carbon footprint.
Coal is primarily used to produce electricity, with increased consumption in developing
countries such as India and Indonesia. With the current infrastructure, renewable
sources cannot replace coal, let alone all fossil fuels, entirely in energy production. Using
cleaner fossil-fuel based energy sources such as natural gas and oil, instead of coal,
can significantly reduce the carbon footprint. In the Middle East, oil and natural gas
accounted for more than 95% of the total electricity generation in 2018. Global demand
for oil and gas will only increase in the near future. Hydrocarbons are not only used for
power generation, but also to produce tens of thousands of products, many of which are
used in daily life, such as pharmaceuticals, cosmetics, resins and clothes, among others.

Conventional oil-recovery techniques involve the utilization of reservoir pressure
(the pressure in an oil bearing formation deep underground) to extract the oil via a
well at the surface. In most cases, the reservoir pressure decreases as a greater amount
of oil is produced from the reservoir. As a result, the potential to bring fluids to the
surface is reduced and production diminishes. In this case, pressure is maintained by
injecting another fluid such as water or gas into the same reservoir through injection
wells. Currently, on average, 60-70% of the oil originally in place (OOIP) in a petroleum
reservoir is left behind (Muggeridge et al., 2013), mainly because of the technical
challenges and additional costs involved with conventional techniques to extract any
incremental oil. Coupled with the realization that new giant reservoirs are becoming
exceedingly difficult to find, this increases the potential for enhanced oil recovery
(EOR). EOR involves the use of chemicals, along with better engineering and project
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management, to improve recovery factors in a petroleum reservoir. One such technique
involves the injection of surfactant solution and gas into a reservoir in order to create
foam. Foam can act as an efficient displacement agent, boosting oil recovery by pushing
larger amounts of oil towards a producing well (Bernard and Holm, 1964; Kovscek and
Radke, 1994; Rossen, 1996).

Aside from the energy sector, subsurface processes also include groundwater
resources, which are an important part of larger social-ecological systems. Groundwater
pollution can cause the spread of serious water-borne diseases and negatively impact
the local environment. Foams can also be used to displace contaminants from
underground water-bearing formations (Hirasaki et al., 1997b,a, 2000; Mamun et al.,
2002). The success of any project where foam is used as a displacement agent, whether
to improve oil recovery or to remediate groundwater, relies on the long-term stability
of foam and its ability to propagate over (often large) inter-well distances. This thesis
investigates one particular mechanism that helps generate foam in-situ and may help
sustain strong foam away from wells in any underground formation. This mechanism
can have a significant impact on the design of foam EOR and aquifer-remediation
projects. Recently, the use of of CO2 foams for carbon sequestration has also received
a significant amount of attention (Naderi Beni, A. and Varavei, A. and Farajzadeh, R. and
Delshad, M., 2012; Vitoonkijvanich et al., 2015; Clark and Santiso, 2018; Rognmo et al.,
2018). CO2 foams have favourable properties due to the low interfacial tension between
the gaseous and aqueous phase at reservoir conditions.

Early research on foam started with the application of foam for enhanced oil recovery
in mind. As a result, most of the literature on foam in porous media applies to EOR.
Nonetheless, many of the lessons learned and much of the knowledge gained from
previous work applies to all applications of foam in porous media. In the next section, a
general overview on the use of foam for EOR is presented with a focus on the behaviour
of foam in a porous medium.

1.1. FOAM ENHANCED OIL RECOVERY

The "reservoir", as used in this thesis, is a subsurface rock formation containing
hydrocarbons (oil, natural gas or a combination of the two) trapped by surrounding
geological features. The reservoir together with the fluids residing in it are typically
under immense pressures (in excess of 100 bar) and at a high temperature (typically
≈ 90 ◦C) owing to its depth below the surface of the Earth. As briefly stated earlier,
reservoir liquids have conventionally been produced through wells, with water pushing
the hydrocarbons from an injection well to a producing well. Water is less viscous and
denser than oil. As a result, it bypasses or channels through a large amount of the fluids
in place, leaving a lot of oil behind. Wettability of reservoir formations and permeability
heterogeneity further reduce the effectiveness of displacement agents such as water and
complicate the design of the process.

Gas, if available on site, can in principle be a more effective and economic
displacement fluid. Most of the world’s enhanced oil recovery (EOR) production comes
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from injecting gases. At reservoir conditions, the gas can interact with the reservoir
liquids, developing miscibility and essentially forming a single nonaqueous phase where
the fluids contact. This improves microscopic sweep efficiency (Orr et al., 1982; Lake
et al., 2014), leaving less to almost no residual oil behind in the region where gas contacts
the oil. The size of this region, while desired to be the size of the whole reservoir, is
a much smaller fraction of it, owing to the same problems that plague waterflooding
techniques. For instance, gas is lighter than oil and tends to segregate to the top of the
reservoir. Gas tends to flow through regions of higher permeability leaving oil behind in
regions of lower permeability.

Foams are a distribution of discontinuous gas bubbles in a continuous liquid phase,
can help mitigate several problems associated with gas flooding. When present as a
foam, gas mobility is significantly reduced (Bernard and Holm, 1964; Huh and Handy,
1989; Chambers and Radke, 1990; Kovscek and Radke, 1994; Rossen et al., 1995; Rossen,
1996) leading to a more “viscosified” gas that gives better macroscopic sweep efficiency.
In some cases, foam reduces gas mobility by a factor of tens of thousands (Cheng et al.,
2000; Boeije and Rossen, 2015; Rossen and Boeije, 2015). Foam appears to be stronger
and reduces gas mobility more in the high-permeability zones (Hirasaki, 1989; Zhou
and Rossen, 1995; Rossen et al., 1995; Bertin et al., 1999), diverting flow to the low-
permeability zones containing oil, thereby improving sweep efficiency in layered or
highly heterogeneous formations.

1.1.1. FOAM GENERATION IN POROUS MEDIA

Foams in porous media can be generated through various mechanisms (Falls et al., 1988;
Ransohoff and Radke, 1988; Kovscek and Radke, 1994; Rossen, 1996). Lamellae (liquid
films separating bubbles) are created in porous media in three ways: lamella leave-
behind, lamella division or snap-off. Snap-off itself can occur in many different ways
(Rossen, 2003), with the most-studied mechanism being Roof snap-off (Roof, 1970). Roof
snap-off was initially used to describe the creation of oil droplets in a strongly water-
wet medium. In the context of this study, we are more interested in the mechanism of
snap-off at sharp transitions in permeability that typically arise out of changes in rock
type or sedimentary facies (large-scale features such as layering) and changes in grain
size during deposition (small-scale features such as internal laminations and cross-
laminations). At heterogeneity boundaries, the condition of capillary continuity implies
a discontinuity in phase saturations. For two-phase flow from low- to high-permeability,
this corresponds to a narrow region of high wetting-phase saturation at the edge of the
low-permeability zone. Consider the two phases to be gas and water. Assuming a water-
wet porous medium, as gas makes its way through a region of high water saturation,
lamellae are formed in the region of higher permeability, as observed experimentally in
Hirasaki et al. (1997b,a). The extreme case of this phenomena is the capillary end-effect
which often leads to foam being observed at the outlet of a porous medium in coreflood
experiments.

For a homogeneous medium, lamella leave-behind is one reason why foam
generation is easier to achieve during drainage than during steady state flow (Rossen and
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Gauglitz, 1990). During steady-state flow, lamellae division, according to some studies, is
thought to be the primary mechanism for strong foam generation (Rossen and Gauglitz,
1990; Friedmann et al., 1991; Rossen, 1990a; Gauglitz et al., 2002; Tanzil et al., 2002a;
Kam and Rossen, 2003). With reference to flow in porous media, foam generation, its
propagation and stability are sensitive to several parameters, including injection rates,
local pressure gradient, porosity, permeability, capillary pressure, oil saturation and oil
composition, among other things. Injection rates, the pore framework of the rock and
the concentration of the surfactant solution determine the strength and texture of the
injected foam. In-situ foam texture is a complicated function of many factors including
flow rates and pore geometry. Friedmann et al. (1986) reported from their experiments
that bubble size, seen leaving the porous medium, was inversely related to injection
velocity. Related to the utility of foams for enhanced oil recovery, it is not yet clear if foam
generated at high ∇P near an injection well can propagate over large distances at a lower
pressure gradient (Friedmann et al., 1986, 1994; Ashoori et al., 2012a; Yu et al., 2019). It
may be that new foam must be created in situ as the foam advances (Rossen, 1990a,b,c,d;
Rossen et al., 1995). If foam cannot propagate over several hundred meters, and it cannot
be created in situ, then it cannot be considered a good candidate for mobility-control
applications. In-situ phenomena responsible for the generation of foam may be key
towards a successful foam trial. This work looks at a foam generation by snap-off due
to flow across heterogeneities (such as cross laminations) in a porous medium. The
creation of lamellae in this way is thought to be independent of the imposed pressure
gradient and may serve as a back-up plan in the case that a foam front fails to propagate
over large distances in an EOR application.

Homogeneous media. Foam generation is easier if gas and surfactant solution are
injected into a medium initially saturated with surfactant solution (Gauglitz et al., 2002).
Several laboratory experiments show that creation of strong foam in steady flow requires
exceeding either a minimum velocity (umi n) or a minimum pressure gradient, denoted
as ∇P mi n (Ransohoff and Radke, 1988; Gauglitz et al., 2002; Tanzil et al., 2002a). Data
shows three foam states, a “coarse” or “weak” foam state below this critical pressure drop,
a “strong” foam state above it and an unstable transient state in between (Gauglitz et al.,
2002). ∇P mi n (or umi n) depends primarily on interfacial tension and rock permeability.
Gauglitz et al. (2002); Isaacs et al. (1988) report that the minimum velocity for steam-
foam generation in Berea sandstone scales roughly with the inverse of permeability.
Sayegh and Girard (1989) perform their experiments with CO2 (gas and supercritical)
using both glass beadpacks and Berea sandstone cores as the porous medium. They
report the requirement of a minimum velocity for foam generation in some of their
beadpack experiments. The experimental studies of Sayegh and Girard (1989); Gauglitz
et al. (2002) indicate that there may be a very low ∇P mi n (or umi n) criterion for
generation of CO2 foam because of the low interfacial tension between the gas and liquid
phases at elevated temperatures and pressures. Recently, a minimum pressure gradient
was reported for Ethomeen C12 and CO2 foam at high temperature (120 ◦C) and pressure
(3400 psi) in studies conducted with carbonate cores (Cui et al., 2016; Jian et al., 2019).
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Rossen and Gauglitz (1990) argue that foam generation in steady gas-liquid flow
results from mobilization of lamellae due to a minimum pressure gradient rather than
a minimum velocity per se. They use percolation theory to show that one can expect
∇P mi n to scale roughly as k−1 for unconsolidated porous media. Here “k” denotes the
average absolute permeability of the porous medium. ∇P mi n also scales with gas-water
surface tension which helps explain easier foam generation for CO2 foam. Tanzil et al.
(2002a) report that ∇P mi n scales proportional to k−1/2. More specifically, they define a

dimensionless group NcL =
∆P

σ

√√√√ k

φ
, and report that foam generation begins at a critical

value N∗
cL = 2. Gauglitz et al. (2002) verify, through experimental data acquired over

2.5 orders of magnitude change in permeability, that in sandpacks and beadpacks the
variation in ∇P mi n is proportional to k−1. Rossen and Gauglitz (1990); Gauglitz et al.
(2002) also verify that foam generation is easier as the flow gets wetter, as observed by
some other studies (Persoff et al., 1991; Friedmann et al., 1991; Kovscek et al., 1995).

Heterogeneous media. Several studies indicate that foam can be created by snap-off
as gas and liquid flow across a sharp and abrupt increase in permeability, even under
conditions in which foam would not be created in homogeneous media (Falls et al., 1988;
Ransohoff and Radke, 1988; Rossen, 1999; Hirasaki et al., 2000; Tanzil et al., 2002b; Li
and Rossen, 2005). The capillary-pressure/saturation relation is different on either side
of the boundary at such a permeability transition. Yortsos and Chang (1990) describe
the saturation response to such a capillary heterogeneity. Assuming that the relative-
permeability functions are defined by the same function independent of permeability
and wettability does not change, the solution to the flow problem across such an
interface allows a discontinuity in saturation and predicts the accumulation of liquid
just upstream of the boundary (Yortsos and Chang, 1990; van Duijn et al., 1995). In the
case of flow from high- to low-permeability, one could expect a large saturation of the
non-wetting phase such as gas or oil at the boundary of the high-permeability region.
These would not be favourable conditions for foam generation. Steady flow across the
boundary might be impossible unless one considers capillary dynamics i.e. unsteady-
state flow (van Duijn et al., 2002, 2007).

In the experiments conducted by Falls et al. (1988), they observe snap-off at a sudden
permeability increase. The criterion for snap-off to occur at such an interface is that
capillary pressure in the pore-necks is below a critical value (P sn

c ), which was found to
be approximately half the capillary entry pressure of the medium (P sn

c ≈ P e
c /2). This is

consistent with theoretical approximations for circular pore throats blocked by snap-
off (Roof, 1970; Lenormand et al., 1983). Rossen (1999) used this result to show that
for snap-off to occur in flow from low- to high-permeability zones, capillary pressure
in the high-permeability zone must be less than half the capillary pressure in the low-
permeability zone (P H

c < P L
c /2). In other words, the high-permeability region is at

least four times as permeable as the low-permeability region (k H ≥ 4 kL), assuming
Pc ∝ p

1/k. This trigger for foam generation depends only on the relative magnitudes
of capillary pressure resulting from the heterogeneity and not directly on the magnitude
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of capillary forces in each region. Therefore, for two different gas-liquid fluid pairs, if the
liquid is strongly wetting compared to gas, the ratio of capillary pressures is independent
of the interfacial tension between the gas-liquid phases, since the Pc (Sw ) curves would
scale but not change shape. This is beneficial for practical applications of foam for
displacement processes since the gas available on site can be used and foam generation
in flow across permeability changes can still be expected, assisting with mobility control.
The mobilisation of the generated foam, however, would depend on the gas-liquid
interfacial tension. For instance, as implied earlier, CO2 foams can propagate at lower
pressure gradients compared to N2 foams.

A greater permeability contrast is required to generate strong foam in drier flow,
i.e. higher foam quality. Fig. 1.1 shows the calculations of Rossen (1999), where the
permeability contrast required to block gas flow by snap-off (effectively causing foam
generation) is plotted as a function of the gas-water relative-permeability ratio far from
the transition zone in the absence of foam. The relative permeability ratio relates to
the injected fractional flow, fw = [1+ (kr g /kr w )0(µw /µg )]−1. Therefore, if fg = 80%, and
µw /µg = 50, (kr g /kr w )0 = 0.08. According to Fig. 1.1, a permeability jump slightly higher
than 4, at fg = 80%, would cause foam generation, independent of velocity or pressure
gradient. However, if the pore geometry deviates from a circular shape, the ratio of
P e

c /P sn
c may be larger or smaller than 2 (Lenormand et al., 1983; Chambers and Radke,

1990; Rossen, 2003). As a result, a greater or lower permeability contrast, respectively,
may be required to block gas flow by snap-off at the same flowing gas fraction. It is
important to note that while capillary pressure falls at the edge of the low-permeability
zone, gas bubbles are expected to form at the entrance to the high-permeability zone.
There is no dependency on pressure gradient. However, mobilisation of the bubbles
and subsequent propagation away from the heterogeneity would require such a driving
force.

Tanzil et al. (2002a) observe foam generation across such a sharp transition in
permeability in their experiments. They employ a permeability ratio of 4.4 at a sharp
boundary between two sandpacks of different grain sizes. The injected fraction of gas in
their experiments is 67%. Their porous medium was set up horizontally. They use the
theory of Yortsos and Chang (1990) to describe how a gradual increase in permeability
would affect the capillary effect of the boundary, and by implication, foam generation. As
the transition zone for the permeability rise becomes broader, the magnitude of change
required to accumulate liquid and reduce capillary pressure below P sn

c just upstream of
the change, also increases. The theory of Yortsos and Chang (1990) indicates that strong
foam can be generated by snap-off even when the permeability increase is gradual,
although this may call for a greater permeability contrast.

Contrary to the findings of Tanzil et al. (2002a), Li and Rossen (2005), in their
experiments, report no foam generation in sandpacks with permeability contrasts of
4.3:1 and 5.1:1. Instead, foam generation is reported when the permeability contrast
was significantly greater, at 20:1. The mobilisation of this foam was periodic. Li and
Rossen (2005) reports that the failure to obtain strong foam across the transition in
permeability may be due to inefficient packing near the wall of the sandpack. For the
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Figure 1.1: Theoretically computed permeability contrast required to completely block gas flow as a function
of gas-water relative permeability ratio (kr g /kr w )0, with the superscript denoting its value far from the
transition zone (Rossen, 1999). Left to right on the x-axis also represents an increase in gas fraction, as
fw = [1+ (kr g /kr w )0(µw /µg )]−1.

lowest pressure drops employed in their experiments, injected gas fraction varied from
approximately 75% to 85%. Additionally, the core was set up vertically, with flow from
top to bottom. While Li and Rossen (2005) employ fixed pressure drops (for the gas
phase) in their experiments, Tanzil et al. (2002a) employ fixed injection rates and gas
fractions. Additionally, while Tanzil et al. (2002a) inject gas and surfactant solution
into a column initially saturated with surfactant solution, Li and Rossen (2005) follow
a different procedure, which might be the reason as to why they do not observe foam
generation at similar permeability contrasts. In their experiments, the pack is initially
saturated with brine. Then, brine is injected at a fixed rate and gas is co-injected at a
fixed injection pressure. After steady state is achieved, surfactant solution replaces the
brine.

1.1.2. LAMELLA DESTRUCTION

Lamellae can be destroyed either by rupturing of the liquid film between two bubbles
or by gas diffusion from smaller bubbles to larger bubbles due to differences in gas
pressure. A third mechanism, the drainage of liquid through the lamellae, can be
neglected at pore scale. Foam coarsening, also known as Ostwald ripening, occurs
when gas diffuses from smaller bubbles (higher pressure) that have to larger bubbles
(lower pressure), with the consequence that smaller bubbles eventually disappear. Gas
diffusion at higher foam qualities, once a bubble reaches pore size, is only appreciable
through the thin, relatively flat sections of the liquid film in a pore throat. Bubble
coarsening is a consequence of foams evolving towards a thermodynamic equilibrium
by reducing their total surface area. In porous media, once bubbles grow to roughly the
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same size as the pores, lamella destruction by diffusion ceases for both moving (Leeftink
et al., 2015) and trapped bubbles. This is because lamellae in the middle of pore throats
have zero mean curvature (Rossen, 1996).

Films can rupture due to mechanical disturbances or high capillary pressure. Film
rupture by capillary suction is thought to be the primary mechanism of foam breakage
in porous media (Jiménez and Radke, 1989; Chambers and Radke, 1990; Kovscek and
Radke, 1994). The capillary pressure above which lamellae break is lower as the rate
of lamella movement increases. This is because movement from pore body to pore
constriction causes changes in lamella thickness. If the changes are rapid enough, there
is not enough time for the liquid to flow into the lamella, causing it to rupture (Jiménez
and Radke, 1989). As the rate of movement increases, a higher local liquid saturation (or
lower capillary pressure) is required to refill the stretched lamella in time.

1.1.3. FIELD EXAMPLES

Several steam-flooding applications (Chad et al., 1988; Patzek et al., 1989; Patzek
and Koinis, 1990; Castanier and Brigham, 1991; Friedmann et al., 1994; Patzek, 1996;
Martinsen and Vassenden, 1999) demonstrate the ability of foam in reducing gravity
override and channelling in conventional steam flooding applications. Chad et al.
(1988) describe the injection sequence for foam with a gaseous phase of lean natural
gas applied to the Pembina Ostracot ‘G’ Pool in west-central Alberta. They report an
increment in production rate of approximately 32%, from 25 m3/d to 33 m3/d, over a
3-month period upon the injection of a 97 m3 slug of brine mixed with surfactant. The
ratio of liquid to gas injection rate was 5%, computed at reservoir conditions. Friedmann
et al. (1994) report foam front propagation of up to 40 feet away from the injection well in
a steam foam trial. Martinsen and Vassenden (1999) describe the FAWAG (Foam assisted
water alternating gas) process applied to the Snorre field. Several other foam field trials
have been reviewed by Shan (2001); Sheng (2013). Recently, a cost-effective way of
creating blocking foams by injecting surfactant dispersed in hydrocarbon gas stream was
tested in the field with success (Rossen et al., 2017; Ocampo et al., 2018).

1.1.4. MODELLING FOAM BEHAVIOUR IN POROUS MEDIA

Foam behaviour can be modelled in several ways, ranging from local-steady state
models to more thorough, fully mechanistic approaches using population-balance or
pore-network models. While the content of this thesis is purely experimental, we are
interested in modelling foam generation by capillary snap-off and representing the same
in a field-scale process. Therefore, a short summary of modelling approaches for foam
in porous media is presented.

Method of characteristics or fractional-flow approach. The method of characteristics
is an analytical technique for solving first-order PDE’s by converting them into a system
of ODE’s. When applied to two-phase flow, it gives rise to fractional-flow theory, first
introduced by Buckley and Leverett (1942) for oil/water systems. It can also be used to
solve equations for foam flow (Zhou and Rossen, 1995; Rossen et al., 1999; Rossen and
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Bruining, 2007; Namdar Zanganeh, 2011). This approach can provide accurate solutions
for 1D test cases and can be used to benchmark simulators. It is important to note that
since this approach has many assumptions, it often represents the best-case scenario
and, possibly, the objective, of an EOR project. In spite of its assumptions, it can provide
a valuable insight into foam behaviour.

Pore-network models. Chou (1990) attempted to build a completely mechanistic model
for foam by linking foam generation to pore-size distribution based on percolation
theory. In his model, it is assumed that lamellae are either stationary, or breaking or
reforming at pore throats. Rossen and Gauglitz (1990) also used percolation theory to
obtain an expression for the minimum pressure gradient (∇P mi n) required for foam
generation. As mentioned before, it stresses the importance of lamella mobilization
and consequent division as a mechanism for foam generation. Chen et al. (2005a)
propose a pore-network model, extending the work of Kharabaf and Yortsos (1997), to
study the flow of fluids with a yield stress in a porous medium. The study of provides
significant insights into the pore-level mechanics of foam generation in porous media.
Fully dynamic pore-network models are computationally very expensive and a complete
pore-network model for foam in porous media is yet to be developed.

Implicit-texture approach. Implicit-texture foam models represent the dependence
of foam strength or gas mobility on foam texture or bubble size, implicitly. In fully
mechanistic prediction of foam flow, foam texture is represented as lamella (or bubble)
density. The next paragraph explains how this is achieved and why lamella density is
important. Lamella density is defined as the number of lamellae per unit volume of
the gas phase. Gas mobility in the implicit-texture modelling approach is an explicit
function of a variety of local properties such as surfactant concentration, flow rates
and water saturation, among others. These are believed to determine local lamella
density. Since such a model assumes local steady state; it cannot account for dynamic
foam generation and destruction. In other words, all implicit-texture models implicitly
assume local equilibrium which means that the local rate of foam generation and
destruction are equal and flow has reached a steady-state corresponding to local
conditions (Islam and Ali, 1988; Kular et al., 1989; Patzek et al., 1989; Fisher et al.,
1990; Law et al., 1992; Cheng et al., 2000; Lotfollahi et al., 2016). The implicit-texture
approach as employed in the STARSTM simulator of Computer Modelling Group Ltd.
(CMG) (Vassenden et al., 1998; Shrivastava et al., 1999; Cheng et al., 2000) is widely used.
In contrast, population-balance models employ an extra spatio-temporal differential
equation to determine bubble size based on lamella creation and destruction rates,
which in turn depend on local conditions. It is possible to adapt a population-balance
model to local equilibrium (LE) by setting the expressions for lamella creation and
destruction equal to each other (Kam et al., 2007; Myers and Radke, 2000; Chen et al.,
2010; Ashoori et al., 2011).

Population-balance models. Population-balance models (Patzek, 1988; Falls et al., 1988;
Friedmann et al., 1991; Kovscek et al., 1994, 1995, 1997; Fergui et al., 1998; Kam and
Rossen, 2003; Zitha et al., 2006; Kam et al., 2007; Kam, 2008; Zitha and Du, 2010) provide a
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framework to describe all mechanisms of foam behaviour. They explicitly represent how
foam texture i.e. bubble size controls gas mobility. Foam texture depends on various
mechanisms of foam generation and destruction.

In the population balance model describing foam behaviour in porous media, foam
texture is represented as lamella or bubble density, as a separate variable. Population-
balance models describe dynamics of lamella creation and bubble coalescence by
introducing a conservation equation for the number of lamellae at each location (lamella
density) in the porous medium. This is in addition to the usual time-dependent material
balances on water, gas, surfactant, and oil, as in conventional reservoir simulation. This
balance on lamellae includes convection, generation and destruction, and can include
bubble trapping and liberation if these processes are represented explicitly. The model
then represents gas mobility as a function of lamella density as well as other factors such
as superficial velocity or capillary number. For instance, if gas in foam is modelled as
a non-Newtonian fluid, gas mobility, in this modelling approach, can be modified to
account for that. The dynamics of lamellae creation and destruction work on a shorter
time scale compared to fluid transport Ashoori et al. (2011). This makes the system of
equations “poorly conditioned” and “stiff”, similar to a coupled geomechanics and fluid-
flow problem.

Different population-balance models can be distinguished based on the lamellae-
generation function they use. Some assume Roof snap-off to be a primary foam
generation mechanism and therefore include gas and liquid velocities in their lamellae-
generation function (Kovscek et al., 1997, 1995, 1994). Rossen (2003) points out that
generation of lamellae by snap-off can occur in several different ways, with one of them
being “Roof snap-off”. Later, Kovscek et al. (2007) described a micro-model experiment
which they claim verifies that roof snap-off is the primary mechanism for lamella
creation in steady-state foam flow in porous media. Rossen (2008) points out some
inconsistencies in this verification. Falls et al. (1988) include snap-off at a layer boundary
as a mechanism for foam generation in their population balance model. They verify
their model and the underlying assumptions through two elegant experiments. Their
model, however, lacks generality, as there is no representation for lamella destruction
by coalescence or coarsening or generation by mechanisms other than snap-off at layer
boundaries. Friedmann et al. (1991) require a minimum velocity for foam generation
in their model. Ransohoff and Radke (1988) propose a “germination-site” model to
describe the onset of Roof snap-off and foam generation. Kam and Rossen (2003), for
the first time, used a lamellae-generation function dependent on pressure gradient.
This model was developed further to study the multiple steady-states of foam in porous
media and to examine long distance propagation of foam in a reservoir (Kam et al.,
2007; Kam, 2008; Ashoori et al., 2011; Ashoori and Rossen, 2012; Ashoori et al., 2012a).
Modelling lamella creation in such a way makes the set of equations extremely stiff, and
numerical dispersion can alter the strong-foam state (Ashoori et al., 2012b).

The approach of Falls et al. (1988) is well suited for application to foam generation
across a sharp increase in permeability. Connecting capillary dynamics with lamella
creation together with a shear-thinning foam rheology model could be the key to
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modelling the experiments reported in this thesis.

1.2. SUBSURFACE HETEROGENEITY

Heterogeneity in petroleum reservoirs can scale from micrometers to kilometres. Small-
scale (millimetre to metre) heterogeneity, such as stratification and cross-stratification,
is known to reduce the efficiency of primary oil recovery due to capillary entrapment
(van Lingen, 1998). The same kind of heterogeneity can induce snap-off and cause
foam generation in a porous formation during flow of surfactant solution and gas,
thereby improving the efficiency of oil recovery in a foam EOR application. As
reported in the next chapters, foam generation in flow across an abrupt increase in
permeability was observed in coreflood tests. The experiments were conducted at low
superficial velocities and gas volume fractions, comparable to subsurface values. The
permeability transition zone measured to be approximately 0.5 mm (or two coarse-
grain diameters). Four different permeability contrasts were considered, comparable
to measurements of small-scale heterogeneities found in the literature. Flow of gas
across the heterogeneity is required for snap-off and foam generation to occur due to
a sudden change in capillary pressure across the transition. In a layered reservoir, one
can imagine that this may happen when gas migrates upwards across laminations or
layer boundaries due to gravity. Vertical connectivity between the layers is assumed in
this scenario. The primary viscous driving force in petroleum reservoirs, however, is in
the horizontal direction, which is parallel to the typical orientation of laminations and
layer boundaries. Therefore, vertical anisotropy may not be the most important type
of heterogeneity with regards to foam generation. Horizontal anisotropy, though often
less pronounced than vertical anisotropy, may play a crucial role in a subsurface foam
application.

(a)

Foreset
Bottomset

(b)

Figure 1.2: (a) Planar cross-bedding with tabular-to-wedge-shaped units and planar bedding surfaces, (b)
Trough cross-bedding with festoon-shaped units. Well-developed troughs and strongly curved bedding
surfaces in transverse direction. From Reineck and Singh (1980).
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Cross-bedding (also called cross-stratification or cross-lamination) is one of the most
common form of bedding encountered in geological formations. When present, it is
arguably the biggest contributor to horizontal anisotropy. Cross-bedded sandstones
comprise internal laminae oriented perpendicular or at an incline to the lateral
direction. Therefore, it is more likely that fluids travel across cross-lamination
heterogeneities in conventional reservoir flow. Reineck and Singh (1980) define a
crossbed as:

A single layer, or a single sedimentation unit consisting of internal laminae (foreset
laminae) inclined to the principal surface of sedimentation.

Erosion, non-deposition or an abrupt change in characteristics marks the bounding
surface between adjacent sedimentation units. Based on the nature of this bounding
surface, a cross-bedded unit is classified into two major types – planar crossbed and
trough crossbed, as shown in Fig. 1.2. Fluvial deposits and deltaic deposits with a
strong fluvial influence are commonly crossbedded. Fluvial systems occur together with
aeolian, lacustrine or near-shore marine environments (Hartkamp-Bakker, 1993). Many
conventional oil and gas reservoirs contain one or more formations deposited under a
fluvial environment. The Snorre field in the Norwegian North Sea; Prudhoe Bay and
Endicott, North Slope Alaska; the Tern field in the UK North Sea; and the Lakwa Field,
Assam, India are some examples (Martin, 1993; van Lingen, 1998). Hartkamp-Bakker
(1993) lists several outcrop examples of such formations in great detail, describing
important geometrical and petrophysical parameters with respect to hydrocarbon
recovery.

Characteristics of crossbedded reservoirs. Crossbedded sand-bodies form a subfacies
within a larger geological setting. Fig. 1.3 (van Lingen, 1998) shows a vertically stacked
flow unit and gives an indication of the scales involved. Each sedimentary facies
is bounded by sharper layer boundaries that mark large variations in characteristics.
Within a sedimentary facies, one example of a trough crossbedding is demonstrated.
The dimensions of the crossbeds shown can vary over several orders of magnitude.
Thickness, width and length of the crossbeds may be related. For trough crossbeds,
length:thickness ratios ranging from 10 to 30 and width:thickness ratios of 4 to 16 have
been reported. For planar crossbeds, width:thickness ratios of around 20 are reported
(Hartkamp-Bakker, 1993). Typical foreset inclination with respect to the bottomset
is 35◦. Foreset laminae thickness varies from less than a millimetre to a couple of
centimetres (van Lingen, 1998).

Permeability contrast within crossbed laminae is usually a result of zones with
contrasting grain size. Hartkamp-Bakker (1993) reports mini-permeameter and
coreflood measurements of the permeability contrast in crossbedded sandstones
acquired from outcrops and reservoir cores. She reports higher variability in foreset
permeability values compared to the bottomset. From close to 2600 measurements
taken from different fluvial outcrop locations in the Tertiary Loranca basin in central
Spain, permeability distributions in foreset laminae show two distinct peaks associated
with coarse-grained foreset laminae (CFL) and fine-grained foreset laminae (FFL).
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depositional environment 
occurence of ripple types 

depositional environment 
mega- small current- wave-

River (Meandering and Braided) 

Lalce — 

Lake Beach — 

Lagoon — •A-

Intertidal Flat 
Tidal Channel/Inlet — 

Backshore and Foreshore ik 
Upper Shoreface i? 

Lower Shoreface — ik 

Transition Zone — 

Muddy Shelf 
Sandy Shelf 
Continental Slope/Rise — 

Deep Sea — — 

Turbidite 
key: ->WV abundant ^ common * rare — absent 

Table 3.1: Ripple occurrence in depositional environments. 

2.3. Parameterisation of 
Crossbedded Reservoirs 

2.3.1 Geological Model 
Crossbedding forms a subfacies wi th in the larger scale geological 
setting. Wi th in this setting, we define flow units as sediment 
formations that are vertically restricted by no-flow boundaries. 
Figure 2.10 shows a schematic picture of a reservoir flow unit. The 
horizontal correlation in sediment properties on reservoir-scale is 
generally much larger than the vertical correlation. A flow unit may 
consist of one or several vertically stacked sedimentary facies. I t is 
thus appropriate to characterise the bedding types as a function of 
vertical position wi th in the sedimentary facies. 

- 2 0 -

Flow Uni t : 

Figure 2.10: Vertical scales within a reservoir flow unit. 

2.3.2 Crossbed Parameters 
The crossbed set form a reservoir building block. As was discussed 
earlier, the dimensions of crossbeds vary over several orders of 
magnitude. We discuss some of the parameters required to form a 
geological crossbed model, focusing on those parameters that are 
relevant wi th respect to the physics of the capillary entrapment 
process (Chapter 3 and 4). We choose to employ as few parameters as 
possible. 
Bed Dimensions. Notwithstanding the endless variation in 
sedimentary environments and bedforms, we can group all t3rpes of 
cross-stratiflcation into two main categories: Planar- and Trough-
crossbedding (Figure 2.11). Depending on the angle of climb, the 
laminae may be either sub- (Figure 2.7a) or super- critical (Figure 
2.7b). The most common of these types seems to be sub-critical 
crossbedding. I t is difficult to parameterise the detailed shape of 

-21 -

Figure 1.3: A reservoir flow unit with trough crossbedded subfacies. From van Lingen (1998).

Bottomset laminae (BL), on average, have a lower permeability compared to foreset
laminae. In permeability distributions for bottomset laminae, the peak lies close to
the FFL peak in the same distributions for foreset laminae. On average, the contrasts
were 2:1.25:1 (CFL:FFL:BL). Similar measurements were also performed using core
samples from offshore gas fields in the Dutch North Sea. Cores were extracted from
the Upper Slochteren sandstone formation of the Upper Rotliegendes group and from
the Vollpriehausen sandstone member of the Main Bundsandstein formation, which
is arguably the most important reservoir rock of the Lower Triassic in the North
Sea basin. Average permeability contrasts varying between 1.7:1.1:1 (CFL:FFL:BL) to
27.9:9.6:1 (CFL:FFL:BL) were reported. Permeability ratios between finer-grained foreset
laminae and coarser-grained foreset laminae varied between 1.3:1 (CFL:FFL) and 5.4:1
(CFL:FFL).
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1.3. RESEARCH OBJECTIVES
Based on the gap in knowledge addressed in the previous sections, the primary research
objectives of this work are to:

• Examine the process of foam generation in steady simultaneous two-phase flow
across a sharp increase in permeability.

• Verify theoretical predictions (Rossen, 1999) and validate the underlying physical
mechanisms through experimental data.

• Investigate the effect of permeability contrast, fractional flow and velocity on this
process with a focus on field-relevance.

In addition to the above, it is desired to generate an extensive set of experimental
data that can be used to model this phenomenon through core-scale simulation followed
by an upscaled representation on a field scale. The experiments were also designed to
observe whether the foam mobilizes and propagates from the permeability boundary
towards the outlet of the core at the field-like velocities employed.

To achieve these objectives, the following intermediate steps were followed:

• Acquire a synthetic porous medium, tailor-made to represent the sharp
heterogeneities that result in foam generation. Characterize the petrophysical
properties of the core.

• Design an experimental protocol where the chances of foam generation by
mechanisms other than snap-off at a permeability boundary are minimized.

• Conduct a series of coreflood tests, with varying injection conditions, measuring
local pressure and saturation (through X-ray computed tomography [CT]).

1.4. OUTLINE
This thesis comprises five chapters including this introduction and a conclusion. The
remaining three chapters (Chapters 2-4) are based on peer-reviewed journal articles that
are either published or to be published, reporting various results obtained from this
study. While the article’s have been edited to ensure continuity with the rest of the thesis,
the reader might find possible repetition when compared with this chapter.

In Chapter 2, the experimental procedure employed to study foam generation by
snap-off across sharp permeability boundaries is described in detail. Additionally, the
effect of permeability contrast is investigated through four different core samples. Some
of the shortcomings of using long, cylindrical, sintered-glass samples for corefloods are
also highlighted, motivating Chapter 4.

In Chapter 3 the effect of fractional flow and velocity on this process is investigated.
Chapter 4 reports our attempts at creating synthetic porous media by sintering clay-

rich grain aggregates and by consolidating sandpacks in a geo-centrifuge. Lessons
learned from using sintered glass for corefloods are also presented.
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Finally, in Chapter 5, relevant conclusions from the results of this study are presented
with suggestions for future work.





2
FOAM GENERATION BY SNAP-OFF

IN FLOW ACROSS A SHARP

PERMEABILITY TRANSITION:
EFFECT OF PERMEABILITY

CONTRAST

Foam reduces gas mobility and can improve sweep efficiency in an enhanced oil
recovery process. Previous studies show that foam can be generated in porous media
by exceeding a critical velocity or pressure gradient. This requirement is typically
met only near the wellbore and it is uncertain whether foam can propagate several
tens of meters away from wells as the local pressure gradient and superficial velocity
decreases. Theoretical studies show that foam can be generated, independent of
pressure gradient, during flow across an abrupt increase in permeability. In this
study, we validate theoretical predictions through a variety of experimental evidence.
Coreflood experiments involving simultaneous injection of gas and surfactant solution
at field-like velocities are presented. We use model consolidated porous media made
out of sintered glass, with a well-characterized permeability transition in each core.
The permeability change in these artificial cores is analogous to sharp, small-scale
heterogeneities, such as laminations and cross-laminations. Pressure gradient is
measured across several sections of the core to identify foam-generation events and
the subsequent propagation of foam. X-ray computerized tomography (CT) provides
dynamic images of the coreflood with an indication of foam presence through phase
saturations. We investigate the effects of the magnitude of permeability contrast
on foam generation and mobilization. Experiments demonstrate foam generation
during simultaneous flow of gas and surfactant solution across a sharp increase in

17



2

18 2. EFFECT OF PERMEABILITY CONTRAST

permeability, at field-like velocities. The experimental observations also validate
theoretical predictions of the permeability contrast required for foam generation by
snap-off to occur at a certain gas fractional flow. Pressure-gradient measurements
across different sections of the core indicate the presence or absence of foam and the
onset of foam generation at the permeability change. There is no foam present in the
system prior to generation at the boundary. CT measurements help visualize foam
generation and propagation in terms of a region of high gas saturation developing
at the permeability transition and moving downstream. If a coarse foam is formed
upstream, it’s transformed into a stronger foam at the transition. Significant fluctuations
are observed in the pressure gradient across the permeability transition, suggesting
intermittent plugging and mobilization of flow there. This is the first CT-assisted
experimental study of foam generation by snap-off only, at a sharp permeability increase
in a consolidated medium. The results of experiments reported in this paper have
important consequences for a foam application in highly heterogeneous or layered
formations. Not including the effect of heterogeneities on gas mobility reduction in the
presence of surfactant could underestimate the efficiency of the displacement process.

2.1. INTRODUCTION

Foams are a distribution of discontinuous gas bubbles in a continuous liquid phase.
They can be considered as an example of multiphase ’condensed soft-matter’ systems.
Foams have numerous applications in the food and chemical industries and in material
science. This work focusses on the application of foam to enhanced oil recovery (EOR);
more specifically, to capillary-dominated mechanisms of foam generation in porous
media. Much of the world’s EOR production can be attributed to the injection of
gases, especially CO2 and steam. Gas-injection processes, however, are often cursed by
unfavourable mobility ratios and differences in fluid densities, which can lead to poor
sweep efficiency. In the presence of foam, gas mobility is significantly reduced (Bernard
and Holm, 1964; Huh and Handy, 1989; Rossen, 1996), leading to a more “viscosified”
gas that gives better sweep efficiency.

There are three main mechanisms of creation of lamellae (liquid films separating
bubbles): namely, lamella division, snap-off and leave-behind (Kovscek and Radke,
1994; Rossen, 1996). Lamella division, as can be inferred from Fig. 2.1, requires that
at least one lamella or lens be initially present. Leave-behind primarily occurs during
gas invasion through a liquid-filled medium and is more prevalent during a drainage
process. Snap-off can occur by several mechanisms (Rossen, 2003). One mechanism
is Roof snap-off (Ransohoff and Radke, 1988), which occurs as gas penetrates a narrow
pore throat and drains liquid from a wide pore body, as illustrated in Fig. 2.1b. Another
mechanism is snap-off as gas flows across a sharp increase in permeability (Falls et al.,
1988; Rossen, 1999; Hirasaki et al., 2000; Tanzil et al., 2002b; Li and Rossen, 2005). This
mechanism and the impact of permeability contrast on it is the subject of this chapter
and is discussed further below.

Foams can be destroyed either by rupturing of the lamellae, for example, through
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(a)

Flow

Decreasing capillary pressure

Snap-o˜

(b)

Flow

(c)

Figure 2.1: Mechanisms of lamella creation in porous media. From Kovscek and Radke (1994). (a) Lamella
division. (b) Snap-off. (c) Leave-behind

mechanical disturbances or high capillary pressure, or by gas diffusion from smaller to
larger bubbles within a pore due to differences in gas pressure. With respect to flow in
porous media, foam generation, its propagation and stability, are sensitive to several
parameters, including injection rates, local pressure gradient, porosity, permeability,
capillary pressure, and oil saturation and composition, among other things. Laboratory
experiments show that creation of strong foam in steady gas-liquid flow requires
exceeding either a minimum velocity (umi n) or a minimum pressure gradient, denoted
as ∇P mi n (Ransohoff and Radke, 1988; Rossen and Gauglitz, 1990; Gauglitz et al., 2002;
Tanzil et al., 2002a). Creation of foam in this case is thought to depend on mobilization
of lenses and lamellae and subsequent lamella division. This criterion depends on the
experimental procedure followed, and the threshold may be lower for a drainage process
(for example, co-injection of gas and surfactant solution into a liquid-saturated core)
owing to creation of lamellae by Roof snap-off and leave-behind (Rossen and Gauglitz,
1990). Nevertheless, the minimum-velocity or pressure-gradient threshold, as reported
in the literature, may be overcome only near a well in a conventional reservoir and
is much greater than that encountered away from wells deep inside the formation.
This may have unfavourable consequences for foam propagation far from the injection
well, as suggested by the experiments of Friedmann et al. (1994); Yu et al. (2019) and
the modelling work of Ashoori et al. (2012a), who used the population balance model
proposed by Kam (2008), where foam-generation rate is a function of pressure gradient
only.

Several studies have indicated, however, that foam can be generated independent
of pressure gradient, by snap-off, as gas and liquid flow across a sharp increase in
permeability (Falls et al., 1988; Rossen, 1999; Hirasaki et al., 2000; Tanzil et al., 2002b;
Li and Rossen, 2005). The extreme case of this phenomenon occurs at the outlet of
the core in the form of foam generation as a consequence of the capillary end-effect.
Yortsos and Chang (1990) presented the solution for steady gas-liquid flow across a
permeability jump. Capillary continuity implies an increase in wetting-phase saturation
(or reduction in capillary pressure) upstream of the permeability transition (van Lingen,
1998), which causes lamella creation by snap-off. In flow from high to low permeability,
the opposite is expected to happen. Numerical simulations of two-phase flow from high
to low permeability were reported by Chang and Yortsos (1992). The non-wetting phase
accumulates immediately upstream of the boundary in the high-permeability zone. This
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is similar to gas trapping as often witnessed in the void space upstream of the entrance
to a core during gas-liquid injection. The same mechanism is responsible for the
entrapment of oil in highly laminated sandstones as reported in the experiments of van
Lingen et al. (1996). To summarise, during gas-liquid flow from high to low permeability,
a dried out zone would exist at the boundary, creating conditions unfavourable for foam
generation.

Sharp changes in permeability are quite common in petroleum reservoirs. Structural
features that offer this sort of heterogeneity can exist across a large range of length
scales. For example, in laminated and cross-laminated sandstones, the size of each
unit could typically range from 1-1000 cm (Reineck and Singh, 1980). Unconformities
such as layer boundaries can extend from a few metres to several hundred metres in
length. Foam generation can occur as gas migrates upwards, due to gravity, across
these layer boundaries, in the presence of surfactant solution. Gas and surfactant
solution can also be driven to flow across vertical increments in permeability in the near-
wellbore region when injected through highly deviated wells. While vertical anisotropy
is more ubiquitous, laterally occurring permeability changes are also important as foam-
generation sites because of the driving force of pressure gradient in the horizontal
direction. Cross-laminations offer laterally occurring permeability changes oriented
perpendicular or at an incline to the direction of fluid flow. Fig. 2.2 shows two of
the most-common classifications of crossbed units. As can be seen in the figure, the
heterogeneity between consecutive laminae is usually a result of zones with contrasting
grain size. Hartkamp-Bakker (1993) measured permeability contrasts in outcrop and
reservoir core samples with crossbed laminae and reported contrasts ranging from 1:1
to 27:1 between different units.

Falls et al. (1988) observed foam generation and mobilization experimentally in a
bead-pack with a permeability contrast of approximately 20:1. They also experimentally
measured a critical capillary pressure for snap-off (P sn

c ) for the beadpacks used and
found it to be approximately half the capillary entry pressure of the medium. For snap-
off to occur, enough liquid must accumulate in the low-permeability section to cause the
capillary pressure to drop below P sn

c . Rossen (1999) uses this finding and a pore-network
model to illustrate that for snap-off to occur at the boundary between two homogeneous
regions differing in permeability; the minimum permeability ratio required is 4. A
greater permeability contrast is required for drier flow. Once again, it is important to
note that there is no pressure-gradient criterion for the creation of foam through this
mechanism, though there may be such a condition for the mobilization of the foam.
Tanzil et al. (2002b) report visual observations of foam generation and mobilization
across such a sharp transition in permeability in their coreflood experiments with sand-
packs inside a transparent glass column. They used a permeability ratio of 4.4:1 and
an injected gas fraction of 67% for their experiments. Their experimental procedure,
however, began with co-injection of gas and surfactant solution into a medium already
saturated with surfactant solution, representing a drainage process. As discussed above,
other mechanisms of foam generation (Roof snap-off and leave-behind) contribute
towards the observed gas-mobility reduction during drainage. Contrary to the findings
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Figure 2.2: Left – Two common varieties of cross-stratification (From (Reineck and Singh, 1980)); Right –
Changes in grain-size distribution across consecutive laminae as seen in a crossbed thin section from a fluvial
outcrop (From Hartkamp-Bakker (1993)).

of Tanzil et al. (2002b), Li and Rossen (2005) did not observe foam generation in
their sand-pack experiments with permeability contrasts of 4.3:1 and 5.1:1. Their
experiment started with co-injection of gas and brine into a brine-saturated medium,
followed by co-injection of gas and surfactant solution once steady-state has been
reached. They suspected that gas bypass along the edges of the pack due to inevitable
imperfect packing near a wall might have been the reason for failing to observe foam
generation. They did, however, report foam generation during flow across a much
greater permeability contrast of 20:1. The mobilization of this foam was periodic.

In this work, we follow an experimental procedure similar to the work of Li and
Rossen (2005) and use a consolidated porous medium to examine the process of foam
generation across an abrupt permeability jump. The main objective of this work is to
validate the theoretical predictions of foam generation (Rossen, 1999) through coreflood
experiments that isolate snap-off due to a capillary-pressure contrast as the only lamella-
creation mechanism. We follow field-like superficial velocities to replicate the driving
force encountered far from wells in a subsurface reservoir. We measure pressure gradient
across several sections of the core to accurately identify the location for the first onset of
foam generation and also to observe the propagation of this foam downstream. The
experiments are assisted by X-ray computed tomography (CT) to help visualise phase
saturations as foam generation and subsequent propagation commences.

This chapter is structured as follows. Section 2.2 describes the experimental set-
up, the porous media used and the procedure followed in the experiments reported.
Section 2.3 reports the results of the foam-generation experiments with pressure and
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CT data obtained through the course of the experiment. The experimental results are
analysed and discussed in Section 2.4, and the paper is concluded in Section 2.5.

2.2. EXPERIMENTAL METHODOLOGY

2.2.1. MATERIALS AND CHEMICALS

We perform coreflooding experiments with co-injection of gas and surfactant solution
into an artificial porous medium made from sintered borosilicate glass. The cores were
acquired from Hilgenberg GmbH, Malsfeld, Germany (www.hilgenberg-gmbh.de). The
cores were prepared by sintering crushed, pure borosilicate glass and had a single sharp
jump in permeability roughly a third of the way into the length of the core. In other
words, roughly 1/3 of the core comprised a homogeneous low-permeability section
whereas the rest of the core was made of a homogeneous high-permeability porous
medium. The permeability change is achieved by sintering different grain sizes in the
same core. The glass grains are angular as can be seen in the picture on the right in
Fig. 2.3. While the cores were homogeneous in the axial direction, this was not always
the case in the radial direction. On average, the porosity of the medium was 2-3% higher
in a region roughly the size of a grain ( 0.1 to 0.5 mm for the cores used in this work) at the
edges of the cylindrical core, compared to the bulk. This imperfection may be a result of
differential expansion and contraction during the heating-up and cooling-down phase
of the sintering process. Therefore, in the early stages of each experiment (described
below), a significant amount of gas bypassed the brine-saturated core through the edge
of the pack. Li and Rossen (2005) contend that this flow along the edges caused them to
observe no foam generation across permeability contrasts of 4.3:1 and 5.1:1. However,
this did not appear to affect our experiments, as we still observed foam generation
across permeability contrasts, similar to those of Li and Rossen (2005), as reported in
Section 2.4.
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Figure 2.3: Core holder (left) with sintered-glass core (left and center) and µCT image (with a voxel size of 30
µm) of a vertical cross-section across the permeability change (right).

The cores were prepared in a glass tube with an internal diameter of 3 ± 0.1 cm
and were cut after the sintering process to roughly 40 ± 2 cm in length. The core was
enclosed in acrylic glass with polyether-ether-ketone (PEEK) end-caps. Four different
core samples with different permeability ratios were acquired from the manufacturer,
the details of which are mentioned in Table 2.1. The permeability to water is determined
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from the slope of the straight line formed by a plot of superficial velocity versus the
ratio of pressure gradient measured across the two core sections to viscosity (i.e. q/A
vs ∇P/µ). The confidence interval for estimating this slope is also reported in darcies.

Table 2.1: Absolute permeability of individual sections and corresponding permeability contrast in
heterogeneous sintered glass core samples used in the experiments. r represents average pore size, k is average
permeability and superscripts L and H are used to denote average values for the low- and high-permeability
regions, respectively.

Core
sample

Pore size [µm]
(Specified by

manufacturer)
Approximate pore

volume [ml]
Permeability

[darcies] 〈k H

kL
〉

1
r L : 16-40

r H : 40-100 99
kL : 5.4 ± 0.02
k H : 20.7 ± 0.2 3.8

2
r L : 40-60

r H : 100-160 99
kL : 10.9 ± 0.01
k H : 59.3 ± 0.8 5.4

3
r L : 16-40

r H : 100-160 80
kL : 3.1 ± 0.01
k H : 43.2 ± 0.2 13.9

4
r L : 16-40

r H : 100-160 96
kL : 1.7 ± 0.15
k H : 46.7 ± 2.0 27.5

Anionic Alpha olefin sulfonate (AOS) C14-16 with a molecular weight of 315 g/mol
(Stepan® BIO-Terge AS-40 KSB) was used as a foamer at an active concentration of
0.5 wt.% (≈ 0.04 M). The surfactant solution was prepared using demineralized water
also containing 1 wt.% (≈ 0.17 M) NaCl. The critical micelle concentration (CMC) of
this surfactant in demineralized water with 1 wt.% NaCl was measured by Kahrobaei
et al. (2017) using the Du Noüy ring method and reported to be 0.008 wt.%. Therefore,
the experiments presented in this thesis are conducted at roughly 62 times the CMC.
The properties of foam films stabilized by this surfactant in the presence of NaCl as
an electrolyte are described by Farajzadeh et al. (2008). Nitrogen (N2) with a purity of
99.98% was used as the gas phase in our experiments.

2.2.2. EXPERIMENTAL APPARATUS

A schematic flow diagram of the experimental set-up is shown in Fig. 2.4. The core is
held horizontal in order to minimize the impact of beam-hardening effects and cross-
artefacts while taking CT scans. Pressure gradient is measured every second across
several sections of the core. In the low-permeability section, pressure gradient is used
to confirm that there is no foam present or being generated as the experiment begins.
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Across the permeability transition, pressure gradient indicates whether there is any
foam being generated at the face of the heterogeneity. In the high-permeability section,
pressure drop is used to monitor the mobilization of foam generated at the permeability
change. We avoid the use of back-pressure regulators and employ atmospheric back-
pressure instead, to avoid fluctuations introduced by multiphase flow through the back-
pressure regulator. Any fluctuation in pressure at the downstream end could travel
upstream, causing local fluctuations which would assist in foam generation. Therefore,
the outlet of the core is open to atmosphere. The entire apparatus is placed on top of the
CT scanner table. The medical CT scanner is housed in a temperature-controlled room
at 21 ± 0.4 ◦C.
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Mass-flow 
controller
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Low 
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Figure 2.4: Schematic drawing of the experimental apparatus.

2.2.3. CT IMAGE ACQUISITION AND PROCESSING

The Siemens SOMATOM Definition Dual Energy CT scanner was used in this study. Since
the experiments involved two-phase flow of fluids differing greatly in density, a single
energy X-ray beam was used to scan the core. An overview of the image settings used
is reported in Table 2.2. Single-slice helical CT scans were acquired with a pitch of 0.9,
resulting in approximately 260 slices in each scan along the axis of a core, taken over
a period of approximately 9 seconds for each core. A pitch less than 1.0 ensures X-ray
beam overlap for the same scanned volume, resulting in a better image quality. One
slice contains 512 × 512 pixels, a part of which contains the circular core cross-section.
The images obtained were further processed to compute phase saturations using Fiji
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Table 2.2: Overview of settings applied to the CT scanner

Parameter Setting

Tube Voltage 140 KeV

Tube Current 250 mA

Pitch 0.9

Slice thickness 1.5 mm

Pixel size 1.5 × 1.5 mm2

Scan mode Spiral

(Schindelin et al., 2012), a distribution of the ImageJ software.

Raw CT data in terms of Hounsfield units (HU) are used to compute porosity and
phase saturations as a voxel property for each image stack. Porosity can be obtained
using the CT scans of a dry and water-saturated core (Mees et al., 2003). During the
course of the experiment, liquid-phase saturation is computed for each scan as:

Sl i q = HUexp −HUdr y

HUl i q −HUdr y
(2.1)

where HUexp denotes the CT measurement taken during the course of the multiphase
flow experiment. HUdr y is the CT measurement of a dry core, obtained when the core
is not yet saturated with any liquid, before each experiment. HUl i q represents the CT
measurement for a core that is fully saturated with the liquid phase. In this work, HUl i q

is recorded before the start of each experiment, when the core is fully saturated with
brine solution. It is important to note that the accuracy of CT measurements depends
on different parameters selected for the X-ray source, such as applied beam voltage,
corresponding beam energy and the applied filters for shaping the beam. Once the
liquid-phase saturations are computed for each multiphase scan, a colour scheme is
applied to the images, where blue represents the aqueous phase and red represents the
gas phase. The pixel size in each image slice is 195 × 195 µm2 and each slice is 1.5
mm thick. The images are cropped to include only the circular cross-section of the
core. Additionally, a distance of approximately 2 cm from the entrance and exit face
has been cropped from the CT images of each core. This is done in order to avoid
any misinterpretation due to the entrance and end-effects associated with corefloods.
Moreover, anomalies in the saturation profile may arise from the fact that the first
centimeter of each end of the core resides in the end-cap whereas the rest of the porous
medium is only surrounded by the glass tube that houses it, as can be seen in Fig. 2.3.
Liquid-phase saturation values are averaged in each cylindrical slice and plotted across
the core length as shown in the next section. The saturation profile across the core can
also be obtained by averaging values within each cylindrical image slice.
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2.2.4. EXPERIMENTAL PROCEDURE

The basic sequence of steps carried out through each coreflooding experiment is as
follows:

Permeability measurement. The setup is checked for leaks every time a new core is
placed inside the core holder. Following the leak test, CO2 is injected into the core for
about 10 pore volumes (PV) to displace air present in the core. The last 2 PV of CO2 are
injected under vacuum. While under vacuum, demineralized, degassed water is injected
at low flow rates of about 10-3 PV/min into the core to displace the CO2. After water
breakthrough, the core is brought to atmospheric pressure by closing the outlet and
continuing water injection. Water injection is continued for another PV, following which
the permeability of the core is measured by measuring pressure drop across different
sections of the core at different flow rates. Next, the core is flushed with 1 wt.% NaCl
brine and the permeability is calculated again. Measured permeability is used as the first
indicator for the presence of any trapped gas in the core, especially when conducting
multiple experiments with the same core.

Foam-generation experiment. At the end of the permeability measurement, the core is
fully saturated with brine. To start the experiment, brine flow rate is set to the desired
value and gas is introduced at the required fractional flow. Once gas-brine injection has
reached steady-state, brine injection is replaced by surfactant injection. This procedure
ensures that no foam is initially generated under drainage conditions. During the course
of the experiment, we expect to see foam generation in the core. Once the experiment
has reached steady state or sufficient data has been acquired, injection is stopped and
the core cleaning procedure commences.

Core-cleaning procedure. After each experiment, the core is flushed with approximately
10 PV of 50 wt.% iso-propanol solution to kill the foam. This is followed by around≈20-50
PV of demineralized water injection to remove all the alcohol and remaining surfactant
solution from the system. If more experiments are to be performed with the same core,
this step is followed by CO2 injection and the permeability-measurement protocol.

2.3. RESULTS
Foam generation was observed in each experiment performed. All the experiments
reported in this paper were carried out at a total injection rate (qt ) of 0.1 ml/min and
a gas fractional flow of 80%. On average, this translates to about about 1.4 PV/day of
total fluid injection for each core, which corresponds to a superficial (Darcy) velocity
of 2.36 µm/s (0.67 ft/d) for each core. This superficial velocity was selected based on
observations from a series of tests conducted at different flow rates. The objective
of these tests was to select a velocity that was low enough to cause foam generation
across the permeability transition only, registered by a pressure greater than the accuracy
of the transducers, and in an experiment completed within a reasonable time frame.
The “incubation effect” reported by Baghdikian and Handy (1991) and more recently
observed by Kahrobaei et al. (2017) could result in foam generation throughout the
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core when injection of surfactant solution and gas continues for long periods of time
equivalent to several tens of pore volumes. At a velocity of 3.34 ft/d (0.5 ml/min),
foam generation was observed in the inlet low-permeability section itself; evidently
the pressure gradient in the low-permeability section was higher than the minimum
pressure gradient required for foam generation. At a velocity of 1.34 ft/d (0.2 ml/min),
foam generation was observed across the permeability transition and not in the inlet
section. However, this total superficial velocity was still higher than that for fields with
larger well spacing, as is often the case in offshore developments. At a superficial velocity
of 0.67 ft/d (0.1 ml/min), we observed foam generation across the permeability jump
and no foam in the inlet section, at least at the onset of foam generation across the
heterogeneity. At flow rates lower than this, the experiment would take several weeks
to conclude and the fluid velocities through the core would no longer be representative
of conventional reservoir flow. Therefore, we selected a total superficial velocity of 0.67
ft/d for all subsequent experiments. Injected gas fraction was fixed at 80% in order to
align with the theoretical predictions of Rossen (1999), who showed that snap-off in
flow across an abrupt permeability increase depends on both gas fractional flow and
permeability contrast. In his model, for foam generation to be observed at 80% gas
fractional flow, the permeability contrast must be 4:1 or higher. Conversely, in flow
across a permeability contrast of 4:1, the gas fractional flow must be 80% or lower in
order to see foam generation. With the objective of validating this threshold in mind,
since the lowest permeability contrast considered in this study was close to 4:1, an
injected gas volume fraction of 80% was selected. In order to maintain consistency while
studying the effect of permeability contrast, fractional flow was fixed at this value for all
experiments.

Core 1. A foam-generation experiment was conducted with core sample 1, which has a
permeability contrast of 3.8:1, close to the theoretical prediction of 4 required to cause
foam generation by snap-off at 80% gas fractional flow (Rossen, 1999). Fig. 2.6 shows the
measured absolute pressures and the corresponding pressure gradient across various
sections of the core. The origin of the plot represents the start of surfactant injection
into the core, after steady-state has been achieved for the co-injection of gas and brine.
Absolute pressure is measured at 7 locations across the length of the core, schematically
shown in Figs. 2.4 and 2.5. The pressure transducers are connected to the top of the
horizontally placed glass core. In the bottom plot (Fig. 2.6b), pressure gradient across
4 sections of the core is plotted: the inlet and outlet sections are ignored for the sake of
readability.
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Figure 2.5: Schematic showing labelling scheme used to denote local pressure and pressure gradient.
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Figure 2.6: (a) Absolute pressure and (b) pressure gradient across various sections of core 1 during foam-
generation experiment. Dash-dotted lines indicate times at which CT scans were taken to generate saturation
maps across the length of the core. Superscript L represents a measurement in the low-permeability section,
whereas superscript H represents data acquired from the high-permeability zone. LH represents the interval
with the boundary.

Following Fig. 2.6, pressure gradient across the permeability transition rises sharply
soon after gas is introduced into the core at 80% volume fraction. As co-injection
of gas and brine reaches steady-state, ∇P LH

2 continues to register an unusually high
pressure gradient. We believe that this is due to pressure taps across the permeability
transition sensing different phases (McCool et al., 1983; Chen et al., 2016). This is
further aggravated by gas trapping and the capillary effect caused by a sharp difference
in capillary pressure between the two zones in this section. After surfactant injection
begins, the measured pressure gradient shows a mild and gradual drop from about 0.3
PV to 1.0 PV of total injection. We suspect that this is because of a diffused surfactant
front reducing the interfacial tension and subsequently, the capillary pressure between
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the two phases at the pressure tap. It could also be due to a gradual build-up in gas
saturation near the pressure tap in the high-permeability zone (McCool et al., 1983).
In bulk, an increase in surfactant concentration reduces interfacial tension only below
the CMC. At concentrations beyond the CMC, surfactant concentration has negligible
effect on interfacial tension. Therefore, only a small amount of surfactant solution at a
concentration much higher than its CMC would be enough to drastically reduce surface
tension and capillary pressure.

Pressure gradient ∇P L
1 across the low-permeability zone is negligible through the

course of the experiment, which suggests that there is no significant reduction in
mobility or indication of strong foam present or being generated in the inlet section
of the core. Dash-dotted lines in Fig. 2.6 indicate times at which CT scans were taken
across the entire length of the core. Raw CT data in Hounsfield Units is processed to
obtain phase saturations as described in Section 2.2.3 (Eq. (2.1)).

When gas and brine are injected into the core, most of the gas overrides to the top
and bypasses a large part of the core, as can be seen in the saturation map at the top
in Fig. 2.7. Once surfactant is introduced into the core, it appears that there is a build-
up in gas saturation suggesting that foam is perhaps being generated in the first section
itself, as can be seen in the CT image at 0.03 pore volumes of liquid injected (0.13 total
PVI). This is most likely a very weak foam as it is not persistent and is absent in the
images thereafter. Moreover, there is no significant rise in ∇P L

1 (Fig. 2.6) to demonstrate
mobility reduction and the presence of foam downstream of the inlet. After 0.4 PV
surfactant injection (1.8 total PVI), a modest reduction in gas mobility is recorded in
the section with the permeability transition (Fig. 2.6). This shows up as a higher gas-
phase saturation just at the entrance of the high-permeability zone, clearly discernable
in Fig. 2.8. At roughly 2.3 PVI, pressure gradient downstream of the permeability jump,
∇P H

3 and ∇P H
4 , begin to rise (Fig. 2.6) indicating a reduction in gas mobility due to foam

propagation. This is verified by the CT response, which shows a foam front propagating
through the high-permeability zone at 0.6 PVI liquid (3.0 total PVI). At 0.9 PVI liquid, CT
images show that the foam front has reached the outlet of the pack and there is still no
foam in the low-permeability zone. This gives a clear indication of foam generation at
the sharp permeability increase and subsequent propagation downstream towards the
outlet of the core.

Core 2. A foam-generation experiment was performed in core sample 2, with a
permeability contrast of 5.4:1 between the low- and high-permeability zones. The
pressure gradient across different sections of the core developed with time in a manner
similar to sample 1, as shown in Fig. 2.9.

Once again, the pressure gradient across the permeability change gradually declines
after surfactant is introduced in the core. There is a sharp drop in ∇P LH

2 and a sharp
jump in the downstream pressure gradient ∇P H

3 at around 1.7 total PVI. As shown in
Fig. 2.10, CT images at 0.4 PVI surfactant solution (1.9 total PVI) show that this coincides
with an increase in gas saturation in the high-permeability zone. The images also suggest
that the preferred path for gas flow is along the edges of the core, which means that the
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Figure 2.7: Average liquid saturation computed using X-ray CT imaging as seen in a vertical cross-section
through the center of core 1. Color bar represents a liquid saturation range from 0 to 1. Blue represents a
high liquid-phase saturation whereas red represents a high gas saturation, here interpreted as the CT response
to the saturation change caused by foam. Top-most saturation map comes from the CT image taken during
gas-brine injection and images thereafter were taken after surfactant solution was introduced in the core.
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Figure 2.8: Average liquid-phase-saturation profile in core 1 at different pore volumes of injection (PVI) through
the course of the foam-generation experiments in Fig. 2.7.

initial onset of foam generation takes place right at the entrance to the high-permeability
zone near the walls of the core. This mobility reduction then forces the gas to flow
through the center of the core, resulting in foam generation through the whole face of
the heterogeneity.
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Figure 2.9: Pressure gradient across various sections of core 2 during foam-generation experiment. Dash-
dotted lines indicate times at which CT scans were taken to generate saturation maps across the length of
the core. Superscript L represents a measurement in the low-permeability section, whereas superscript H
represents data acquired from the high-permeability zone. LH represents the interval with the boundary.
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Figure 2.10: Average liquid saturation as seen in a vertical cross-section through the center of core 2 computed
using X-ray CT imaging during the course of a foam-generation experiment. Top-most saturation map comes
from the CT scan taken during gas-brine injection and images thereafter are from scans taken after surfactant
solution was introduced in the core.

Saturation values per cylindrical slice are plotted against the dimensionless core
position in Fig. 2.11. The core is almost completely saturated with liquid during co-
injection of gas and brine, since most of the gas breaks through from the edges of
the core, more from the top than from the bottom. At 0.4 PVI liquid injection, liquid
saturation drops sharply at the entrance of the high-permeability zone, indicating foam
generation. At 0.5 PVI of liquid, the foam front appears to have travelled from a
dimensionless position of 0.6 to 0.9, roughly half the length of the high-permeability
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zone, into the 4th section of the core. This is also evident from the pressure-gradient
profile shown in Fig. 2.9 as ∇P H

4 begins to rise and exhibit sharp fluctuations, starting
at approximately 2.1 PVI. At 0.7 PVI liquid (3.5 total PVI), foam has propagated to the
end of the pack and the gas saturation is about 90% in the high-permeability region. Gas
saturation is roughly 20% in the low-permeability zone and no significant reduction in
mobility is witnessed in terms of pressure gradient (Fig. 2.9).
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Figure 2.11: Average liquid-phase-saturation profile in core 2 at different pore volumes of injection (PVI)
through the course of the foam-generation experiment.

Core 3. Foam generation was also observed in core sample 3 with a permeability contrast
of 13.9:1. As shown in Fig. 2.12, pressure gradient across the permeability transition
and further downstream showed distinct periods of rise and sharp drops, unlike the
continuous and relatively mild fluctuating pattern observed in Figs. 2.6 and 2.9. The
pressure gradient in the low-permeability section (∇P L

1 ) stays low through the course of
the experiment, suggesting there is no significant reduction in gas mobility. However, as
shown in Figs. 2.13 and 2.14, the gas saturation is approximately 50% in the first section.
This means that if there is any foam in the low-permeability section, it has little effect
on gas mobility and is, therefore, weak foam. Evidently, even this weak foam transforms
into strong foam at the permeability transition.

CT images in Fig. 2.13 also indicate that, as with sample 2, there may be a region
of high permeability along the edges of the core due to imperfect sintering of the glass
grains with the tube wall. Gas prefers to flow along the edges of the core and foam
generation also begins at the outer boundary of the cylindrical porous medium, shown
clearly in the scan taken at 0.4 PVI of surfactant solution. Images at 0.5 and 0.7 PVI
liquid (2.7 and 3.5 total PVI, respectively) show that the foam front propagates first along
the edges, forcing gas to flow through the center of the porous medium, resulting in
subsequent propagation of foam through the center of the core.

Core 4. Core sample 4 had the greatest permeability contrast among the tested cores
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Figure 2.12: Pressure gradient across various sections of core 3 during foam-generation experiment. Dash-
dotted lines indicate times at which CT scans were taken to generate saturation maps across the length of
the core. Superscript L represents a measurement in the low-permeability section, whereas superscript H
represents data acquired from the high-permeability zone. LH represents the interval with the boundary.
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Figure 2.13: Average liquid saturation as seen in a vertical cross-section through the center of core 3 computed
using X-ray CT imaging during the course of a foam-generation experiment. Top-most saturation map comes
from the CT scan taken during gas-brine injection and images thereafter are from scans taken after surfactant
solution was introduced in the core.

(27.5:1). We observe that strong foam is created across the permeability transition and
it propagates through the high-permeability zone to the end of the core. While the
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Figure 2.14: Average liquid saturation versus dimensionless core position during a foam-generation
experiment in core 3.

measured pressure gradient across the inlet section, as shown in Fig. 2.15, shows no
appreciable increase, indicating absence of strong foam, the saturation profile obtained
through CT scans, as shown in Fig. 2.16, shows that the gas saturation is fairly high in
the low-permeability zone towards the end of the experiment. Gas saturation is almost
70% in the low-permeability zone upstream of the transition as seen in the saturation
profiles computed at 1.2 PVI of surfactant injection (6 Total PVI) and thereafter. This rise
in gas saturation, however, is witnessed only after foam generation across the transition
has been observed. In the high-permeability section, CT images show a gas saturation of
almost 100% towards the end of the experiment, indicating the presence of strong foam
with a significant reduction in gas mobility, in terms of pressure gradient, as discussed
in the next section.

2.4. DISCUSSION
In the experiments reported, we show evidence of foam generation across a sharp
permeability rise during simultaneous flow of gas and surfactant solution. We observe
foam generation across a permeability contrast of slightly less than 4:1 at a gas
fractional flow of 80%, in accordance with theoretical predictions. While in some of our
experiments we see indications of foam generation in terms of high gas saturation in
the low-permeability section itself, this foam may be classified as “weak foam”, or what
Friedmann et al. (1991) call a “leave-behind foam”, as gas mobility remains high (in terms
of measured pressure gradient) in this section throughout the course of the experiment.

Foam generation does result in a significant reduction in gas mobility in the high-
permeability zone. We quantify this reduction in mobility in terms of apparent foam
viscosity. Assuming a steady-state average pressure drop across the high-permeability
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Figure 2.15: Pressure gradient across various sections of core 4 during foam-generation experiment. Dash-
dotted lines indicate times at which CT scans were taken to generate saturation maps across the length of
the core. Superscript L represents a measurement in the low-permeability section, whereas superscript H
represents data acquired from the high-permeability zone. LH represents the interval with the boundary.
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Figure 2.16: Average liquid saturation versus dimensionless core position during a foam-generation
experiment in core 4.

zone, we use the pressure gradient across the entire zone (sections 3 and 4) and compute
apparent viscosity as:

µH
app = k H∇P H

ul +ug
(2.2)

where k H is the measured permeability in the high-permeability section, ∇P H is the
pressure gradient across the same section during the experiment and ug and ul are the
gas and liquid superficial velocities, respectively. The total superficial velocity (ut ) is the
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sum of these two velocities and the denominator in Eq. (2.2). The apparent viscosity
was averaged over quarter-day periods and plotted against total injected pore volumes
in Fig. 2.17. Since the measurements are taken every second, there is a spread in the
data collected and averaged over a six hour period. This spread is plotted in terms of an
error bar in each direction, which represents one standard deviation of all the viscosities
computed from all the recorded pressure gradients within the six-hour measurement
window.
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Figure 2.17: Apparent viscosity of foam in the high-permeability region of each core, generated by flow across
the abrupt permeability increase, plotted against the total pore volumes of injection. ut = 0.67 ft/d and fg =80%
in all the experiments.

The average apparent viscosity of foam, generated across a sharp permeability
increase, ranges from about 600 cP to 1800 cP. Evidently, the greater the permeability
contrast in the core, the larger the apparent viscosity of the generated foam. Additionally,
we observe that at a greater permeability contrast, it takes longer to observe foam
in the high-permeability section, especially in the core with the greatest permeability
contrast, shown by the purple line in the above figure. We suspect that this may
due to a greater intermittency in foam generation, as explained below, across greater
permeability contrasts.

The measured pressure gradient in all our experiments exhibits large fluctuations.
At a greater permeability contrast, the magnitude of these fluctuations is greater, as can
be seen by the error bars in Fig. 2.17. These fluctuations occur because lamellae are
not generated steadily across the face of the heterogeneity (Falls et al., 1988). Instead,
foam generation across the sharp increase in permeability is intermittent. This can
be explained as follows: foam generation causes a reduction in gas mobility, which
in turn causes the flow to become drier; locally, capillary pressure then rises above
the critical capillary pressure for snap-off and foam generation ceases. After foam
generation ceases, liquid accumulates again and the cycle repeats. This coincides with
our observations at the outlet of the core. Distinct periods of liquid production were
followed by strong foam coming out of the core, followed by relatively weaker and drier
foam with a large bubble size, followed by periods of only gas production. The nature
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of produced fluids may also be affected by the capillary end-effect at the outlet. In a
separate set of experiments, we have observed that the intermittency of foam generation
and subsequent mobilization is less frequent at a higher liquid fractional flow and a
higher flow rate.

While designing the experiments reported in this paper, the objective was to
create conditions for a uniform, one-dimensional forced displacement across the
permeability jump. However, as mentioned earlier, the porous medium was not perfectly
homogeneous in the single-permeability regions and the unwanted artefact of imperfect
sintering and higher porosity along the edges leads to preferential flow of gas near the
walls of the core. While this may have resulted in unwanted experimental observations,
complicating subsequent analysis, the aggravated effect of gravity (due to a low flow
rate and high permeability), combined with this edge effect, brought the experimental
conditions closer to realistic geological settings. In a realistic subsurface setting, gas may
have other flow-paths available and may bypass the permeability boundary altogether,
not contributing to the process of foam generation. In the experiments presented
in this paper, regardless of the availability of a preferential flow-path for gas, foam
generation was observed across the permeability jump. The experiments were designed
so that foam was generated by snap-off and not due to drainage or a high pressure
gradient. While Li and Rossen (2005) suggested that preferential flow along the edges
of a core would make foam generation in such an experiment more difficult, this was
not observed here. Snap-off still occurred at the permeability boundary at contrasts as
low as 3.8:1 with a field-like total superficial velocity of 0.67 ft/d.

The results of this study can have important implications for the use of foam for
mobility control in subsurface displacement processes. In a petroleum reservoir, ten
metres away from the injection well, fluid velocity can be as much as 100 times lower
than that in the immediate vicinity of the well. As a result, foam strength can be
significantly lower and foam propagation may fail (Ashoori et al., 2012a; Friedmann
et al., 1994). However, quite often there exist sharp heterogeneities in the formation.
When they are present, foam strength can still be maintained by snap-off across these
permeability contrasts. If the impact of these heterogeneities on foam generation and
propagation are not accounted for, the effectiveness of foam in reducing gas mobility
can be underestimated. In order to understand the consequences of this phenomenon
in a more realistic, three-dimensional, subsurface setting with layered or secondary
granulometry, the results of this study could be used to model foam generation by snap-
off in a flow across a sharp permeability change and the model can be used to simulate
the displacement process in the analogue system.

It is important to note that surfactant adsorption is negligible in our synthetic porous
media made from borosilicate glass. Therefore, in our experiments, foam generation
appears to be almost immediate once the surfactant arrives at the permeability
transition. In the field, however, surfactant adsorption, whenever not satisfied, can delay
the propagation of surfactant.
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2.5. CONCLUSION
Simultaneous flow of gas and surfactant solution across a sharp permeability increase
results in foam generation by snap-off, provided that the liquid volume fraction is
high enough and permeability contrast is sufficient. Foam can be generated by this
phenomenon at extremely low superficial velocities, close to and even lower than
conventional field velocities encountered far from wells. This coincides with theory,
which suggests that this mechanism is independent of pressure gradient. CT images
clearly indicate that foam is generated at the permeability change and it propagates
downstream towards the outlet of the core.

At the low flow rates used in these experiments, no effective foam was generated
in the homogeneous core upstream of the permeability transition. Events of foam
generation and subsequent mobilization are associated with sharp fluctuations in the
pressure gradient across the permeability jump. Foam generation and propagation is
not immediate as the surfactant front reaches the permeability jump. Instead, foam
generates, propagates and mobilizes intermittently from the permeability transition.
The intermittency appears to be greater for greater permeability contrasts.

Foam generation during flow across abrupt permeability changes in the vertical
direction could significantly reduce gravity segregation. Foam created during flow across
layer boundaries would block the upward movement of gas towards higher layers. This
would reduce the gas mobility in the vertical direction, effectively reducing vertical
permeability to gas and increasing the segregation length (Jenkins, 1984; Rossen and
Bruining, 2004; Stone, 1982; Tanzil et al., 2002b).



3
FOAM GENERATION BY SNAP-OFF

IN FLOW ACROSS A SHARP

PERMEABILITY TRANSITION:
EFFECT OF VELOCITY AND

FRACTIONAL FLOW

Foam reduces gas mobility and can help improve sweep efficiency in an enhanced oil
recovery process. For the latter, long-distance foam propagation is crucial. In porous
media, strong foam generation requires that local pressure gradient exceeds a critical
value (∇P mi n). Normally, this only happens in the near-well region. Away from wells,
these requirements may not be met, and foam propagation is uncertain. It has been
shown theoretically that foam can be generated, independent of pressure gradient,
during flow across an abrupt increase in permeability (Rossen, 1999). The objective of
this study is to validate theoretical explanations through experimental evidence and to
quantify the effect of fractional flow on this process.

This chapter (Shah et al., 2019a) extends the results of the previous chapter (Shah
et al., 2019b) investigating the effect of permeability contrast on this process. In
this study the effects of gas fractional flow ( fg ) and total superficial velocity (ut ) are
described. Coreflood experiments were performed in a cylindrical sintered glass porous
medium with two homogeneous layers and a sharp permeability jump in between,
representing a lamination or cross-lamination. Unlike previous studies of this foam-
generation mechanism, in this study gas and surfactant solution were co-injected
at field-like velocities into a medium first flooded to steady-state with gas-brine co-
injection. Pressure gradient is measured across several sections of the core. X-ray
computerized tomography (CT) is used to generate dynamic phase-saturation maps as
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foam generates and propagates through the core. We investigate the effects of velocity
and injected gas fractional flow on foam generation and mobilization by systematically
changing these variables through multiple experiments. The core is thoroughly cleaned
after each experiment to remove any trapped gas and to ensure no hysteresis.

Local pressure measurements and CT-based saturation maps confirm that foam is
generated at the permeability transition, which then propagates downstream to the
outlet of the core. A significant reduction in gas mobility is observed, even at low
superficial velocities. Foam was generated in all cases, at all the injected conditions
tested. However, at the lowest velocity tested, strong foam did not propagate all the
way to the outlet of the core. Although foam generation was triggered across the
permeability boundary at this velocity, it appeared that, for our system, the limit of
foam propagation, in terms of a minimum-driving-force requirement, was reached at
this low rate. CT images were used to quantify the accumulation of liquid near the
permeability jump, causing local capillary pressure to fall below the critical capillary
pressure required for snap-off. This leads to foam generation by snap-off. At the tested
fractional flows, no clear trend was observed between foam strength and fg . For a
given permeability contrast, foam generation was observed at higher gas fractions than
predicted by previous work (Rossen, 1999). Significant fluctuations in pressure gradient
accompanied the process of foam generation, indicating a degree of intermittency in
the generation rate - probably reflecting cycles of foam generation, dryout, imbibition,
and then generation. The intermittency of foam generation was found to increase
with decreasing injection velocities and increasing fractional flow. Within the range of
conditions tested, the onset of foam generation (identified by the rise in ∇P and Sg )
occurs after roughly the same amount of surfactant injection, independent of fractional
flow or injection rate.

3.1. INTRODUCTION

Foams have numerous applications in the oil industry. They are used for drilling
(Lyons et al., 2009), to divert acids in well-stimulation procedures (Chambers, 1994),
for hydraulic fracturing of low-permeability formations (Gupta, 2009), to improve liquid
lifting in low-pressure gas wells (Yang and Siddiqui, 1999) and for tertiary oil-recovery
processes (Rossen, 1996). In aquifer-remediation processes (Hirasaki et al., 1997b,a,
2000), foam is used to improve sweep while removing dense non-aqueous phase liquids
(DNAPLs). This work concerns the use of foam as a mobility-control agent in an
enhanced oil recovery (EOR) process.

Most of the world’s EOR production comes from injecting gases. Gas has a very
low viscosity and density compared to oil and, therefore, in a displacement process,
sweep efficiency is poor due to viscous fingering and gravity override. When used
as a dispersed phase, as in foam, its apparent mobility is greatly reduced and sweep
efficiency is improved. In a heterogeneous, layered system, as discussed by Tanzil
et al. (2002b) and Shah et al. (2019b), the effective permeability in the vertical direction
may be greatly reduced by foam generation in the high-permeability strata, reducing
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the extent of gravity segregation. In porous media, foams can be generated in various
ways (Ransohoff and Radke, 1988; Kovscek and Radke, 1994; Rossen, 1996). Several
experimental studies (Gauglitz et al., 2002; Tanzil et al., 2002a) and theoretical models
(Rossen and Gauglitz, 1990; Friedmann et al., 1991; Kam and Rossen, 2003; Rossen,
1990a) suggest that strong foam generation in porous media would require exceeding
a critical pressure gradient or velocity threshold, which is typically only overcome in the
near-well region. Creation of foam in these cases is thought to depend on mobilization
of lenses and lamellae and subsequent lamella division. Mobilising the bubble train
requires a minimum pressure gradient (Rossen, 1990b,a; Kharabaf and Yortsos, 1998;
Chen et al., 2005b; Almajid and Kovscek, 2019). For CO2 foams, this minimum pressure
gradient might be so low at reservoir conditions (due to a lower interfacial tension) that
it might not be observed in foam experiments.

Others argue that snap-off is the dominant mechanism of foam generation in a
porous medium (Ransohoff and Radke, 1988; Kovscek and Radke, 1996, 2003). While
snap-off can occur through several mechanisms (Rossen, 2003), in these studies, the
increased frequency of snap-off is thought to be dependent on pore geometry and
interfacial curvature as well as gas-phase and liquid-phase velocities. The relevant
mechanism of snap-off in these experiments is Roof snap-off (Roof, 1970), which
occurs as gas invades a narrow pore throat and drains liquid from a wider downstream
pore body. These studies report no minimum-pressure-gradient requirement for
foam generation but argue that snap-off may cease if the the newly created lamella
or lenses cannot mobilise (Kovscek and Radke, 1996). As mentioned earlier, the
mobilisation of lamellae from a snap-off site requires a minimum pressure gradient.
Other research reporting similar findings was revisited by Almajid and Kovscek (2016).
Foam experiments that start with a surfactant-saturated core, analogous to gas draining
the preceding surfactant slug in a surfactant-alternating-gas (SAG) flood in the near-well
region, might not observe this critical velocity or pressure-gradient dependence. There
appears to be no clear consensus in the literature on the most dominant mechanisms
of strong-foam generation in porous media. In this study, we are interested in foam-
generation mechanisms that could dominate away from wells, where the pressure
gradient is low and the darcy velocity is considered to be, in practice, approximately 1
ft/d (Dake, 1994); much lower than the reported thresholds in the studies referred to
above. These are regions where the gas and surfactant slugs injected into a reservoir
would have mixed and gas is not draining a surfactant-saturated zone.

If strong-foam generation is thought to depend on exceeding a threshold pressure
gradient or velocity, conditions in these regions may not be favourable for foam to
propagate or even exist (Ashoori et al., 2012a; Yu et al., 2019). We are addressing a
hypothetical situation in which foam did not travel far from the wells despite injection of
a sufficient amount of gas and surfactant solution in the reservoir. This work investigates
foam generation by snap-off that is triggered by an abrupt contrast in permeability, and
at that location, capillary pressure.

In the presence of sharp heterogeneities, foam can be generated by snap-off,
independent of pressure gradient or velocity, as gas and surfactant solution flow across
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an abrupt increase in permeability (Falls et al., 1988; Rossen, 1999; Hirasaki et al.,
2000; Tanzil et al., 2002b; Li and Rossen, 2005; Shah et al., 2019b). Fortunately, sharp
heterogeneities are quite common in petroleum reservoirs and exist over a large range
of length scales. The most prevalent are unconformities such as sharp layer boundaries,
which can extend from a few metres to several hundreds of metres in length (Reineck and
Singh, 1980). Layered systems often also consist of internal laminations that add to the
frequency of sharp changes in permeability in a given rock volume. Cross-laminations
present abrupt permeability contrasts in the horizontal direction (Hartkamp-Bakker,
1993), offering locations for foam generation by snap-off during lateral pressure-driven
flow. Hartkamp-Bakker (1993) measured the permeability variation across internal
laminations in a variety of samples extracted from outcrops as well as reservoir cores.
She reported permeability ratios across individual units ranging from 1:1 (change in
grain framework but not in permeability) to 27:1 between different units.

In flow across such a heterogeneity, the wetting phase accumulates at the boundary
of the low-permeability region (Yortsos and Chang, 1990) and local capillary pressure
is reduced there. If the capillary pressure falls below the critical capillary pressure for
snap-off, i.e. P sn

c (Falls et al., 1988), foam generation can be expected. The extreme case
of this phenomenon is the capillary end-effect encountered in coreflood experiments,
which is also reported to have caused foam generation at the outlet of a core (Ransohoff
and Radke, 1988). Falls et al. (1988) measured the capillary entry pressure (P e

c ) and
P sn

c for glass beadpacks using a variety of bead sizes. They found that P sn
c ≈ P e

c /2,
consistent with theoretical approximations for circular pore throats blocked by snap-
off (Roof, 1970; Lenormand et al., 1983). Rossen (1999) used this result to show that
for snap-off to occur in flow from low- to high-permeability zones, capillary pressure
in the high-permeability zone must be less than half the capillary pressure in the low-
permeability zone (P H

c < P L
c /2). In other words, the high-permeability region is at

least four times as permeable as the low-permeability region (k H ≥ 4 kL), assuming
Pc ∝ p

1/k. This trigger for foam generation depends only on the relative magnitudes
of capillary pressure resulting from the heterogeneity and not directly on the magnitude
of capillary forces in each region. Therefore, for two different gas-liquid fluid pairs,
if the liquid is strongly wetting compared to gas, the ratio of capillary pressures is
independent of the interfacial tension between the gas-liquid phases since the Pc (Sw )
curves would scale but not change shape. This is beneficial for practical applications
of foam for displacement processes since the gas available on site can be used and
foam generation in flow across permeability changes can still be expected, assisting with
mobility control. The mobilisation of the generated foam, however, would depend on
the gas-liquid interfacial tension. For instance, as implied earlier in Chapter 1, CO2

foams can propagate at lower pressure gradients compared to N2 foams.

As the flow gets drier, a greater permeability contrast may be required to cause foam
generation. Fig. 3.1 shows the calculations of Rossen (1999), where the permeability
contrast required to block gas flow by snap-off (effectively causing foam generation) is
plotted as a function of the gas-water relative-permeability ratio far from the transition
zone in the absence of foam. The relative permeability ratio relates to the injected
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fractional flow, fw = [1 + (kr g /kr w )0(µw /µg )]−1. Therefore, if fg = 80%, and µw /µg =
50, (kr g /kr w )0 = 0.08. According to Fig. 3.1, a permeability jump slightly higher than 4,
at fg = 80%, would cause foam generation, independent of velocity or pressure gradient.
However, if the pore geometry deviates from a circular shape, the ratio of P e

c /P sn
c may

be larger or smaller than 2 (Lenormand et al., 1983; Chambers and Radke, 1990; Rossen,
2003). As a result, a greater or lower permeability contrast, respectively, may be required
to block gas flow by snap-off at the same flowing gas fraction. It is important to note that
while capillary pressure falls at the edge of the low-permeability zone, gas bubbles are
expected to form at the entrance to the high-permeability zone. There is no dependency
on pressure gradient. However, mobilisation of the bubbles and subsequent propagation
away from the heterogeneity would require such a driving force.
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Figure 3.1: Theoretically computed permeability contrast required to completely block gas flow as a function of
gas-water relative permeability ratio (kr g /kr w )0, with the superscript denoting its value far from the transition
zone. Left to right on the x-axis also represents an increase in gas fraction, as fw = [1+(kr g /kr w )0(µw /µg )]−1.
From Rossen (1999).

In this work, foam-generation experiments are conducted by co-injecting surfactant
solution and gas at field-like velocities, in a consolidated sintered glass porous medium
with two layers perpendicular to the direction of flow. Local pressure gradient
and saturation maps obtained through X-ray computed tomography are the primary
measurements used to identify foam generation and mobilisation. Pressure gradient is
used to quantify foam strength, whereas local saturation near the permeability contrast
is used to quantify the reduction in capillary pressure that causes foam generation. A
variety of injection rates and injection fractions are employed to validate the threshold
conditions for foam generation. The previous work of Shah et al. (2019b) on the effect of
permeability contrast is extended here to the effect of fractional flow and velocity.

The chapter is structured as follows. The next section describes the experimental set-
up and procedure followed. Next, under Section 3.3, the outcome of foam-generation
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experiments conducted at a variety of injection rates and gas fractional flow using a
core with permeability contrast of approximately 3.8:1 are reported. In Section 3.4, an
analytical examination of these results is presented and the main conclusions from these
experiments are presented in final section.

3.2. EXPERIMENTAL METHODOLOGY

We conduct coreflooding experiments in a consolidated, sintered glass core with a low-
and a high-permeability region, separated by a sharp, monotonic transition (Fig. 2.3).
The core is 420 mm in length, with a 165 mm low-permeability section. The low-
permeability section has a measured permeability (kL) of 5.4 ± 0.02 darcies, whereas the
high-permeability section has a permeability (k H ) of of 20.7 ± 0.2 darcies. Therefore, the
permeability contrast (〈k H /kL〉) is roughly 3.8:1, bordering the threshold predictions of
(Rossen, 1999). The cores were acquired from Hilgenberg GmbH, Malsfeld, Germany
(www.hilgenberg-gmbh.de). The materials used in this study, together with the
experimental protocols followed, are identical to those described in detail in the previous
chapter and by Shah et al. (2019b). Nevertheless, we highlight important aspects of the
same to ensure an independent readability of this chapter.

Every experiment begins with multiple permeability measurements, using water,
across the length of the core to ensure that there has been no grain migration and that
there is no trapped gas in the core. Next, the core is saturated with brine solution (1
wt.% NaCl prepared in demineralized water) and the permeability is measured again.
Once the core is saturated with brine, the flow rate is reset to the desired experimental
value and gas (99.98% N2) is co-injected at the desired fractional flow. After steady-
state is achieved with the co-injection of gas and brine, the injected liquid phase is
changed to the surfactant solution, and gas and surfactant solution are co-inected
into the core. The surfactant solution comprises 0.5 wt.% (≈ 0.04 M) of the foaming
surfactant anionic alpha olefin sulphonate (AOS) C14−16 with a molecular weight of 315
g/mol (Stepan® BIO-Terge AS-40 KSB) and 1 wt.% (≈ 0.17 M) NaCl. The surfactant
concentration is roughly 62 times the CMC in 1 wt.% NaCl (Kahrobaei et al., 2017). For a
variety of reasons including cost, detergency and low adsorption on sandstones, AOS is
an excellent overall candidate for foam enhanced oil recovery in a conventional, mature
oil reservoir (Farajzadeh et al., 2008). Since the experiments are conducted at field-like
velocities; foam is not generated in the low-permeability section. Once the surfactant
front reaches the permeability transition, foam generation is expected. The core is
cleaned thoroughly after each experiment by flushing with 50 wt.% iso-propanol (IPA)
solution for several pore volumes. IPA is known to kill foams. Therefore, after the core is
cleaned with IPA, it is flushed with copius amounts (≈20-50 PV) of brine solution. Then
the core is flushed with CO2 (≈ 10 PV, with the last 2 PV under vacuum) to displace any
remaining gas out of the core, followed by brine again to re-measure permeability before
the start of an experiment. This treatment removes all trapped gas, traces of surfactant
solution and IPA from the core. This minimizes chances of hysteresis effects affecting
the foam-generation experiments (Kahrobaei et al., 2017).
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The experimental procedure followed is similar to the experiments of Li and Rossen
(2005). Unlike the experiments of Tanzil et al. (2002b), where gas and surfactant solution
were injected into a surfactant-saturated sandpack, a drainage process, we inject gas and
surfactant solution into a core at steady-state with gas and brine co-injection. As a result,
gas does not drain a surfactant-saturated region of the core prior to foam generation
at the boundary. This ensures that the chances of foam generation by mechanisms
that dominate during drainage such as Roof snap-off (Roof, 1970) and leave-behind are
minimal (Ransohoff and Radke, 1988; Kovscek and Radke, 1994; Kovscek et al., 1995;
Rossen, 1996, 2003). In other words, the experiments were carefully designed not to
allow foam generation by mechanisms other than snap-off at the permeability boundary
in the core. After foam is generated at the heterogeneity, gas saturation in the high-
permeability region can rise. This can then be considered a local drainage process
and therefore, other mechanisms of foam generation may come into play as the foam
mobilises and propagates through the high-permeability zone.

A schematic flow diagram of the experimental set-up was shown earlier in Fig. 2.4.
Fig. 2.3 shows the core in a vertical orientation, whereas in the dual-beam CT scanner
the core is placed horizontally. This is not ideal for flow behaviour but is necessary in
order to minimize the impact of beam-hardening effects and cross-artefacts while taking
CT scans of a non-axisymmetrically placed object. Therefore, gravity-segregation affects
the experiments conducted using the CT scanner, as discussed in the previous chapter
and by Shah et al. (2019b). Along with saturation maps obtained through CT scans,
pressure measurements in the low-permeability section are used to confirm that no
foam is generated upstream of the permeability contrast. No back-pressure is applied,
in order to avoid fluctuations caused by multiphase flow through the back-pressure-
regulator assembly. These fluctuations may cause foam generation (Li and Rossen,
2005). For the image settings of the CT scanner and details about the image analysis
procedure, we refer to the previous chapter (Section 2.2.3) and to Shah et al. (2019b).

3.3. RESULTS

Two sets of experiments are reported in this section. The first set of experiments were
conducted with the objective of understanding the impact of superficial velocity on
foam generation and mobilisation while validating the velocity independence of this
process by operating at the lowest injection rates possible within the range of the flow-
control equipment. These experiments were conducted at an injected gas fraction of
80%, with the highest total injection rate (qt ) tested being 0.1 ml/min. This corresponds
to a superficial velocity (ut ) of 2.36 µm/s or 0.67 ft/d in field units. In total, four
different injection velocities were considered. Starting at 0.67 ft/d, the rates were
successively lowered in each experiment to 0.5 ft/d (qt = 0.075 ml/min), 0.33 ft/d (qt =
0.05 ml/min), and finally to 0.17 ft/d (qt = 0.025 ml/min). The core was placed vertically
in a temperature-controlled oven at 30◦C to allow for a gravity-stable displacement at
the lowest rates considered.

Through the second set of experiments, the effect of fractional flow on foam



3

46 3. EFFECT OF VELOCITY AND FRACTIONAL FLOW

generation was assessed. Extending the work of Shah et al. (2019b), these tests were
conducted at ut = 0.67 ft/d. Gas fraction was varied from 60% to 95%. Lower gas
fractions are less relevant for field applications and, therefore, have not been reported.
These experiments were conducted with the core placed horizontally on the CT scanner
table.

3.3.1. EFFECT OF VELOCITY

Foam generation was observed at all the tested velocities at fg = 80%. Fig. 3.3a shows a
typical measurement of pressure gradient across various sections of the core as indicated
in Fig. 3.2. The maximum pressure drop across the core in all experiments is close to
0.5 bar and the outlet of the core is at atmospheric pressure. Fig. 3.3a reports pressure
gradient for the experiment conducted at ut = 0.5 ft/d, whereas Fig. 3.3b reports the
experiment conducted at the lowest velocity, i.e. ut = 0.17 ft/d. The horizontal axis
represents total pore volumes of injection (PVI) of surfactant solution and N2 gas. The
core has reached a steady state to gas-brine injection at the origin of the plot.

in
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L H

1 2 3 4 out
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L
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P
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H
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Figure 3.2: Schematic showing labelling scheme used to denote local pressure and pressure gradient.

As mentioned above, before surfactant is introduced into the core, each experiment
starts with gas injection into a brine-saturated core. As gas drains the low-permeability
section, the pressure transducers report a jump in pressure, indicating the arrival of gas.
If each transducer measures the same phase once gas has arrived at the outlet of the
core, then these jumps in absolute pressure correspond to spikes in terms of pressure
gradient. However, in all the experiments conducted, regardless of the orientation of
the core, the pressure gradient across the permeability transition ∇P LH

2 (black line in
Fig. 3.3) is atypically high for gas-brine injection and the pressure gradient immediately
downstream ∇P L

1 registers a slightly negative value. We believe that this is due to the
pressure tap right before the permeability transition sensing a different phase compared
to the rest of the ports (McCool et al., 1983; Chen et al., 2016; Shah et al., 2019b). Gas
trapping and the capillary-pressure contrast within the core may add to this effect.
The experimental data reported by As Syukri (2018) during gas-brine flow for similar
experiments further supports this explanation. As more and more surfactant is injected,
∇P LH

2 gradually declines. When the surfactant arrives at the permeability contrast, foam
is generated across the permeability transition. As the foam strength increases, the
pressure taps in the high-permeability zone sense the reduction in gas mobility starting
with the transducer immediately downstream of the transition. This is represented by



3.3. RESULTS

3

47

0 1 2 3 4 5 6 7

0

5

10

Time [days]

∇
P

[p
si
/
ft
]

0 1 2 3 4 5 6 7 8
0

1

2

Total PVI [-]

∇
P

[b
a
r/
m
]

∇PL
1 ∇PLH

2 ∇PH
3 ∇PH

4

(a)

0 2 4 6 8 10 12 14 16 18 20

0

5

10

15

Time [days]

∇
P

[p
si
/
ft
]

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7
0

1

2

3

4

Total PVI [-]

∇
P

[b
a
r/
m
]

∇PL
1 ∇PLH

2 ∇PH
3 ∇PH

4

(b)

Figure 3.3: Pressure gradient across various sections of the core during the foam-generation experiment
conducted at (a) ut =0.5 ft/d and (b) ut =0.17 ft/d at a fixed gas fractional flow of 80%. Superscript L represents a
measurement in the low-permeability section, whereas superscript H represents data acquired from the high-
permeability zone. LH represents the interval with the boundary.

the sharp drop in ∇P LH
2 , and jump in ∇P H

3 , at about 2.2 total PVI (0.44 PVI liquid) in
Fig. 3.3a and 2.4 total PVI (0.4 PVI liquid) in Fig. 3.3b. ∇P H

4 rises shortly after. In Fig. 3.3a,
∇P H

4 rises further into the experiment, at around 4.5 PVI total. This corresponds to the
passage of foam across the final section in the high-permeability zone followed by its
arrival at the outlet of the core.

At the end of the experiment at ut = 0.17 ft/d (Fig. 3.3b), at about 5.9 total PVI,
pressure gradient in the low-permeability section begins to rise. Since ∇P L

1 is low until
that point, we can conclude that no strong foam is generated in the low-permeability
section prior to generation at the boundary. No significant rise in ∇P L

1 was observed
in any other experiment reported in this paper. Since this experiment is conducted at
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a lower velocity compared to all the other experiments reported in this paper, where
no such rise in pressure gradient was observed, it is reasonable to conclude that the
injection rate was not so high so as to cause foam generation in the low-permeability
section unintentionally. We contend that this rise in pressure gradient is due to a
secondary, upstream build-up in pressure gradient, indicating an apparent backward
propagation of foam, similar to that observed in previous work (Apaydin and Kovscek,
2001; Simjoo et al., 2013).

Apaydin and Kovscek (2001) observe a secondary rise in pressure gradient, travelling
upstream, after breakthrough of the initial foam front in their experiments with
surfactant concentrations higher than 0.1 wt.%. They reason that this front propagation
against the direction of flow may be originating from increased gas trapping near the
outlet of the core. The original generation of stronger foam at the outlet they ascribe
to the capillary end-effect. The backward propagation begins soon after breakthrough.
The time taken to achieve a steady-state pressure profile throughout the core is much
larger than in other experiments because the build-up of pressure drop against the
direction of flow is a slow process. Simjoo et al. (2013) observed what they called
a “secondary desaturation front" travelling from outlet to inlet in their experiments,
after breakthrough. In our experiments, we have a finite transition in permeability
inside the core, which is effectively an internal capillary end-effect. The rise in ∇P L

1
happens after several pore volumes of injection. In the field, the region around
such a heterogeneity may experience several pore volumes of surfactant and gas. If
the surfactant concentrations are high enough (Apaydin and Kovscek, 2001) and the
velocities are low enough (to allow incremental gas trapping), one can expect foam
generation and propagation in the low-permeability regions as well.

Not including the case discussed above, it is important to note that the pressure
gradient in the low-permeability zone ∇P L

1 is low and does not indicate any reduction
in gas mobility due to foam generation upstream of the permeability jump. Comparing
Fig. 3.3a and Fig. 3.3b, it is evident that the magnitude of fluctuations in pressure
gradient is greater at the lower velocity or injection rate. This subject of intermittency
of the process shown by fluctuations in pressure gradient will be discussed later in this
paper. For the foam-generation experiments conducted at ut = 0.67 ft/d, ut = 0.5 ft/d
(Fig. 3.3a) and ut = 0.33 ft/d, pressure gradient in the final section inside the high-
permeability zone, ∇P H

4 , is either similar to or greater than ∇P H
3 in magnitude. In these

experiments, the strength of foam generated at the permeability transition is maintained
as it propagates downstream to the outlet of the core. However, as shown in Fig. 3.3b,
at ut = 0.17 ft/d, ∇P H

4 is lower than ∇P H
3 , indicating a drop in foam strength upon

propagation. At this velocity, we appear to reach the limit of foam propagation and the
foam generated at the permeability contrast is unable to steadily reach the outlet of the
core.

This is confirmed by observations made at the outlet of the core (Fig. 3.4). A
typical observation made at the outlet of the core is shown in Fig. 3.4a for ut = 0.33
ft/d. At this velocity (and higher velocities), steady foam production is observed with
infrequent, short, intermittent bursts of only gas and liquid production. At ut = 0.17 ft/d,
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however, short periods (few minutes to an hour) of relatively coarse foam production
is observed (Fig. 3.4b) followed by a large amount of gas production (several hours to a
day, corresponding to a few PVI) as shown in Fig. 3.4c, followed by liquid for a similar
time interval, as shown in Fig. 3.4d.

(a) (b) (c) (d)

Figure 3.4: Snapshots of the outlet tubing showing fluids produced from the core as a typical observation of
steady foam production at (a) ut = 0.33 ft/d. At (b) ut = 0.17 ft/d, short bursts of foam production preceded by
liquid, followed by a few pore volumes of (c) gas production, followed by (d) liquid production, is observed.

3.3.2. EFFECT OF FRACTIONAL FLOW

Fig. 3.5 shows two foam-generation experiments performed at the same injection rate
but with different fractional flow. The core has been placed horizontally on the medical
CT scanner table. Fig. 3.5a shows pressure gradient versus pore volumes injected at
ut = 0.67 ft/d and fg = 60%. The lower horizontal axis represents pore volumes of
surfactant solution injected into the core. Close to around 1 PVI total or 0.4 PVI liquid,
foam generation takes place across the permeability transition indicated by the drop in
∇P LH

2 and jump in ∇P H
3 , similar to the experiments reported above. The dash-dotted

lines in the plot indicate times at which CT scans were taken across the core. Foam
generation inferred from changes in sectional pressure-gradient measurements is also
confirmed through phase-saturation profiles (Fig. 3.6). As explained in the previous
section, the saturations are computed using X-ray CT images (Mees et al., 2003), with
blue representing a high liquid saturation and red representing a high gas saturation.
The images display phase saturation in a vertical cross-section through the center of the
core. In the image at 0.5 PVI surfactant solution, gas saturation begins to rise in the
high-permeability zone immediately downstream of the permeability transition. This
confirms that the drop in ∇P LH

2 and jump in ∇P H
3 mark the onset of foam generation

across the permeability contrast. At the start of surfactant injection, we observe an
ambiguous build-up in gas saturation near the inlet of the core, as seen in the image at
0.08 PVI liquid. However, this does not correspond to a reduction in gas mobility in terms
of pressure gradient, as there is no evident rise in ∇P L

1 (grey line in Fig. 3.5a). This region
of high gas saturation does not appear in subsequent CT images, confirming that foam
is indeed generated at the permeability transition, seen clearly as a sharp contrast in gas
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saturation in the CT images. There is no strong foam present in the low-permeability
zone. After 1.2 pore volumes of surfactant injection, foam has propagated downstream
from the permeability contrast to the final section in the high-permeability region and
∇P H

4 gradually rises. The experiment is ended shortly after 2.2 PVI liquid as foam arrives
at the outlet of the core.
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Figure 3.5: Pressure gradient across various sections of the core plotted against both total and surfactant
(secondary horizontal axis) pore volumes injected during the foam-generation experiment conducted at (a)
fg =60% and (b) fg =95% at a fixed total superficial velocity of 0.67 ft/d. Superscript L represents a measurement
in the low-permeability section, whereas superscript H represents data acquired from the high-permeability
zone. LH represents the interval with the boundary.
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Fig. 3.5b shows pressure gradient versus pore volumes of injection for an experiment
performed at the same injection rate (ut = 0.67 ft/d) but a higher injected gas fraction ( fg

= 95%). Fig. 3.7 reports phase saturations for this experiment, computed using X-ray CT
imaging, as seen in a vertical cross-section through the center of the core. Evidently,
pressure gradient across the permeability transition exhibits larger fluctuations while
foam arrives at the outlet faster (in terms of liquid injected) compared to the experiment
conducted at fg = 60%. At roughly 0.1 pore volumes of surfactant injection, pressure
gradient in the high-permeability zone appears to rise. In this case, however, it does not
mark the onset of foam generation, as the CT image taken at 0.27 PVI liquid does not
indicate foam in the high-permeability zone. The next CT image, at 0.37 PVI liquid,
shows a foam front propagating through the high-permeability zone. Therefore, the
onset of foam generation is marked by the sharp drop in ∇P LH

2 or rise in ∇P H
3 at

approximately 0.33 pore volumes of surfactant injection. Gas saturation in the low-
permeability region increases substantially after surfactant is introduced in the core.
The CT images at 0.48 PVI liquid and 0.64 PVI liquid show a gas saturation of almost
85% in the low-permeability zone, close to the permeability transition. Later in the
experiment, the gas saturation is lower, at about 60%. The relatively high gas saturation,
however, does not correspond to a significant reduction in gas mobility, as ∇P L

1 stays
low. Pressure drop in the low-permeability section gradually rises from about 1 mBar to
10 mBar through the experiment. The absolute pressure transducers are accurate up to
3 mBar. This allows for a maximum mobility reduction by a factor of 16. We think that
the relatively high gas saturation in the low-permeability zone, in this experiment, is
due to the creation of a continuous-gas foam. If the foam were discontinuous, blocked
flow-paths and moving lamellae would register a higher pressure gradient in the low-
permeability section, closer to the measurements in the high-permeability zone. Moving
lamellae would multiply by lamella division and this would abruptly increase pressure
gradient as the experiment progressed. Thus it is a continuous gas phase without moving
lamellae that reaches the permeability transition. Nevertheless, strong foam is generated
in flow across the permeability transition and the foam propagates downstream from the
heterogeneity towards the outlet of the core.

In both the experiments reported in Fig. 3.5, foam generation takes place after
similar amounts of liquid injection, which conforms with the expected time of
arrival of the surfactant solution at the permeability contrast. However, the pressure
response is quite different. Pressure gradient across the permeability contrast exhibits
large fluctuations at fg = 95%. As mentioned above, when looking at the pressure
measurements, it appears that a modest and arguably sporadic resistance to gas flow
is witnessed in the high-permeability zone long before foam begins to appear in the
CT images as a high-gas-saturation front moving through the region. At the end of
both experiments, pressure gradient in the high-permeability zone is similar at around
1 bar/m. This indicates minimal to no sensitivity of the final mobility to the change
in fractional flow. Experiments conducted at other gas fractions, as reported in the
next section, also yielded similar observations. The theory of Rossen (1999) suggests
that foam generation by snap-off in flow across a sharp permeability transition is easier
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Figure 3.6: Average liquid saturation in a vertical cross-section through the center of the core obtained using
X-ray CT imaging for the foam-generation experiment conducted at ut = 0.67 ft/d and fg =60%. The image at
the top represents a measurement during steady-state gas-brine co-injection and the images thereafter were
taken at times corresponding to dashed lines in Fig. 3.5a. Blue represents a high liquid saturation whereas red
represents a high gas saturation, as indicated by the colorbar at the top.

in wetter flow. Some other studies indicate that the strength of steady-state foam
in a sandstone can be higher during wetter flow (Persoff et al., 1991; Kovscek et al.,
1995), while Huh and Handy (1989) report the opposite. In this study, with respect to
foam generation by snap-off in flow across an abrupt permeability jump, we do not
observe significant differences in foam strength or the time at which foam generation
commences at lower gas fractions to support the findings of (Rossen, 1999). For a
permeability contrast of approximately 3.8:1, foam generation is observed at higher gas
fractions than predicted by theory (Fig. 3.1).

3.4. DISCUSSION
A series of injection rates and gas fractions were used to examine the effect of fractional
flow and velocity on foam generation across a sharp permeability contrast of 3.8:1.
Foam generation was observed at all the conditions tested. Snap-off in flow of gas
and surfactant solution across an abrupt heterogeneity is intermittent in nature (Falls
et al., 1988; Shah et al., 2019b). Foam is not created steadily across the interface as
surfactant solution reaches the permeability jump. In our experiments, the onset of
foam generation, and often the period thereafter, is accompanied by large fluctuations
in measured pressure gradient across the permeability transition and in the high-
permeability zone. As mentioned earlier, foam generation begins when capillary
pressure at the edge of the low-permeability zone falls below P sn

c . Snap-off in pore
throats blocks the flow of gas causing the local gas fraction to increase and the flow to
become drier. Locally, the capillary pressure may momentarily rise above P sn

c and foam
generation stops. Eventually, liquid convects or imbibes back to the boundary of the low-
permeability zone and accumulates, creating favourable conditions for snap-off. This
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Figure 3.7: Average liquid saturation in a vertical cross-section through the center of the core obtained using
X-ray CT imaging for the foam-generation experiment conducted at ut = 0.67 ft/d and fg =95%. The image at
the top represents a measurement during steady-state gas-brine co-injection and the images thereafter were
taken at times corresponding to dashed lines in Fig. 3.5b. Blue represents a high liquid saturation whereas red
represents a high gas saturation, as indicated by the colorbar at the top.

cycle of events repeats itself and we think it is responsible for the large fluctuations in
pressure gradient observed in our experiments.

We observe that this intermittency, in terms of magnitude and frequency of
fluctuations in pressure gradient, is greater as the velocity decreases. Fig. 3.8 shows
the measured pressure gradient across the entire high-permeability zone (Fig. 3.8a)
and the corresponding apparent viscosity (Fig. 3.8b). Each data point represents all
the measurements recorded and averaged over 0.05 PVI of surfactant solution (or 0.25
total PVI). The error bar in each direction represents one standard deviation of all
the measurements within this window, representing the magnitude of fluctuation in
pressure gradient. As the injection rate decreases, the magnitude of these fluctuations
increases. For each case, the pressure gradient rises after roughly the same amount of
liquid injected (≈ 0.4 PV), corresponding to the time at which the surfactant solution
arrives at the permeability contrast.
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As reported in the previous chapter, apparent viscosity is computed as:

µH
app = k H∇P H

ut
(3.1)

where k H is the measured permeability in the high-permeability section, ∇P H is the
pressure gradient across the same section during the experiment and ut is the total
superficial velocity. Therefore, if the pressure gradient remains the same, the computed
apparent viscosity increases with decreasing velocity. While the experiment at ut = 0.17
ft/d records the highest apparent viscosity, foam does not reach the outlet of the core,
as reported in the previous section. Ignoring the experiment at the lowest velocity,
Fig. 3.8a shows that the measured pressure gradient is, for the most part, higher at a
lower injection rate. This is counter-intuitive for two-phase flow but can be explained as
follows: As capillary number (or velocity in this case, as permeability is kept constant)
increases, the impact of capillary heterogeneity decreases (Yortsos and Chang, 1990). For
the same reason, coreflooding experiments are often conducted at high injection rates
in order to minimize the influence of the capillary end-effect. Therefore, as velocity in
our experiments increases, the rate of foam generation may be affected in a way that the
strength of the resulting foam is reduced. Note that this would hold true only for foam
created by snap-off across an abrupt increase in permeability. For other mechanisms of
bubble generation, a higher velocity would lead to the creation of a stronger foam. The
results of our experiments imply that a reduction in gas mobility can be expected far
from wells in a foam EOR application, provided that sharp heterogeneities are present
in the formation. For all practical purposes, it can be considered that this phenomenon
is independent of velocity. While velocities as low as 0.17 ft/d may never be reached
in a typical reservoir setting, we still observe foam generation across a permeability
contrast of 3.8:1 at this superficial velocity. At velocities much greater than 1 ft/d,
other mechanisms of foam generation come into play and the impact of snap-off across
heterogeneities may be less significant.

Experiments with varying gas fractions were conducted with the core placed
horizontally on the CT scanner table. CT images together with pressure measurements
were used to identify when foam generation began and whether foam successfully
propagated towards the outlet of the core. Fig. 3.9 shows a plot of the apparent
viscosity in the high-permeability section plotted against pore volumes of surfactant
solution injected for three different fractional flows. Since the total velocity and absolute
permeability remain constant between the experiments, the trend in apparent viscosity
also reflects the trend in pressure gradient in the high-permeability zone. The CT images
corresponding to fg = 60% and fg = 95% are shown in Figs. 3.6 and 3.7, respectively. As
discussed in the previous section, for the experiments conducted at fg = 80% and fg =
95%, pressure gradient in the high-permeability zone rises before the CT images show a
high gas saturation in that zone. Therefore, after ≈ 0.1 PVI liquid, the apparent viscosity
(µH

app ) is approximately 100 cP for these experiments (Fig. 3.9). However, the CT images
visualize a foam front that begins to develop and move through the high-permeability
zone after roughly the same liquid volume has been injected. This observation is
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Figure 3.8: (a) Pressure gradient measured across the high-permeability section of the core at four different
injection rates and (b) corresponding apparent viscosity. fg = 80% in all the experiments.

independent of fg , and, as mentioned above, ut . Moreover, the onset of foam generation
is accompanied by fluctuations in pressure gradient, which are more frequent, and larger
in magnitude in these two experiments compared to the test at fg = 60%. However, it
takes longer (in terms of liquid PVI) for foam to propagate downstream to the outlet of
the core at fg = 60% compared to the other two experiments. In other words, it takes
more surfactant solution for foam at 60% quality to travel the same distance as a foam at
95% quality.

At the end of the experiments shown in Fig. 3.9, µH
app ≈ 900 cP for fg = 95%,

700 cP for fg = 80%, and 950 cP for fg = 60%. It is not entirely clear why the foam
apparent viscosity drops at 80% foam quality. It is possible that if the experiment was
continued for an extended period of time, the apparent viscosity would reach a similar



3

56 3. EFFECT OF VELOCITY AND FRACTIONAL FLOW

0

200

400

600

800

1000

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
0

200

400

600

800

1000

Liquid PVI [-]

µ
H a
p
p
[c
P
]

fg = 60%

fg = 80%

fg = 95%

Figure 3.9: Apparent viscosity across the high-permeability section of the core through experiments conducted
at three different injected gas fractions with the core placed horizontally in the CT scanner. ut = 0.67 ft/d in all
the experiments.

value. Nevertheless, this observation is inconsistent with the observations of Tanzil et al.
(2002b) and Falls et al. (1988), who observed a decrease in pressure gradient and foam
apparent viscosity with an increase in gas fraction. In both their experiments, foam was
generated across a permeability discontinuity as a combination of gas and surfactant
solution drained a medium already saturated with surfactant solution. Moreover, in
the experiments of Tanzil et al. (2002b), a decrease in fg between successive tests
was also accompanied by an increase in ut , since the gas velocity was kept constant.
These differences in experimental protocols may be responsible for the contrast in
experimental observations. As Syukri (2018) performed so-called foam-quality-scan
experiments (Ma et al., 2013, 2014) with a homogeneous sintered glass core with the
same permeability as the high-permeability region of the porous medium used in this
study. In his foam scans, foam was generated under drainage conditions by injecting
gas and surfactant solution into a surfactant-saturated core. The transition foam quality
was 80% and the foam apparent viscosity was lower at a foam quality of 60% and 95%
compared to 80%. The experiments at fg = 60% and fg = 95% were performed again to
ensure repeatability. The experiment at fg = 80% and ut = 0.67 ft/d is a replication of
an experiment performed by Shah et al. (2019b) under identical conditions. The results
of all the experiments performed at the same injection conditions were similar and the
discussion above holds, regardless of which experimental data we select.

In order to further investigate and validate the theory of foam generation across
permeability contrasts by snap-off, we investigate the saturation profile in the core
obtained through CT imaging, focusing on the permeability contrast. Fig. 3.10 shows
the average steady-state liquid saturation in the core plotted against dimensionless core
length (x/L). Mean saturation values in the low- and high-permeability zones, and at the
transition, are indicated. Every measurement on the graph represents average saturation
inside a circular CT image slice, and each slice is 1.5 mm thick, as is the voxel size.
Image settings identical to Shah et al. (2019b) were applied while scanning the core.
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The permeability jump in the core takes place over one, or at most two, “coarse" grain
diameters, equivalent to circa 0.5 mm. Since the voxel depth is more than this grain size,
the CT measurement at the permeability contrast (at x/L ≈ 0.38 in Fig. 3.10) defines the
average liquid saturation near the edge of the low-permeability zone. The exact liquid
saturation one pore throat away from the heterogeneity can be higher. Nonetheless, the
saturation profile gives a good indication of the behaviour across the heterogeneity in
terms of liquid accumulation and local reduction in capillary pressure.
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Figure 3.10: Steady-state liquid-saturation profile across the core during gas-brine co-injection. Dotted lines
indicate average saturation in the low-permeability zone, at the transition, and in the high-permeability zone.

Berg et al. (2014) and Armstrong et al. (2016) measured capillary pressure as a
function of saturation using mercury-intrusion porosimetry for sintered glass core plugs,
as used in this study. We use the Leverett-J function (Leverett, 1941) to extend these
measurements to the petrophysical and fluid properties of our experimental system and
construct capillary-pressure curves for the two regions in the core. The curves are plotted
on a semi-log scale in Fig. 3.11a. As indicated in the figure, capillary-pressure curves
obtained through mercury-intrusion porosimetry include an entry-slope region. Several
authors have investigated the physical meaning of this region (Nabawy et al., 2009; Katz
and Thompson, 1986; Schowalter, 1979). The entry-slope region concerns pore throats
near the edges of the porous medium that are being entered by the non-wetting phase.
It is not representative of drainage in the bulk of the porous medium. Therefore, we
estimate the capillary entry pressure of the low-permeability zone by extending the Pc

curve (ignoring the entry-slope region) to intersect with the vertical line representing
a water-saturated core (Sw =1), indicated by the dashed arrow in Fig. 3.11a. Note that
to model snap-off across a permeability change, however, imbibition-type capillary
pressure curves must be used which include the entry-slope region that allows capillary
pressure to reach the critical value for snap-off at effective gas saturations between 0
and 1. Drainage capillary pressure curves would not allow for this type of snap-off since
Pc is always higher than P e

c , anywhere on the drainage Pc versus Sw curve (Falls et al.,
1988). Even when occurring in a macroscopic drainage process, snap-off results from a
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brief moment of local imbibition into appropriately sized pore constrictions that meet
the strictly geometric criteria for static snap-off (Roof, 1970; Chambers and Radke, 1990;
Ransohoff and Radke, 1988), which is a temporary deviation from drainage behaviour,
in its exact sense.
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Figure 3.11: (a) Capillary-pressure curves for the high- and low-permeability regions in the core extracted from
the measurements of Berg et al. (2014) and adjusted to the petrophysical and fluid properties of our system,
(b) capillary pressure corresponding to average liquid saturations indicated in Fig. 3.10.

In Fig. 3.11b, the capillary-pressure curve is zoomed-in close to the liquid-saturated
end. The average liquid saturations indicated in Fig. 3.10 are plotted on the curve.
P sn

c = 1/2 P e
c is assumed (Falls et al., 1988) and marked by the green dashed line on

the plot. The capillary pressure corresponding to the average saturation in the low-
permeability zone (A) is just above the entry pressure of the region. At the transition,
liquid accumulates to maintain capillary continuity and it can be seen that the capillary
pressure drops to below the capillary pressure for snap-off (B). The capillary pressure
corresponding to the average liquid saturation in the high-permeability zone is close
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to Pc at the transition. In alignment with the theory of Yortsos and Chang (1990), this
response indicates that the permeability contrast is sharp and monotonic. Moreover,
since the Pc at the transition is lower than P sn

c , snap-off is observed as surfactant is
introduced into the system. This is consistent with the work of Rossen (1999) and Falls
et al. (1988). A similar investigation can be followed in all the experiments performed
with CT-assisted saturation measurements and it is observed that capillary pressure at
the boundary of the low-permeability zone drops below the critical capillary pressure
for snap-off, resulting in foam generation across the permeability contrast. A complete
analysis of the path followed along the Pc curve would include the edge effect on the
measured drainage capillary pressure curves in Fig. 3.11a and the effect of imbibition
on the low-permeability section at the boundary.

As mentioned earlier, the observations from the experiment conducted at ut = 0.67
ft/d and fg = 95% show that, for a given permeability contrast, foam was generated at a
higher gas fraction than expected (Fig. 3.1). This disagreement with the work of Rossen
(1999) could arise from the fact that Rossen employed a pore-network model with the
effective medium approximation (Kirkpatrick, 1973) to compute relative permeability
and model flow in homogeneous regions. For the porous medium used in this study, the
flow behaviour is different and the relative permeabilities of the gas and liquid phases
allow for the saturation response shown in Fig. 3.10. As a result, the reduction in Pc is
sufficient to cause snap-off even at fg = 95%.

3.5. CONCLUSION

Experiments at low superficial velocities were conducted with a variety of fractional
flows in a layered core to observe foam generation by snap-off. In reservoirs where
the geological setting allows for the presence of sharp changes in permeability, snap-
off can help reduce gas mobility away from wells where the superficial velocities are
low. These heterogeneities can exist in the form of layer boundaries or laminations and
cross-laminations within individual layers. The permeability changes can be parallel or
perpendicular to the direction of flow, or a combination of the two. When the contrast
is parallel to the direction of flow, upward migration of gas due to gravity can cause
foam generation in the high-permeability layers. Once foam is generated, gas mobility
in the vertical direction will be reduced, effectively increasing the segregation length
(Stone, 1982; Jenkins, 1984; Rossen and Bruining, 2007) and improving sweep efficiency
in the low-permeability layers. In the presence of lateral changes in permeability, snap-
off may help maintain foam strength and improve the mobility control deep inside the
formation. Foam generation across sharp permeability contrasts can have important
consequences for foam EOR applications and it must be accounted for to account for
the improvement in overall sweep efficiency.

In this study, foam generation was observed almost immediately as the surfactant
solution arrives at the permeability contrast, irrespective of fg or ut . However, in our
synthetic porous medium, surfactant adsorption is almost negligible and in a more
realistic setting adsorption must first be satisfied before foam generation commences. In
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agreement with the observations of Falls et al. (1988), snap-off across the permeability
contrast was an intermittent process. This is best indicated by periods of fluctuating
pressure gradient that mark the onset of foam generation and subsequent propagation.
This intermittency, in terms of magnitude and frequency of fluctuations in pressure
gradient, was greater at higher gas fractions and lower velocities. The saturation maps
constructed using CT imaging for some of our experiments help confirm that foam
was indeed generated at the permeability transition and from there on it propagates
downstream to the end of the core. The saturation maps also show that the local
reduction in capillary pressure near the permeability jump is consistent with previous
theory (Falls et al., 1988; Yortsos and Chang, 1990; Rossen, 1999).



4
CREATING SYNTHETIC POROUS

MEDIA FOR MULTIPHASE FLOW

EXPERIMENTS UNDER

CONTROLLED CONDITIONS

Heterogeneity in sedimentary rock makes prediction of subsurface flow behaviour
difficult. Sharp changes in permeability can be found as unconformities such as
layer boundaries or laminations and cross-laminations within individual subsurface
formations. They contribute to effects such as capillary entrapment, channelling or early
breakthrough and foam generation. They can have a significant impact on the successful
application of a displacement process, be it for oil recovery or for aquifer remediation.
It is desirable to conduct flow experiments under controlled conditions with predefined
model porous media with the desired features of heterogeneity represented. Laboratory
experiments studying subsurface processes are often conducted with tubular sand-
packs or rock tubes called cores. Naturally found rocks often have a variety of
structural features that affect experimental results and make the modelling of the
effects of a single feature difficult. Sand-packs, on the other hand, are unconsolidated
and extremely difficult to compact. Therefore, in this study, we explore several
methods of preparing controlled synthetic pore frameworks of pre-defined dimensions
in tubeshaped samples. The degrees of freedom in parameters are limited by the degree
of resolution expected for certain type of experiments. In this work, our attempts
are directed towards creating layered cores with homogeneous individual layers and
sharp, uniform changes in permeability in between, for experiments concerning foam
generation and gas trapping. We tested synthetic sintered glass samples with uniform
and heterogeneous grain sizes with high/low permeability interfaces. We determined
the quality of the interfaces, heterogeneity and pore surface qualities. Next to this,
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high-temperature preparations of clay-rich grain-aggregates were prepared and their
pore structure analysed by using micro-computed tomography. The grains are fused
at elevated temperatures and contact points are transformed to contact planes. Lastly,
well-characterized, compacted and consolidated sand-packs were created. In this
study, consolidation means not necessarily the solidification of the packing of grains
into a single solid object, but more efficient packing of grains with reduced porosity.
These packs initially hold point contacts between the grains, creating a maximum
porosity. Compaction is achieved using centrifugal force and consolidation is achieved
by drainage of a wetting fluid under vacuum, during compaction. Advantages and
disadvantages of these techniques, together with the suitability of the end-result with
respect to our experimental requirements, is discussed. Every sample was analysed
through permeability measurements and X-ray computed tomography. The layered
sintered glass cores were also used to conduct core-flooding experiments with foam
generation across abrupt increments in permeability. The sintering process is sensitive
to the physical dimensions of the core such as length and diameter. Repeatability
is limited and imperfect sintering near the edges of a core can significantly affect
the relative permeability of individual phases. The structural integrity of cores made
from sintered clay-rich grain-aggregates is sensitive to the heating and cooling cycles.
Inhomogeneous temperature profiles often lead to fractures within the core and
repeatability can not be ensured. The sand-packs, compacted using a centrifuge,
produced the most promising results in terms of homogeneity within the samples. On
average, a 15-35 % reduction in permeability is achieved as a result of compaction.

4.1. INTRODUCTION

Research investigating multiphase flow in subsurface porous media usually begins
with experiments using naturally found rocks. The rocks are typically in the form
of cylindrical tubes, known as cores, and the experiments are termed corefloods.
Pressure, and often phase saturations through X-ray computerized tomography (CT),
are the primary measurements as fluids flow through the porous medium during the
experiment (Hove et al., 1987). The objective of these experiments might be to study
a physical phenomenon (for instance, snap-off (Falls et al., 1988; Shah et al., 2019b),
or reactive fluid transport (Ott et al., 2012)). In a study with different objectives,
coreflood experiments were employed by Sorbie et al. (1987) to develop models that
could represent the behaviour of a polymer in porous media. These experiments are
also conducted to quantify the displacement efficiency of various fluids injected in
a subsurface formation: for example, the use of surfactant to mobilize trapped oil
in a petroleum reservoir (Hirasaki et al., 2005). Experimental data is then used to
select appropriate agents for the displacement processes. Cores are also used to study
the acoustic behaviour of various geological formations in the laboratory. Based on
laboratory measurements, models are developed to extract information such as porosity,
lithology and fluid saturation as a function of the acoustic response recorded in the field
(Visser, 1988).
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The reproducibility and reliability of coreflood results, however, is often limited
because too many rock properties vary from one rock sample to another, even when
extracted from the same formation. Mild contrasts in permeability and capillary-
pressure can alter the results of displacement processes through, for instance, early
breakthrough of high mobility fluids or by trapping of the non-wetting phase. The
propagation of chemical agents such as foam and polymer is also affected by these
features. No rock is truly homogeneous, and properties such as permeability and
porosity vary locally within individual rock samples. As a result, conducting targeted
experiments intended to develop models to describe physical phenomena as a function
of their governing rock properties is difficult. For example, when analysing acoustic
responses for formation evaluation, the allocation of a difference in response to a
single rock property becomes unclear. Additionally, in coreflood experiments involving
injection of chemicals, rock properties can altered through the course of the experiment
and a fresh core is usually used for each experiment. This, once again, limits the
reproducibility of results obtained through these experiments. Therefore, it is desirable
to be able to produce well-characterized artificial porous media with predetermined
properties for controlled experiments.

The objective of this work is to test and develop methods to create well-
characterized, well-compacted and consolidated porous media, analogous to both
homogeneous and layered subsurface systems. A review of methods to create artificial
sandstones was presented by Visser (1988), whose work was driven by the investigation
of acoustic behaviour of natural and synthetic rocks. In this case, it is necessitated by the
need for a layered core with homogeneous individual layers required for experiments
investigating foam generation in a porous medium with sharp permeability changes
(Falls et al., 1988; Rossen, 1999). In an earlier publication (Shah et al., 2019b),
similar experiments conducted using sintered glass cores are reported. In this chapter,
experiences with using sintered glass will be discussed. Results from attempts at creating
cores by sintering clay-rich grain-aggregates will be presented. A novel protocol to create
centrifuge-consolidated sandpacks that meet the above mentioned requirements is also
reported.

This chapter is structured as follows. In the next section, the foam-generation
experiments that necessitated the investigation of methods to create artificial porous
media are briefly described. Next, experiences with sintered-glass cores in these
experiments is summarized. In the section that follows, attempts at creating artificial
rock by sintering clay-rich grain-aggregates are reported. In the next section, a method
to create long, homogeneous and layered sandpacks consolidated through increased
stress and seepage suction using a geotechnical centrifuge is presented. Concluding
remarks are put forward and recommendations for future work are proposed in the
“Conclusions" section.
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4.2. FOAM GENERATION EXPERIMENTS
Methods to create synthetic porous media were investigated in order to prepare cores to
be used in a specific kind of foam-generation experiments, as described in detail in the
previous two chapters of this thesis and summarised through this section. Foams are a
distribution of trapped, discontinuous gas bubbles in a continuous liquid phase. Foams
are used to achieve mobility control in displacement processes in porous media because
they effectively “viscosify" the gas, allowing for a better sweep efficiency (Rossen,
1996). Therefore, foams are viable agents for enhanced oil recovery (EOR) in petroleum
reservoirs and for incremental removal of non-aqueous phase liquids (NAPL’s) in an
aquifer-remediation process (Hirasaki et al., 1997b,a, 2000).

Foams can be generated in a porous medium through various mechanisms, as
described by Ransohoff and Radke (1988); Kovscek and Radke (1994); Rossen (1996).
Several studies indicate that creation of strong foam in porous media in steady gas-
liquid flow requires that a critical pressure gradient threshold be exceeded (Rossen and
Gauglitz, 1990; Rossen, 1990a; Friedmann et al., 1991; Gauglitz et al., 2002; Tanzil et al.,
2002a; Kam and Rossen, 2003). Creation of strong foam in these cases is thought to
depend on the continued mobilisation of liquid lenses that divide and create more
lamellae as they mobilize. Others suggest foam generation is dominated by Roof snap-
off (Roof, 1970), which dominates during a drainage process and does not require a
threshold driving force (Ransohoff and Radke, 1988; Kovscek and Radke, 1996, 2003).
There is no consensus in the literature about the dominant mechanism responsible for
strong foam generation in porous media.

Near injection wells, since the surfactant and gas slugs are typically injected in an
alternating fashion, gas drains the preceding surfactant slug. Moreover, the pressure
gradient is quite large and the conditions for strong foam generation according to both
convictions are easily met. Away from the wells, pressure gradient is much lower and the
gas and surfactant slugs would have mixed. The requirements for foam generation and
propagation may not be satisfied. In the presence of sharp heterogeneities, however,
foam can be generated independent of pressure gradient during simultaneous flow of
gas and surfactant solution (Falls et al., 1988; Rossen, 1999; Hirasaki et al., 2000; Tanzil
et al., 2002b; Li and Rossen, 2005; Shah et al., 2019b). Our objective is to investigate this
phenomenon and understand this mechanism of foam generation as it might be relevant
for mobility reduction deep inside the reservoir.

Sharp changes in permeability are common in subsurface formations and can exist
over a large range of length scales (Reineck and Singh, 1980; Hartkamp-Bakker, 1993).
These heterogeneities, when found in natural formations, are quite frequent in the sense
that one layered core of length 40 cm could have tens of permeability discontinuities. It
is difficult to obtain natural cores with a single sharp change in permeability. Such a
core is desirable when models describing the behaviour of fluids, as they flow across a
permeability transition, are to be developed. It is also advantageous to have relatively
homogeneous individual layers in order to minimize the impact of smaller permeability
contrasts on the experimental results. Therefore, for our study of foam generation in
flow across an abrupt increase in permeability, an artificially created core with a single,
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well-characterized, sharp change in permeability was desired. A consolidated core was
preferred since foam generation can create a high pressure gradient, which might result
in the migration of grains in an unconsolidated medium.

As shown in Chapter 2, Fig. 2.4 shows a schematic of the experimental setup
employed to study foam generation across a sharp increase in permeability. This
setup was used to study foam generation across abrupt heterogeneities in commercially
acquired cores made from sintered glass. Some results from those experiments are
reported in the next section with a focus on difficulties that lead us to explore other
methods of creating synthetic porous media.

At the start of each experiment, brine (1 wt.% NaCl ≈ 0.17M) and gas (N2) are injected
into a layered porous medium with a low- and a high-permeability zone. Once steady-
state is reached, surfactant solution (0.5 wt.% ≈ 0.04M Anionic α-olefin sulfonate [AOS]
C14-16 with a molecular weight of 315 g/mol and 1 wt.% NaCl ≈ 0.17M) and gas are
co-injected into the core. This sequence is followed in order to avoid gas draining
a surfactant saturated region in the core, thereby minimizing the chances of foam
generation by mechanisms that occur during drainage (leave-behind, Roof snap-off).
Fluids are injected into the low-permeability zone at low velocity in order to avoid
foam generation by mechanisms that dominate at higher velocities (lamella division).
Pressure is the main measurement through the course of an experiment. For select
experiments, X-ray CT scanning is used to quantify phase saturations through the course
of the experiment. For those cases, the core is placed horizontally, together with the
rest of the setup, on the CT table in a temperature controlled room that houses the
CT machine. For other experiments, the core is placed vertically in a temperature-
controlled oven.

In order to reduce the impact of entrance- and end-effects on experimental
measurements, a long core is desired. In addition to being longer than the size of
the entrance region (Ettinger and Radke, 1992; Chen et al., 2010), the low-permeability
section must be long enough to conclude that there is no significant reduction in gas
mobility due to foam generation before the fluids arrive at the permeability transition.
This is confirmed through multiple pressure measurements across the low-permeability
zone. Additionally, pressure gradient must also be measured across various sections
of the high-permeability region in order to examine mobilisation of foam from the
boundary and subsequent propagation towards the outlet. As a result, the high- and
low-permeability zones must be at least as long as a typical core length used in steady-
state foam experiments (Osterloh and Jante, 1992; Alvarez et al., 2001; Simjoo et al.,
2013). However, the longer the core, the more difficult it becomes to create relatively
homogeneous individual sections artificially. We investigated methods to create cores
where each section would be at least 30 cm long. For the samples discussed in this
chapter, the maximum size of the core was limited to 50 cm due to a variety of reasons
discussed under the dedicated section for each preparation method. The sintered-glass
samples used to conduct foam-generation experiments were on average 40 cm long with
a 15 cm low-permeability section.

In addition to size requirements, a well-compacted and -consolidated porous
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medium was preferred. Compaction and consolidation can reduce the porosity and
permeability of an artificially created core, making it more representative of naturally
found sandstones. It can also limit the migration of grains during experiments,
which can alter the properties of the medium with time. Moreover, at permeabilities
representative of the subsurface, foam viscosity at typical field velocities would be
indicative of what can be expected in the field. A lower permeability would reduce the
extent of gravity segregation, a common issue faced in the lab when the core is placed
horizontally, for example, on the CT scanner table. In order to study the impact of
permeability contrast on foam generation, it was desired that the permeability of the
core be controlled prior to fabrication. It was essential to have a monotonic change
in permeability at the boundary between the low- and high-permeability layers, with
no mixing of grains at the boundary between the two zones. The core needed to be
water-wet for the foam generation experiments and any consolidation methods that
might alter the wettability of the core (for example, using resins or chemically induced
cementation) were discarded in this work. Finally, it was required that the porous
medium be chemically inert to injected fluids and be stable at elevated temperatures
and pressures in order to conduct experiments at field-like conditions.

4.3. EXPERIENCES WITH SINTERED GLASS CORES

The physics of sintering of glass, with the primary application of creating porous
systems, have been extensively studied (Kuczynski, 1949, 1972; Scherer and Bachman,
1977a,b; Rabinovich, 1985). Fritted glass, which is essentially an extremely fine-grained
sintered glass, is a commonly used filter in laboratories. Glass bead packs, both with
and without sintering, have been used extensively to study flow in porous media with
applications to the petroleum recovery and groundwater decontamination (Wong et al.,
1984; Charlaix et al., 1987; Ransohoff and Radke, 1988; Datta et al., 2013; Datta and
Weitz, 2013; Datta et al., 2014; Armstrong et al., 2014, 2016; Berg et al., 2016). Sintered
glass is an excellent candidate as an artificial rock when the sample sizes involved are
small. Uniform compaction and consolidation through the sintering processes requires
a uniform temperature profile throughout the sample, which is increasingly difficult
to obtain as the sample size increases. Note that for consolidation by sintering (this
section and the next), the end result is a single solidified object. Maintaining a uniform
packing density, and by that, porosity and permeability, through the sample becomes
increasingly difficult as the length and width of the sample increases. A drawback
of using cores made by sintering glass beads, or crushed glass, is that the specific
grain surface is either much lower or higher, respectively, than natural sandstones.
The interaction of sintered glass with injected chemicals (for example, surfactants) is
different compared to naturally found rocks. Surfactant adsorbs on the grain surfaces
of sandstones, but not significantly on glass. This can be advantageous when only the
flow behaviour of injected fluids (that have a potential for adsorption) is the subject of
investigation.

To conduct experiments examining foam generation in flow across sharp
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heterogeneities, we acquired sintered glass cores from Hilgenberg GmbH, Malsfeld,
Germany (www.hilgenberg-gmbh.de). Four core samples with different permeability
contrasts were procured. The samples were prepared by sintering crushed, pure
borosilicate glass in a tube of internal diameter 3 ± 0.1 cm made from the same material.
As a result, the glass grains also sintered to the walls of the tube. The samples were 50
cm in length, with a 20-cm-long low-permeability region. Before use in foam-generation
experiments, 5 cm was removed from each end of the core since the entrance and exit
regions were of a lower permeability, an artefact of the manufacturing and subsequent
cutting process. The low- and high-permeability sections were selected based on a
pore-size classification as supplied by the manufacturer and listed in Table 4.1. These
specifications hold only for filter discs, which are usually, at most, a few centimetres
in length and diameter. The samples procured were much longer, and therefore,
the properties of the final product differed from these specifications. The measured
permeabilities of each core are listed in Table 4.2. The permeability change in these
samples was monotonic, as verified by permeability measurements upstream, across
(weighted harmonic average) and downstream of the transition. Fig. 2.3 shows a
sintered-glass core sample placed in the core-holder with various pressure-transducer
lines connected through the length of the core. The figure also shows a µCT image of
the permeability transition that confirms that the change in grain size is monotonic and
takes place over one, or at most two, “coarse" grain diameters (dc ≈ 0.5 mm).

Table 4.1: Approximate pore size and permeability of the low- and high-permeability sections in each sample
as specified by the manufacturer. Subscripts L and H represent the low- and high-permeability zones,
respectively. r represents average pore size, k is average permeability and superscripts L and H are used to
denote average values for the low- and high-permeability regions, respectively.

Core
sample

Pore size (r [µm])
Expected permeability

(k [darcies])

1
r L : 16-40

r H : 40-100
kL : 6.4

k H : 29.4

2
r L : 40-60

r H : 100-160
kL : N/A
k H : 45

3
r L : 16-40

r H : 100-160
kL : 6.4
k H : 45

4
r L : 16-40

r H : 100-160
kL : 6.4
k H : 45

Experiments with the sintered glass cores produced valuable results, as discussed
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Table 4.2: Measured properties of each heterogeneous core including the average permeability contrast.
Superscripts L and H are used to denote average values for the low- and high-permeability regions,
respectively.

Core
sample

Approximate
pore volume

[ml]

Measured permeability
(k [darcies])

〈k H

kL
〉

1 99
kL : 5.4 ± 0.02
k H : 20.7 ± 0.2 3.8

2 99
kL : 10.9 ± 0.01
k H : 59.3 ± 0.8 5.4

3 80
kL : 3.1 ± 0.01
k H : 43.2 ± 0.2 13.9

4 96
kL : 1.7 ± 0.15
k H : 46.7 ± 2.0 27.5

below, showing that foam can be generated in low-velocity flow across a sharp
permeability contrast. However, characterization of the sample and experimental
measurements such as local pressure gradient and phase saturations revealed
inhomogeneous features with respect to the properties of the medium. Minor changes
in permeability were measured through the length of the low- and high-permeability
zones. CT images indicate that the porosity was in some cases higher near the walls
of the core. These artefacts could be due to a variety of reasons, such as the packing
method, grain-size distribution, and temperature changes and viscous flow of glass
during the sintering process, among others. The relatively long length of the core
aggravates the impact of these variables.

In order to quantify the increment in porosity towards the edges of the core, in
comparison to the centre, a 20-cm homogeneous sample was acquired. The core length
was reduced so that it could fit inside the more accurate µCT scanner. The grain size
selected was larger and the resulting pore size (r ≈ 160-250 µm) was greater than in the
samples listed in Tables 4.1 and 4.2, such that the CT machine was able to resolve the
size of the pores. This allowed porosity to be estimated through image analysis. The
resulting images had a voxel size of 30 × 30 × 30 µm3. Over 1150 cylindrical image slices
were acquired over a length of roughly 34 mm in the centre of the core.

The image stack was analysed using Fiji (Schindelin et al., 2012), a distribution of
ImageJ, as follows. First the images are thresholded and converted to a binary image,
separating the grains from the pore space, with the grain framework represented in
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black. Next, salt-and-pepper noise is removed through an open-and-close operation.
Salt-and-pepper noise refers to a form of image degradation in which “only a few pixels
are noisy, but they are very noisy" (Boncelet, 2009). It appears in the form of a sparse
distribution of black and white pixels in the binary image. The open operation (erosion
followed by dilation) removes isolated pixels (salt noise) and the close operation (dilation
followed by erosion) fills in small holes (pepper noise). Grains in the resulting image
are segmented using the default watershed algorithm (Soille and Vincent, 1990) in the
image-analysis software. Next, a circular mask is created to extract the annular regions
of 3 mm width starting from the edge of the circular core. Porosity is computed in five
different annular regions of thickness 3 mm. The the radius of the inner and outer circle
bounding this annular region ranges from 0-12 mm and from 3-15 mm, respectively.
Note that the inner radius of the core is 15 mm. This way, the annular region covers the
entire cross-section of the core. A flow chart summarizing the image-analysis procedure
is shown to the left of Fig. 4.1. Also shown in the chart on the right is a plot of average
porosity in each annular region versus the distance of the inner circle from the centre
of the core. The porosity of the core is smaller at the centre of the core compared
to the regions near the walls of the core. While porosity varies by a small amount (≈
2%) through the first four measurements, it increases sharply in the annular region
immediately next to the tube wall. This is consistent with the observation of a higher
gas fraction flowing near the edges of the core, most notable in Figs. 2.7, 2.10 and 2.13,
as explained below.

Previous studies (Charlaix et al., 1987; Wong et al., 1984) have reported that coring
(extracting a cylindrical sample with a specially designed drill bit) cylindrical samples
out from a larger block and coating the outside with a resin would effectively remove
the edge effect. Their samples were 50-150 mm in length with a diameter of 12.5 mm
and were cored out of blocks with an approximate diameter of 100 mm. In our case,
however, the core length required is much larger (≥ 400 mm) and, therefore, requires
an even larger block of porous sintered glass. To the best of our knowledge, sintering
blocks of glass of such large dimensions, while maintaining consistency in properties
throughout, had never been attempted and would be very difficult, if not impossible, to
achieve. Additionally, coring a 400-mm tube of sintered glass would require specialized
equipment and might result in fracturing inside the porous medium due to vibration-
induced stresses. Nonetheless, if it can be achieved, porous sintered glass cores would
be ideal candidates for low-pressure one-dimensional corefloods.

A range of foam-generation experiments were performed to understand the impact
of permeability contrast, fractional flow and velocity (Shah et al., 2019b,a). Some of
the experiments were accompanied by CT scans at important stages using the Siemens
SOMATOM Definition Dual Energy CT scanner. The acquired CT images were used
to quantify phase saturations through the length of the core during the course of a
foam-generation experiment. All the sintered glass cores used in this study resulted in
foam generation across the permeability contrast. While experiments at lower velocities
(ut ≤ 0.67 ft/d) did not result in any foam generation in the low-permeability zone, in
experiments conducted at higher velocities (≥ 1 ft/d), foam was generated in the inlet
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Figure 4.1: Flow diagram showing steps followed in computing porosity through image analysis of annular
regions in the core (left). Average porosity in each annular region plotted against its distance from the centre
of the core (right).

section itself prior to generation at the transition.

Liquid saturation during a foam-generation experiment can be computed using
scans of a dry core, a wet core and a scan acquired during the experiment when multiple
phases are flowing through the core (Mees et al., 2003). For further details about the
experimental procedure, CT-scan settings and corresponding image analysis, we refer to
Chapters 2 and 3 and Shah et al. (2019b). Consider Fig. 2.7, which shows the average
liquid saturation as seen in a vertical cross-section through the centre of core 1 after
various pore volumes of injection (PVI) of the liquid phase at a constant injected gas-
liquid volume fraction of 80%. This particular experiment was conducted at a total
injection rate (qt ) of 0.1 ml/min, which corresponds to a total velocity (ut ) of 0.67 ft/d.
The experiment begins with co-injection of gas and brine (1 wt.% NaCl) into a brine-
saturated core. Once steady-state is established, the core is scanned and the resulting
liquid saturations are shown in the scan at the top in Fig. 2.7. At this stage, gas mobility
is very high and gravity plays a dominant role, resulting in the injected gas overriding
the liquid within the first few centimetres of the core. As a result, even though the
injected fluids contain 80% gas, the CT image shows a high liquid saturation in the core,
approximately 90% (Shah et al., 2019b). Once enough surfactant is injected such that it
arrives at the permeability boundary, foam is generated in the high-permeability zone
immediately downstream. The strength of the foam depends on the injection rate and
the permeability contrast (Shah et al., 2019b,a).

In Fig. 2.7, a higher gas saturation is observed along the radial edge of the core,
most notable in scans taken at 0.4 and 0.6 PVI liquid. This reflects the fact that the
porosity along the edges of the core is higher compared to the bulk of the medium.
This is an undesired artefact resulting from the imperfect sintering of the glass grains
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to the walls of the core. As a result, the corefloods deviate from the assumption of
a uniform, one-dimensional displacement that is typically employed when modelling
the experiment. In results from other experiments reported by Shah et al. (2019b,a),
evidence of inhomogeneities resulting from stage-wise packing of the glass grains
when filling the tube prior to sintering can be seen. Additionally, signs of thermo-
mechanical contraction and crystallization in the form of high-permeability streaks
are visible in auxiliary samples that were procured but not reported those studies.
Nonetheless, sintered glass cores were successfully used in the above-mentioned studies
to demonstrate foam generation across a sharp contrast in permeability. Important
conclusions could drawn from the experimental results, as reported by Shah et al.
(2019b,a), independent of the imperfections in the core.

4.4. SINTERING CLAY-RICH GRAIN-AGGREGATES
With the hope of overcoming the difficulties involved in preparing large homogeneous
porous sintered-glass samples, we attempted to create consolidated porous media by
sintering clay-rich quartz and feldspar grain-aggregates. Multiple rock samples were
acquired from various locations of the La Pitara outcrop near Teruel, Spain and from
the Beringen and Zolder mines in Belgium. The samples from each location had varying
amounts of clay and quartz. Several samples were used for the sintering experiment, of
which the most promising result with samples from each location is reported. The rock
sample from Spain is from the Cretaceous period and is from here-on referred to as rock
A. The sample from Belgium is from the Carboniferous period and is henceforth referred
to as rock B. The composition of these rocks obtained through X-ray diffraction/X-ray
fluorescence (XRD/XRF) analysis is reported by Wolf (2006). Rock A comprises roughly
50-55% quartz, 10-20% organic matter with the remainder being clay and carbonates.
Rock B consisted of 13-27% quartz, 60-70% clay with balance comprising of organic
matter and carbonate minerals.
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Figure 4.2: Schematic of procedure followed in going from cubic blocks of rock to grain-aggregates. Scale for
microscope images to the right is indicated by the length of the white bar (A - 250 µm, B - 100 µm) on the top
left corner of the two images.

The rock samples arrive from their respective locations in the form of cubic blocks. In
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order to obtain grain aggregrates with a narrow, pre-determined size distribution, they
are first crushed using a lab-scale jawcrusher to rocks of smaller sizes. At this point,
the grain-size distribution is very wide, ranging from a tenth of a millimetre to tens of
millimetres. Next, the crushed rock is sieved using an array of screens to arrive at the
desired grain size for sintering. This procedure is depicted in Fig. 4.2. A grain size ranging
from 90-250 µm was selected for the sintering tests. Next the grains are packed and
prepared for sintering as shown in Fig. 4.3a. The grains are first poured into a ceramic
tube that can withstand temperatures in excess of 1200 ◦C. While the grain-aggregates
are gently poured into the tube, it is placed on top of a vibrating table set at an amplitude
lower than the particle size, to achieve optimal packing. Graphite powder is poured on
top of the pack to avoid oxidization of organic matter, which could result in vugs in
the final sintered product. Next, the tube is placed in a high-temperature oven where
the temperature profile is carefully regulated as shown in Fig. 4.3b. Final temperatures
ranging from 950 ◦C to 1100 ◦C were tested.
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Figure 4.3: (a) Ceramic tube filled with grain-aggregates and topped up with graphite powder prior to being
placed in a high-temperature oven for sintering. (b) Temperature profile set inside the oven. The contents are
allowed to cool down naturally and the curve representing the same is only a theoretical approximation.

Fig. 4.4 from the work of Wolf (2006) shows the expected changes in the grain
framework upon sintering at 900 ◦C. Above 600 ◦C any organic content that may be
present is either oxidized (if in an aerobic environment) or charred and converted to
coke. The crystal structure of quartz in the matrix changes from trigonal (α-Quartz) to
hexagonal (β-Quartz) close to 600 ◦C. Upon further heating, it is further transformed
into hexagonal β-Tridymite at temperatures close to 900 ◦C. At temperatures in excess of
900 ◦C, a sintered clay matrix is formed and the grain framework is changed. Sintering
increases the hardness of the material. A higher carbonate content increases the
intensity of sintering (Wolf, 2006). At even higher temperatures, grains vitrify to glass
and the initial grain volume decreases. Early vitrification by decarbonatization and
devolatilization of the magnesium- and calcium-oxide rich glass matrix traps gases,
which results in the formation of vesicles and swelling of the material. In order to obtain
a homogeneous sample through this process, one must use grain-aggregates that have
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an optimal composition of clay and quartz. A higher percentage of quartz results in a
friable end product, whereas a higher percentage of clay and carbonates may result in
excessive vitrification. A friable sample is not suitable for coring as the material might
not maintain structural integrity when cored over large lengths. An excessively vitrified
sample is highly heterogeneous and close to impermeable.

Q

CM

F
CM

Q

Figure 4.4: SEM images of typical grain-aggregates at 20 ◦C (left) and after treatment at 900 ◦C (right) indicating
quartz (Q), feldspar (F) and clay content (CM) and showing expected changes in grain framework upon thermal
treatment. From Wolf (2006).

As mentioned earlier, rocks A and B were thermally treated using the heating cycle
as depicted in Fig. 4.3b. A variety of final temperatures were tested, going from 950
◦C to 1100 ◦C in steps of 25 ◦C. The samples were allowed to cool overnight after each
treatment. Rock A did not consolidate due to sintering at temperatures below 1050 ◦.
At 1050 ◦, light sintering was observed. However, the sample was too friable, as shown
in Fig. 4.5, to be cored over the lengths desired for foam-generation experiments. The
figure to the right shows a magnified image of the sample obtained using a trinocular
microscope. The clay content is not sufficient to create a rigid grain framework upon
thermal treatment. Charring of the organic content can be seen on the grain surface.
The results were similar at higher temperatures.

100 µm

Figure 4.5: Cores from thermal treatments (upto 1050 ◦C) of two samples of Rock A (left and centre). Both tests
resulted in a friable end product which could not be successfully cored over lengths in excess of roughly 3 cm.
Magnified images of the thermally treated product (right) showing charring of organic matter (in black) over
quartz grains. White bar on the top left corner of the image scales to 100 µm. The amount of clay in both the
samples was not sufficient in order to maintain structural integrity of the sample upon sintering.

The carboniferous rock B yielded more-promising results. Fig. 4.6 shows magnified
images of thermally treated samples of the rock, tested up to different temperatures.
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No sintering was observed below 1000 ◦C. The grain-aggregate pack weakly sintered
when treated up to temperatures from 1000 ◦C to 1075 ◦C, and was still friable. At 1100
◦C, the grain-aggregate pack sintered well and could be cored without disintegrating or
fracturing. However, vitrification was also observed at 1100 ◦C. The bottom of the tube
was vitrified, most likely due to higher temperatures at the bottom of the tube, being
in contact with the oven floor. At the top of the tube, vesicles and signs of thermo-
mechanical contraction were observed, in the form of fractures through the sample,
plausibly due to a faster cooling rate at the top. A cylindrical sample, approximately 130
mm in length and 30 mm in diameter could be cored out of the ceramic tube as shown
in Fig. 4.7. The central part of the core appeared to be the most homogeneous section,
with no visible fractures or signs of vitrification. Permeability of the central section was
measured using a Ruska gas permeameter and was found to vary between 2.5 and 3.5
darcy.

50 µm 50 µm 50 µm 50 µm 200 µm

950 ◦C 1000 ◦C 1050 ◦C 1100 ◦C 1100 ◦C, vitrified

Figure 4.6: Microscope images (using a trinocular microscope) of rock B after thermal treatment upto various
temperatures. Upto 1000 ◦C, no sintering was observed. From 1000 - 1050 ◦C, weak sintering was observed
and the sample was still friable. At 1100 ◦C, the sample sintered well and was not friable. However, vitrified
zones were observed. White bar on the top left corner of the images scales to 200 µm for the right most image
showing vitrification and 50 µm for the rest.

Porous media prepared by sintering clay-rich grain-aggregates is shown to be a
viable alternative to using sintered glass for coreflood experiments. In comparison
with glass, the thermally treated grain-aggregate sample is more representative of
subsurface reservoir rock in terms of surface chemistry and petrophysical properties
such as permeability and porosity. Moreover, we expect these samples to have a higher
resistance to pressure compared to sintered glass, which is usually rated for a maximum
pressure of 10 bar. Nonetheless, maintaining homogeneity over large lengths in its
preparation remains a challenge. For the rocks selected, we observed that sintering
clay-rich grain-aggregates is more sensitive to small changes in temperature compared
to sintering glass. This is most clearly evident in Fig. 4.7: The grain framework at the
top of the core compared to the bottom of the core is significantly different, although
we do not expect the temperature in the oven to vary significantly over a length of 130
mm. Fracturing through thermal contraction during cooling caused serious texture
heterogeneity in the middle part Fig. 4.7 (f-j). Compared to the texture heterogeneity
in the sintered glass-grain samples, where the entire grain aggregate, over both length
and width, varies in concentric density variation, here random fractures were generated.
The positive result is that a larger diameter samples shows more homogeneity in texture
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Figure 4.7: Cylindrical core of length ≈ 130 mm and diameter ≈ 30 mm extracted after thermally treating rock
B up to a temperature of 1100 ◦C (top row). CT images of the bottom section (middle row), in addition to
direct visual observations show that the lower part underwent vitrification and was most likely impermeable,
as indicated by trapped pockets of gas visible after coring the sample. CT slices through the top section (bottom
row) show fractures in the sample.

density distribution.

4.5. CENTRIFUGE-CONSOLIDATED SANDPACK
With the aim of overcoming the challenges involved in maintaining homogeneity while
consolidating long samples by thermal treatment, we attempted to create sandpacks
that were instead consolidated through increased stress and seepage under centrifugal
force. The geotechnical centrifuge at the Delft University of Technology was employed
for this purpose. In geo-engineering research, centrifuges are commonly used to re-
create field-scale stress levels in lab-scale models (Lord, 1987; Schofield, 1980). They
are used to study a variety of problems including soil–structure interaction (Stewart
and McCartney, 2013), landslides and slope stability (Kim and Ko, 1982; Askarinejad
et al., 2015), subsidence (Sterling and Ronayne, 1985; Jessberger and Stone, 1991) and
fluid flow (Cargill and Ko, 1983), among others. We employed the centrifuge in order
to cause a contractive volume change in a sandpack under an increased stress in the
axial direction. The porous sample is saturated with water before being placed in the
centrifuge. Under centrifugal force, water is drained from the core, being replaced by air,
a more compressible fluid. The drainage of water from the sample causes suction within
the pore space which can cause an additional reduction in porosity and permeability
of the sample. Several consolidation models can be used to predict the time required
for a specific porous medium to settle under a given amount of stress (Terzaghi, 1943;
Takada and Mikasa, 1984; Fox et al., 2005; Verruijt, 2018; Bharat and Ubaid, 2019).
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For the consolidated sandpacks developed in this study, we use the dimensionless

parameter T = cv t

h2 to determine the time required for settlement inside the centrifuge,

where cv is the consolidation coefficient of the sandpack, t is the time elapsed and
h is the sample height. cv is directly proportional to the hydraulic conductivity (or
permeability) of the medium and inversely proportional to the compressibility of the
porous structure including the pore fluid. Effectively, a medium of lower permeability
and higher compressibility would take longer to consolidate to the same fraction of the
way to equilibrium as a medium with higher permeability and lower compressibility
(i.e. rigid grain structure) (Terzaghi, 1943). While, theoretically, consolidation takes an
infinitely long time to complete, for practical purposes, it is sufficient to assume that
almost all of the consolidation has taken place at T = 2 (Verruijt, 2018). Therefore, we

estimate the time of each centrifuge run as t = 2h2

cv
.The size of the sand column in our

experiments is limited to 20 cm. cv for moderately packed sand, saturated with water can
be estimated to be ≈ 10−4 m2/s. This gives an estimated consolidation time of t = 800
seconds. We time each centrifuge run for 15 minutes (900 s) and therefore, are certain
that most of the settlement has taken place within that period.

For the purpose of creating sandpacks for coreflooding experiments, having an
a priori estimate of the permeability of the final consolidated sample is desired.
Permeability of the unconsolidated sandpack can be estimated using the Kozeny-
Carman (Kozeny, 1927; Carman, 1938, 1956) or Blake-Kozeny equation (Blake, 1922;
Bird et al., 2007), knowing the approximate grain diameters, tortuosity and porosity
of the sample. Alternatively, one can use the Van Baaren equation (Van Baaren, 1979;
Nelson, 1994) to compute the intrinsic permeability of a packed column to laminar
flow of fluids. In the centrifuge, consolidation leads to a reduction in porosity and
permeability of the sample, which can be quantified using constitutive relationships
such as the one shown in Fig. 4.8. One can, for instance, quantify the reduction in

voidage (e = Volume of pore space

Volume of solid matrix
= φ

1−φ whereφ is porosity) as a function of applied

stress as shown in the figure. This is called the compressibility curve and can be defined
by two pairs of effective stress and corresponding void ratio. Similarly, the increase or
decrease in permeability with an increase or decrease, respectively, in porosity can be
quantified using empirical relationships developed using similar plots. This can then
be used to design cores made using similar sand-types with a good estimate of the
petrophysical properties of the final consolidated sample.

Three sand types with different grain diameters were chosen to prepare
homogeneous and layered cores. The sand was sieved to achieve a narrow grain-
size distribution as mentioned in Table 4.3. Consolidation was quantified in the form
of reduction in porosity and permeability for the samples created. Pre-consolidation
porosity (fourth column) was calculated by measuring the weight and density of sand
poured into a container of known weight and volume. The sand was poured into a
cylindrical container, which was fixed on top of a vertically vibrating table. The table was
operated at a frequency of 50 Hz with the average amplitude set to 0.1 mm as sand was
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Figure 4.8: Constitutive stress-strain and voidage-strain curves for standard sand with 5% moisture content.
From Yang et al. (2018).

gradually poured into the container using a funnel. This method of preparing a sandpack
is similar to ASTM D4254-00 (Method 1A) (ASTM International., 2000). Sandpacks
prepared using this method for consolidation in the centrifuge are henceforth referred
to as loosely packed sand. The Van Baaren permeability (kvb) (Van Baaren, 1979; Nelson,
1994) for loosely packed sand can calculated using the measured porosity porosity as:

kvb = 10×d 2
domC−3.64φm+3.64 (4.1)

where kvb is the single-phase permeability in millidarcies. ddom is the dominant grain
diameter, same as the median grain diameter (d50) in this case. C is a constant that
accounts for grain sorting. Here, we choose C = 0.7, determined through image analysis
(Hoogewerf, 2019), representing very-well-sorted sand. m is the cementation factor.
We select m = 1.3 for loosely-packed sand at atmospheric conditions. The Van Baaren
permeability for each sand type is listed in the last column of Table 4.3.

Table 4.3: Specifications of different sand-types used in the centrifuge-consolidation experiment including
grain-size range, median grain diameter (d50), porosity (φ) and corresponding Van Baaren permeability (kvb )
of a loosely-packed sand column.

Sand type
Size range

[µm]
D50 [µm] φ kvb [darcies]

1 75 – 125 91 0.44 5.5

2 175 – 210 185 0.43 18.3

3 250 – 300 260 0.39 22.2

Two different sets of consolidation tests were performed on homogeneous samples
made from the three sand types. In the first set of experiments, a dry loosely packed
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sample was consolidated in the centrifuge at 50g. The cylindrical container used in these
consolidation tests had an internal diameter of 4.8 cm and was made from polyether
ether ketone (PEEK). The length of the container was 50 cm including two end-caps (≈
10 cm each) at each end. Sand was poured up to ≈ 18.5 cm in each case and a 11.5-cm-
long cylindrical piece of Bentheimer rock was placed on top of the sand. The purpose of
the Bentheimer rock was to fill up any void space that would result from settlement in the
centrifuge. The outer diameter of the rock was equivalent to the inner diameter of the
PEEK cylinder. An end-cap was screwed on top of the rock to seal the container. Post-
centrifuge, the end-cap was tightened further and settlement was quantified in terms
of the incremental distance travelled by the end-cap. No permeability measurement
was made in these dry tests and consolidation was quantified based on settlement and
porosity reduction (Table 4.4).

For the second set of tests, a similar sample was prepared and the sandpack was
saturated with water. Permeability to water was measured and the water-saturated
sample was subject to 50g inside the centrifuge as water was allowed to drain under the
centrifugal force. Consolidation was quantified in terms of a reduction in permeability
for these wet tests (Table 4.5).

The vertical stress experienced by an infinitesimal volume of length dl , at a distance
l from the top of a cylindrical sample under centrifugal force can be quantified as:

dσv t = ρdr y al dl (4.2)

= ρdr y lω2dl (4.3)

where σv t is the total vertical stress on the sample, ρdr y is the bulk density of dry,
loosely packed sand, l is the distance of the infinitesimal volume from the central axis
of the centrifuge, dl is the length of the infinitesimal volume and al is the centrifugal
acceleration on that volume at that distance. ω is the angular velocity of the centrifuge.
The total stress on this volume is a result of the weight of the sample above it. If l0 is the
distance from the central axis of the centrifuge to the top of the sample, then, at l0, σv t ,
in our case, is equal to the weight of the rock above it. At a position l , the total vertical
stress can be obtained by integrating the above equation from the top of the sample (l0

from the centre) to the position l ,

∫ l

Wr ock

dσv t = ω2
∫ l

l0

ldl (4.4)

σv t (l ) = ρdr yω
2

(
l 2 − l 2

0

2

)
+Wr ock (4.5)

If the height of the sample is small (<20%) with respect to the radius of the centrifuge,
then the radial stress distribution is approximately linearly proportional with distance
from the centre (Lord, 1987; Taylor, 1994). For establishing constitutive relationships
between vertical stress and voidage reduction, we approximate the total stress on the
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entire sample to be equal to that at a distance 2/3 of the length of the sample from it’s
top. The arm length of the geotechnical centrifuge is 62 cm. Hinged at the end of each
arm is a basket of length ≈60 cm where the cylindrical samples are housed. Therefore,
the total length of a revolving arm together with the basket containing the sample is 122
cm. The height of the cylindrical sample including the core-holder containing the sand,
rock and the end-caps on each end is ≈ 50 cm. The length of the sandpack, as mentioned
earlier, is roughly 18.5 cm in each case. The distance from the centre of the centrifuge
to the top of the sample is approximately 95 cm. Therefore, in our case, the ratio of
the length of the sample to the distance from the centre of the centrifuge to the top of
the sample is ≈ 0.2. In that case, the linear-model approximation leads to a maximum
underestimation of the vertical stress in the sample of 9% (Lord, 1987).

The angular velocity of the centrifuge is set to 223 revolutions per minute, such that
50g is the gravitational force experienced at a location 30 cm from the bottom of the
basket. This is approximately equal to the location where the Bentheimer sandstone
sits on the sand. The weight of the rock is 393.2 g. At 50g , this corresponds to a force
of 192.9 N. Over a circular area with diameter 4.8 cm, the total stress as a result of this
force is 1.07 bar. This is the vertical stress at the top of the sand column resulting from
the weight of the rock above it. The dry density of each sand column, on average, is
1600 kg/m3. Using Eq. (4.2) and (4.4), the total vertical stress (σv t ) at the bottom of the
sandpack due to the weight of the sand above it, is 1.69 bar. Together with the weight of
the bentheimer sandstone, this corresponds to a total vertical stress of 2.76 bar. Table 4.4
lists the consolidation of the three different sand types at 50g quantified in terms of
settlement and the subsequent reduction in porosity.

Table 4.4: Pre- and post-centrifuge porosities (φpr e and φpost , respectively), Van Baaren permeability
corresponding to φpost and approximate settlements of the three different sand types after a dry centrifuge
run at 50g .

Sand type φpr e φpost
kvb

post

[darcies]
Settlement

[mm]

1 0.44 0.44 5.2 negligible

2 0.43 0.42 17.3 1.5

3 0.39 0.38 20.5 2

A 2.3 % and 2.6% reduction in porosity was observed for sands 2 and 3, respectively.
The settlement for the finest sand was negligible and no reduction in porosity was
observed after a dry centrifuge run. The expected Van Baaren permeability (Eq. (4.1))
obtained using the post-centrifuge porosity is also listed in the fourth column of the
table. Contrary to the constitutive relationship of Yang et al. (2018), a small amount of
compaction is observed under an applied vertical stress of approximately 4 bar.

As mentioned earlier, for the second set of centrifuge runs, the sand pack is initially
saturated with water. When the sand column is being drained of this resident water,
an additional suction force is exerted on the sand grains, equivalent to the capillary
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pressure at irreducible water saturation. Layered samples using two different sand types
were also prepared using this approach. The different sand layers, while packing, were
separated using a water-soluble membrane in order to avoid mixing of the grains. The
two layers were roughly the same height. During the permeability measurement, the
membrane separating the layers was dissolved and a sharp transition between the two
grain sizes was obtained. Table 4.5 lists the pre- and post-centrifuge permeabilities of
two homogeneous samples created using sand types 2 and 3. The last two rows list the
pre- and post-centrifuge permeabilities of the layered samples created using sands 1 and
2 in row three and sands 1 and 3 in row four.

Table 4.5: Pre- and post-centrifuge measured permeabilities (kpr e and kpost , respectively) of two different
homogeneous sand columns and two different layered columns after a wet centrifuge run at 50g .

Sand type kpr e [darcies] kpost [darcies]

2 18.3 11.8

3 33.5 29.2

1 and 2 9.5 5.8

1 and 3 13.8 8.9

Assuming the permeability of the fine sand to be 5 darcies, harmonic averaging can
be applied to compute the individual permeability of the coarser sand sections in the
two layered packs. Using that, one can compute the average permeability contrast in
these layered cores. For the layered sample containing sands 1 and 2, the permeability
contrast is approximately 2:1. For the second layered sample comprising sands 2 and 3,
the permeability contrast is roughly 6:1 between the high- and low-permeability zones.
Clearly, draining the sample under centrifugal force results in greater compaction and
consolidation. This is expected to minimize the chances of fines migration. Centrifuge-
consolidation of loosely packed sandpacks also helps overcome the inhomogeneities
that may result from manual preparation of the columns allowing a more-efficient
packing of the grains under added vertical stress. In order to confirm this, foam-
generation experiments, similar to the ones discussed in Section 4.2, were conducted
using the two layered samples mentioned above.

Fig. 4.9 shows the average liquid saturation through the course of a foam-generation
experiment conducted using the layered sample prepared using sands 1 and 2. The
estimated permeability contrast in this sample is 2:1. Pressure was not monitored across
individual sections of the core through this experiment. Instead, the objective was to
observe the phase saturations through CT imaging and identify any preferential flow-
paths for the gas phase as observed with sintered glass. As seen in the figure, some
artefacts that might have arised while pouring the sand are visible in the form of blue
streaks to the left and right of the images. The top-most image shows the saturation
profile in a central vertical slice through the core, when the flow has reached steady-
state to gas-brine co-injection. There appears to be a packing artefact near the top-left
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Sw = 0 0.2 0.4 0.6 0.8 Sw = 1

Gas-Brine

steady-state

Gas-Surfactant
0.2 PVI Liquid

0.3 PVI Liquid

0.5 PVI Liquid

0.7 PVI Liquid

0.9 PVI Liquid

1.2 PVI Liquid

Figure 4.9: Average liquid saturation in a vertical cross-section through the center of the sandpacke obtained
using X-ray CT imaging for the foam-generation experiment conducted at ut = 0.5 ft/d and fg =80%. The image
at the top represents a measurement during steady-state gas-brine co-injection and the images thereafter were
taken after surfactant had been injected into the core. Blue represents a high liquid saturation whereas red
represents a high gas saturation, as indicated by the colorbar at the top. The voxel resolution is 1.5 × 1.5 × 1.5
mm3.

corner of the image, showing a higher gas saturation than the rest of the core. Other than
that, no signs for preferential flow of gas are visible. The permeability contrast is sharp
as can be seen through the images. Strong foam was not generated in this experiment.
This could be because the velocity or permeability contrast, or both, were too low. In
the last image, a build up in gas saturation is observed indicating foam generation at the
permeability contrast. However, due to gravity and most likely the weak strength of the
foam, most of the gas tends to segregate to the top of the core.
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Sw = 0 0.2 0.4 0.6 0.8 Sw = 1

Gas-Brine

steady-state

Gas-Surfactant
0.03 PVI Liquid

0.3 PVI Liquid

0.5 PVI Liquid

1.0 PVI Liquid

Figure 4.10: Average liquid saturation in a vertical cross-section through the center of the core obtained using
X-ray CT imaging for the foam-generation experiment conducted at ut = 1 ft/d and fg =80%. The image at
the top represents a measurement during steady-state gas-brine co-injection and the images thereafter were
taken after surfactant had been injected into the core. Blue represents a high liquid saturation whereas red
represents a high gas saturation, as indicated by the colorbar at the top. The voxel resolution is 1.5 × 1.5 × 1.5
mm3.

Fig. 4.10 shows the liquid-saturation profile through in a vertical cross-section
through the centre of the sandpack created using sands 1 and 3. The expected
permeability contrast in this case is 6:1. A total injection velocity of 1 ft/d was employed.
In this case, foam generation was observed from the inlet itself. A sharp permeability
contrast can be seen in the final three images. The second image from the top shows
a uniform foam front propagating through the core, without evidence of independent
foam generation at the permeability boundary. There are no clear preferential pathways
for gas visible in the CT images.

4.6. CONCLUSIONS

In this chapter, three different synthetic porous media were investigated for lateral and
longitudinal homogeneity, to be used in coreflooding experiments. The commercially
acquired sintered-glass samples were homogeneous in the longitudinal direction but
lacked lateral homogeneity. If the sample size is small, cylindrical cores can be extracted
out of a larger block. For our application, we required samples longer than 40 cm in
length. Making a big block of sintered glass from which such a sample can be cored
out is extremely difficult. The process of coring itself induces stress within the porous
structure and it might not be possible to core out long samples without cracking them.
As a result, cores had to be prepared by sintering glass grains packed into a cylindrical
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glass tube. The glass grains did not sinter well with the glass tube and, as a result, the
porosity of the sample was lower at the centre compared to the edges. During foam-
generation experiments, preferential gas flow near the edges of the core was observed.

Sintering of clay-rich grain aggregates using two different grain-aggregate
compositions did not yield promising results for creating long homogeneous cylindrical
cores. Longer porous blocks cracked during coring. The longest sample that could be
obtained was a ≈13-cm-long, 3-cm-diameter core. The grain-aggregates considered
in this study were also extremely sensitive to the thermal treatment. Fractures due
to differential cooling were observed towards the top of the cored sample whereas
vitrified, impermeable sections were extracted from the bottom part. This may be due
to differences in temperature at the bottom of the oven compared to the center.

Centrifuge-consolidated sandpacks were prepared. Both homogeneous and layered
samples were prepared and a sharp change in permeability was achieved in the
layered sample using a water-soluble membrane. The sandpacks were consolidated
in the centrifuge in order to achieve a more efficient packing with reduced chance of
fines migration. Two layered sandpacks were used for foam-generation experiments.
During the course of these experiments, no sand grains were observed in any of
the tubing connected to the core. There were no indications of sand migration in
the CT images. Moreover, the samples were laterally more homogeneous than the
sintered glass samples, as no preferential pathways for gas were observed near the
edge of the core. Consolidation was quantified in terms of reduction in porosity and
permeability. A greater reduction in permeability was achieved when a water-saturated
sample was centrifuged while water was allowed to drain out of the sample. While
centrifuging the sample does result in a more efficient packing, the characteristics of
the sandpack are sensitive to how the loosely packed sand column is created. Sand must
be poured carefully, through a funnel and all at once in order to maintain longitudinal
homogeneity. If a vibrating table is not available, the sand can be compacted by gentle
tapping along the walls of the cylinder.

For smaller samples, we recommend using sintered glass or sintered clay-rich grain-
aggregates because homogeneous sections can be cored out of a larger porous block.
Sintered glass is commercially available and has been used before in coreflooding
experiments. For longer samples, we recommend using sandpacks. Consolidating the
sandpack using a centrifuge helps significantly reduce the chances of fines migration.
Only if the sandpack is to be used at low-pressure, with mild and gradual changes in
pressure over time, a loosely-packed sand column can be used.





5
CONCLUSION

In this chapter, the conclusions are summarized from the experimental work presented
in this thesis.

5.1. GENERAL IMPLICATIONS FOR FOAM IN POROUS MEDIA
Through the experimental results presented in this work, we can conclude that foam
can be generated in simultaneous flow of gas and surfactant solution across an abrupt
increase in permeability. The tests were conducted at field-like superficial velocities. In
most cases (lower permeability contrasts, see Section 2.4 and 3.4), foam generation was
observed as soon as the surfactant solution reached the permeability boundary. Snap-off
is already occurring at the transition in gas-brine flow. Once surfactant is available, the
same process results in the formation of stable bubbles that cause mobility reduction in
the high-permeability zone. This mechanism of foam generation is intermittent and it is
best shown by sporadic, and often large (Figs. 2.12, 2.15, 3.3b and 3.5b), fluctuations in
the pressure gradient measured at and downstream of the boundary. The intermittency
of this process was also observed and explained earlier by Falls et al. (1988).

In Chapter 1, the effect of permeability contrast on this process is investigated.
We conducted experiments using four different cores with four different permeability
contrasts (Table 2.1) across which gas and surfactant solution flowed. We found that
foam was generated in all the cases with a total superficial velocity of 0.67 ft/d and an
injected gas fraction of 80%. The pressure drop across the low-permeability section is
low enough (Fig. 2.6a) to conclude that the injected gas fraction is indeed the fraction
flowing across the permeability contrast and that no strong foam is generated in the low-
permeability section prior to snap-off at the boundary. The saturation maps constructed
using CT imaging provide a confirmation of the same. Snap-off at the permeability jump
results in foam generation in the high-permeability section, causing a reduction in gas
mobility. The reduction is larger across greater permeability contrasts. In other words,
stronger foam is generated in flow across greater permeability contrasts. However, we
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observe that for a significant reduction in gas mobility to register in terms of pressure
gradient, it takes longer, both in terms of time and liquid PVI, as the permeability
contrast increases.

In Chapter 2, we considered four different injection rates to test the impact of
velocity on this process. The injected gas fraction was 80% and the core with the
lowest permeability contrast (≈ 4:1) was used. Foam generation was observed at all four
velocities, after roughly the same amount of surfactant solution had been injected into
the core. The foam propagated from the permeability contrast to the outlet of the core
at all but the lowest total superficial velocity (0.17 ft/d) tested. At the lowest velocity, the
foam strength decreased as it propagated through the high-permeability zone. In the
outlet tubing, in contrast to other experiments, only brief periods of foam production,
followed by surfactant solution and gas, were observed. Moreover, the intermittency
of this process, in terms of the magnitude and frequency of fluctuation in pressure
gradient, was greater at lower velocities (Fig. 3.8). Clearly, the experiment conducted
at the lowest velocity (Fig. 3.3b) showed the largest and most distinct fluctuations in
pressure gradient.

In the same chapter, the effect of fractional flow on snap-off across a boundary was
tested. Once again, foam generation was observed at all the gas fractions tested ( fg =60%,
80%, 95%). The total injection rate (qt ) was fixed at 0.1 ml/min (ut = 0.67 ft/d) and the
core with a permeability contrast of approximately 4:1 was used. At fg < 60%, foam
generation was observed in the low-permeability section itself. Those experiments can
be found in the MSc Thesis of As Syukri (2018). The pressure and saturation response
(high Sg in CT images) corresponding to strong-foam generation was observed after
roughly the same amount of surfactant solution had been injected in the core. However,
it was observed that foam generated at fg =60% took longer (in terms of liquid PVI) to
propagate through the high-permeability zone compared to higher gas fractions. An
increase in the intermittency of foam generation was observed at higher gas fractions
(Fig. 3.9). Additionally, no significant difference in foam strength was observed at the
three gas fractions tested. At a permeability contrast close to 4:1, foam generation was
observed at gas fractions higher than those predicted to be the upper limit theoretically
(Rossen, 1999). A reason for this discrepancy could be the differences in the relative-
permeability function for two-phase flow in the glass core compared to the relative-
permeability function in the theoretical work.

Local phase saturations obtained through CT imaging show an accumulation of
the liquid phase at the edge of the low-permeability zone in the core. As a result,
the approximate capillary pressure, corresponding to that saturation is below the
estimated critical capillary pressure for snap-off during steady-state gas-brine flow.
Once surfactant reaches this transition region, foam generation is triggered.

5.2. IMPLICATIONS FOR THE FIELD

The results of this study show that deep in the reservoir, where the viscous driving force
is low, foam generation can be supported by snap-off in flow across abrupt permeability
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changes. To the best of our knowledge, it might be the only mechanism that can cause a
significant reduction in gas mobility in low-velocity flows. Gas mobility will be reduced
in the high-permeability layers. While in most of our experiments the foam propagated
from the permeability transition to the outlet of the core, in the field, this may not always
be the case. If the foam cannot propagate, it will block the path to high-permeability
layers resulting in an improved sweep in the low-permeability layers. In a layered system,
this would result in a reduction in the vertical mobility of gas and reduce the extent of
gravity segregation. On a reservoir-scale, better sweep efficiency can be expected if the
geological setting allows for sharp heterogeneities. This mechanism can have important
consequences for foam EOR and aquifer remediation applications, and it must be taken
into account to allow for an improvement in overall sweep efficiency. One can also use
the results of this study to design injection strategies for horizontal wells. At the toe of a
horizontal well, the drawdown can be quite low and strong foam may not be generated
in the near-well region. Special screens with a permeability contrast can be used to
generate foam.

It is important to note that surfactant adsorption is negligible in our synthetic porous
media made from borosilicate glass. Therefore, in our experiments, foam generation
appears to be almost immediate once the surfactant arrives at the permeability
transition, irrespective of fg or ut . In the field, adsorption must first be satisfied before
foam generation commences. Adsorption can delay the propagation of surfactant and
foam generation at a sharp heterogeneity.

While designing the experiments reported in this thesis, the objective was to create
conditions for a uniform, one-dimensional forced displacement across the permeability
jump. However, as mentioned in the previous chapters, the sintered-glass porous
medium was not perfectly homogeneous in the single-permeability regions and the
unwanted artefact of imperfect sintering and higher porosity along the edges lead to
preferential flow of gas near the walls of the core. While this may have resulted in
unwanted experimental observations, complicating subsequent analysis, the aggravated
effect of gravity (due to a low flow rate and high permeability), combined with this
edge effect, brought the experimental conditions closer to realistic geological settings.
In a realistic subsurface setting, gas may have other flow-paths available and may
bypass the permeability boundary altogether, not contributing to the process of foam
generation. In the experiments presented in this paper, regardless of the availability of a
preferential flow-path for gas, foam generation was observed across the permeability
jump. The experiments were designed so that foam was generated by snap-off and
not due to drainage or a high pressure gradient. While Li and Rossen (2005) suggested
that preferential flow along the edges of a core would make foam generation in such
an experiment more difficult, this was not observed and snap-off still occurred at the
permeability boundary at contrasts as low as 3.8:1 with a field-like total superficial
velocity of 0.67 ft/d.
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5.3. FUTURE PERSPECTIVES
In this study, extensive experimental evidence for snap-off in flow across sharp
permeability changes is provided through one-dimensional corefloods. In the field,
sharp heterogeneities can exist in all directions, with different orientations. Gas can flow
through high-permeability zones, bypassing the heterogeneities altogether. Conducting
two- or three-dimensional tests with sand tanks could provide further insight about
the relevance of this mechanism in the field. A simulation study with an ensemble of
fine-scale models that include sharp heterogeneities together with high-mobility zones
allowing gas breakthrough could help identify conditions under which gas and liquid
can flow through a permeability boundary, causing snap-off.

For the results of this thesis to be represented in foam models, the relationship
between capillary contrast, foam texture and gas mobility must be established. The
model of Falls et al. (1988) can be used for this purpose. Over the past three decades,
several developments have taken place in the area of population-balance modelling
of foam. Models have been developed to represent the various aspects of foam
physics observed in the lab. To complete our understanding of foam generation across
heterogeneities and its subsequent mobilisation at low velocities, the model of Falls et al.
(1988) must be augmented with representations for foam coalescence and coarsening
and its shear-thinning behaviour. Finally, an upscaled representation of this mechanism
for field-scale simulations must be developed in order to account for the benefits of
sharp heterogeneities in a foam-based displacement process.

In this study, we have not considered the effect of oil on foam generation. In the field,
one can expect residual oil to be present when the implementation of foam EOR is being
considered. Moreover, in settings where crossbedding and internal laminations exist, oil
might be trapped at the high- to low-permeability interfaces. Conducting a similar set
of experiments with the oil phase present could provide valuable insights, purely from a
flow point of view, about the relevance of this mechanism in the field. The destabilisation
of foam by oil is a separate issue. Additionally, capillary contrast can exist in the form of
changes in wettability. Changes in wettability could also cause foam generation but this
is yet to be shown experimentally.

In real reservoirs, sharp changes in permeability can also occur in the form of
fractures. Fractures are microscopic “highways" for fluids flowing inside a rock. The
interface between the matrix and the fracture also provides a nearly infinite permeability
contrast. However, when fractures are present in a reservoir, the high-mobility fluid (i.e.
gas) usually tends to flow largely through the fracture. There is, however, some exchange
of fluids between the matrix and a fracture. In the present of surfactant solution in or
around the fracture, this could cause foam generation in the fracture, if gas flows out of
the matrix. Once foam is generated in the fracture, a further exchange of fluids between
the matrix and the blocked fracture will be promoted. We recommend a study that
would investigate the relevance of this mechanism in fractured reservoirs and examine
the sweep-improvement in an analogous system.

Any change from a well-established technology to a new one is expensive. This is
particularly true for the extraction of crude oil, since changes in the production facilities
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and well components can cost tens of millions of dollars, if not more. Often times,
research in novel technologies is discontinued due to unexpected fluctuations in oil
price. The same can be said for foam EOR. While several questions concerning the
behaviour of foam in porous media still remain, laboratory experiments over the years
have demonstrated the benefits of using foam as a displacement agent. The results
of this thesis add to those benefits. The author would like to urge companies that
sponsor foam research to eventually carry out field pilots. Data from pilot tests can
provide valuable information. Coupled with a detailed understanding of the field, and
the existing expertise in foam, it can provide tremendous insight into the applicability of
foam for EOR and aquifer remediation processes.
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