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“I was born not knowing and have had only a little time to change that here and there.”

Richard P. Feynman



Microbial Enhanced Oil recovery: A Pore-scale Investigation of Interfacial

Interactions

Chapter 1. Introduction

1.1 Overview

The world’s energy demand is ever increasing. For instance, the United States energy
demand, over the past 100 years, has increased from approximately 100 to over 350 millions
of BTUs per person per year (U.S. Department of Energy, U.S. Census Bureau). Currently, this
energy demand is satisfied with petroleum fuels, a significant fraction of which come from
mature oil reservoirs. However, the replacement rate of mature reservoirs with new
discoveries has declined steadily over the last two decades. Production decline was first
predicted by geophysicist M. King Hubbert in 1956, who used a logistic distribution model to
estimate that net oil production would peak around 1970. Due to production decline,
increased oil recovery efficiency from mature oil formations has become increasingly
important. In most mature oil reservoirs, approximately 40-60% of the original oil in place
still remains in place, as a result of recovery inefficiencies (Baviere, 1991). Between 1994 and
2003, approximately 17.5 million m? of oil was lost because of premature abandonment of
marginal oil wells. However, enhanced oil recovery (EOR) technologies that target residual oil
need further development, which is reflected by the fact that currently only 0.3 million m?
per day of crude oil is recovered from mature oil formations (U.S. Energy Information
Administration, 2011).

Microbial enhanced oil recovery (MEOR) is a novel approach where microorganisms and/or
their metabolic by-products are utilized to facilitate the mobilization of residual oil from
mature oil reservoirs (Youssef et al. 2009). Compared to other enhanced oil recovery
technologies, MEOR is economically advantageous since microorganisms require minimal
energy input (Lazar et al. 2007; Thomas et al. 2008; Brown et al. 2010). Whereas, thermal-
based enhanced oil recovery technologies have a large energy demand and chemical-based
EOR technologies use synthetic chemicals derived from petroleum-based compounds (Lazar
et al. 2007). Alternatively, microorganisms produce products from renewable resources and
can produce a large quantity of product over a relatively short timespan, due to their

exponential growth rate (Maneerat et al. 2004; Mukherjee et al. 2006). However, the MEOR



mechanisms through which recovery efficiency increases and the essential parameters for

understanding/modeling this technology are mostly unknown.

Water Qil production
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Mass Flux;, Mass Flux,,,
Saturation
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Figure 1.1: The range of length scales relevant to microbial enhanced oil recovery. Accurate

characterization at the pore-scale and meso-scale are required for a successful field-scale operation.

As with most engineered systems (e.g. multiphase flow applications) many different length
scales exist. Figure 1.1 shows the relationship between length scales ranging from the pore-
scale to the field-scale. At the pore-scale individual grains are resolved, along with the spatial
arrangement of each fluid phase, and the resulting interfaces between immiscible phases. At
the meso-scale, pore-scale parameters are averaged over a representative elementary
volume and explicit spatial information is lost. However, averaging is essential, since
including all of the pore-scale information into a field-scale model would produce an overly
complex model. The crux is to identify the relevant pore-scale parameters and to incorporate
only these parameters into the final predictive field-scale model. The importance of pore-
scale parameters for the accurate prediction of larger-scale multiphase flow phenomena is

demonstrated by various researchers (Chen and Doolen 1998; Karpyn and Piri 2007a; 2007b;



Porter et al. 2010; Joekar-Niasar et al. 2010). However, a fundamental understanding of the
pore-scale parameters essential to MEOR and how microorganisms affect the pore-scale
physics is currently unknown. The aim of this dissertation is to understand the pertinent
pore-scale process dynamics and interfacial interactions, such that, potential candidate oil
reservoirs can be effectively identified, resulting in successful microbial enhanced oil

recovery operations.

1.2 Research Objectives

The term microbial enhanced oil recovery encompasses any oil recovery operation that
utilizes microorganisms, and thus, depending on the bacteria or bacterium used, distinctly
different oil recovery mechanisms are possible. The presented research focuses on
biosurfactant-facilitated and biomass-facilitated MEOR (see Section 2.4). The goal of this
research is to understand the pore-scale physics of biosurfactant-facilitated and biomass-
facilitated MEOR by performing micromodel and column experiments that can be imaged
with stereo microscopy or computed microtomography, respectively. Quantitative
information is extracted from the pore-scale images and then related to reservoir
parameters, such as, pore morphology and wettability. The overall focus is to understand the
differences in oil recovery with a biosurfactant or with a biosurfactant and bioclogging and in
which reservoir type one approach would be preferred over the other by evaluating the
pore-scale physics of both approaches. Additionally, this research aims to identify and
provide the parameters essential for developing and calibrating predictive numerical models.

The specific objectives of this research are listed below:

1. Develop and validate a method to measure the interfacial curvature of fluid-fluid

interfaces from 3-dimensional pore-scale images.

2. Identify how the MEOR mechanisms of biosurfactant-facilitated and biomass-
facilitated recovery compare to each other and to abiotic recovery where the flow

rate of the flooding phase is increased.



3. Identify how porous systems of different inherent wettability lend themselves to

biosurfactant-facilitated and/or biomass-facilitated oil recovery.

4. ldentify how different porous media pore throat size distributions, pore body size
distributions, and thus pore-scale spatial distribution of residual oil and oil blob
morphology affect oil mobilization when using biosurfactant-facilitated and/or
biomass-facilitated MEOR.

1.3 Organization

In Chapter 2, the current literature and concepts relevant to microbial enhanced oil recovery,
and thus, multiphase flow in porous media are reviewed. Chapter 2 is divided into 5 sections:
Section 2.1 Hydrocarbon Production, Section 2.2 Multiphase Flow, Section 2.3 Reservoir
Characteristics, Section 2.4 Applied Microbiology, and Section 2.5 Pore-Scale Imaging.
Section 2.1 covers the general life cycle of an oil reservoir and introduces the terminology
specific to petroleum engineering. Section 2.2 introduces the pore-scale physics relevant to
multiphase flow, the traditional approach to modeling multiphase flow, and the essential
constitutive relationships for modeling multiphase flow. Moreover, viscous and capillary
forces are introduced and the influences of these forces on common oil recovery practices
are reviewed. In Section 2.4, basic reservoir characteristic, such as, pore morphology and
wettability are explained. Section 2.5 introduces microbiology as applied to oil recovery and
presents the potential MEOR mechanisms responsible for oil mobilization. Lastly, pore-scale
imaging techniques are presented in Section 2.5, along with the concepts relevant to image

processing, as used in this dissertation.

Chapters 3, 4, 5, and 6, specifically address the research objectives outlined in Section 1.2,
each chapter corresponds to a manuscript that is either currently submitted or will be
submitted for publication in a peer-reviewed journal. Chapter 3 presents and validates a
method to measure capillary pressure from pore-scale computed microtomography data.
Chapter 4 investigates the individual effect of each microbial enhanced oil recovery
mechanism. Chapter 5 considers the effectiveness of microbial enhanced oil recovery in
fractional-wet porous media, while chapter 6 explores the effect of inherent pore
morphology on oil blob mobilization via MEOR. As a final point, Chapter 7 summarizes the

presented research, the notable findings, and the potential future directions for the



presented research. Two additional published manuscripts are included in appendices A and
B, which pertains to research, conducted utilizing computed microtomography. Even though
the appendices are not directly related to the objectives of this dissertation; pore
morphological changes due to biomineralization (Appendix A) and the imaging of biofilm
with CMT (Appendix B) are relevant to potential MEOR applications and to investigating

potential MEOR mechanisms, respectively.

Chapter 2. Microbial Enhanced Oil Recovery
Microbial enhanced oil recovery (MEOR) is a technology where bacteria and their metabolic
by-products are utilized to recover additional oil from mature oil reservoirs that would
otherwise be unrecoverable. As discussed by Bryant and Lockhart (2002), the issues with
MEOR are similar to problems with any other enhanced oil recovery process, only with the
added complexity of an active biological system. Thus, in addition to understanding
hydrocarbon production, multiphase flow, and reservoir characteristics, a fundamental

understanding of oil reservoir microbiology is essential to evaluate the efficacy of MEOR.

2.1 Hydrocarbon Production

The first stage of hydrocarbon production is primary recovery, where natural reservoir
energy, such as gasdrive, waterdrive, or gravity drainage, displaces hydrocarbons from the
reservoir into the wellbore and to the surface. During production, reservoir pressure declines
and once it reaches a point where production rates become uneconomical, or when the
proportions of gas or water in the production stream are too high, primary recovery
operations are terminated (Baviere, 1991). At this stage approximately 10% of the original oil
in place (OOIP) has been recovered (Ollivier and Magot, 2005). To improve recovery,
secondary recovery techniques are undertaken where often an external fluid (e.g. water,
CO,) is injected into a reservoir through injection wells located in rock that is hydraulically
connected with the production wells (Figure 1.1). The purpose of water flooding is to
maintain reservoir pressure and to displace hydrocarbons toward the wellbore. Once the
injection fluid is produced in considerable amounts at the production well, secondary

recovery operations become uneconomical and are ceased.

After secondary recovery, as much as 60% of the OOIP remains trapped in the oil reservoir

due to inefficiencies during the flooding process (Baviere, 1991). Interfacial tension between



immiscible phases and the intrinsic pore structure of a reservoir causes capillary trapping of
oil droplets behind the waterfront. Additionally, due to oil reservoir heterogeneity, water
flooding does not completely sweep a reservoir, and low permeability regions remain oil
saturated while higher permeability zones are swept. A characteristic term called sweep
efficiency is used to describe the percentage of a reservoir swept during a water flood. Other
common terminologies used in the oil industry and throughout this dissertation are defined

below.

Original Oil in Place(OO]P) = Volume of oil initially saturating a reservoir (2.1)

Residual Oil Satumtion(Sor) (%) = (Xl / OOIP) * 100

(2.2)
Where, Xi= OOIP — Volume of oil collected after water flooding

(T ertiary recovered oil)

*100 (2.3
(Oil in place after waterﬂood) (23)

Additional Oil Recovery(AOR) (%) =

Enhanced oil recovery (EOR) would be the third stage of hydrocarbon production (often
called tertiary recovery). During EOR, the OOIP that is either capillary trapped or located in
low permeability zones that were not efficiently swept during secondary recovery are

targeted for mobilization (Chapters 4, 5, and 6)

2.2 Multiphase Flow

An oil reservoir is unquestionably a multiphase system, characterized by the existence of two
or more immiscible phases and the resulting interfaces between each immiscible phase
(Dullien 1992). In the subsurface where flow rates are relatively slow, interfacial forces
largely control the resulting hydrodynamics, and thus, oil recovery. To understand these
interfacial effects, it is essential to first consider the fundamental physics of multiphase flow,
then more complex scenarios such as what occurs during oil recovery can be investigated. A
field-scale oil operation under secondary and tertiary recovery can be divided into two
separate events: (1) dynamic imbibition (i.e. water flooding) and (2) capillary desaturation
(i.e. tertiary recovery), both of which are discussed after a brief introduction to multiphase

flow.



2.2.1 Basics of Multiphase Flow

Ultimately, the goal to modeling multiphase flow is to quantify the temporal and spatial
variation of pressure and saturation. To model a given system, constitutive relationships,
where physical measurements are incorporated into numerical models, are required.
Additionally, a flow equation for each fluid phase and a mass conservation equation are
necessary. A system specific model is derived by incorporating the constitutive relationships
and the flow equations into the mass conservation equation. In the following paragraphs, the
traditional approach to modeling multiphase flow will be presented (Bear 1988). Initially, a
few physical laws that govern multiphase systems will be introduced, then the constitutive
relationships for capillary pressure and relative permeability are discussed, and lastly the

flow equation and the mass conservation equation are introduced.
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Figure 2.1: Contact angle measurement as defined in Young's equation.

In a multiphase system, immiscible phases are separated by interfaces (i.e. boundaries)
across which discontinuities in pressure and density exist (Corey, 1997). For an oil/water
system, three interfaces are readily identifiable: (1) oil-water, (2) oil-solid, and (3) water-
solid. Along these interfaces there exists a force called interfacial tension (y), which acts
tangential to the interfacial boundary and is measured as force per length. When two
immiscible fluids are in contact with a solid surface, the equilibrium configuration of the two
fluid phases depends on the relative values of the interfacial tension (y) between each pair of
the three phases, solid, water, and oil, denoted as, s, w, and o (Figure 2.1). Each interfacial
tension acts upon its respective interface and, at equilibrium, defines a unique angle @,

known as the wetting angle, defined by Young’s equation.

Y00€08(0) = 7\, = Vi (2.4)



The wetting angle is measured as the angle subtended by the tangent to the water-oil
interface and the tangent to the water-solid interface constructed at the point formed by the
intersection of the three phases (Butt et al. 2006). When one fluid preferentially covers a
surface, it is called the wetting phase and the other fluid is called the non-wetting phase. In
Figure 2.1 water is considered the wetting phase for @ < 45°, non-wetting phase for &>

135°, and moderate-wetting or moderate non-wetting phase for 45°> @ < 135° (Lake, 1996
and Marmur, 2009).

Figure 2.2: A small segment of a curved interface with area dA (i.e. dA = dL.dL,).

To explain the pressure discontinuity across the fluid-fluid interface, it is instructive to
consider a small segment of a curved interface and to balance the pressures in each fluid

phase and the interfacial forces (Figure 2.2). Assuming static equilibrium, the Young-Laplace
equation can be derived

nw

P=P —-P=(2y)R (2.5)

where, y is the interfacial tension (force per length) across the fluid-fluid interface, P,,, is the
non-wetting phase pressure (force per area), P, is the wetting phase pressure (force per
area), P, is the capillary pressure (force per area), and R is mean curvature (inverse length).
Eq. 2.5 directly links the mean curvature of an interface to the pressure discontinuity across
the interface (see Chapter 3). This pressure difference is inherently a pore-scale

phenomenon and is referred to as capillary pressure.



For the purpose of modeling multiphase flow, capillary pressure is often defined as a
constitutive function of a macro-scale parameter (i.e. saturation)

P, —P =P(S,) (2.6)
where, S,, is the wetting phase saturation (fraction of void space occupied by the wetting
phase). A graphical representation of this constitutive relationship is shown in Figure 2.3,
where saturation decreases with increasing P, (the pressure-saturation relationship is further
explored in Chapter 3). However, two distinctly different curves exist. The upper curve
represents the process of drainage, where a non-wetting fluid displaces a wetting fluid.
Conversely, the lower curve represents the process of imbibition, where a wetting fluid
displaces a non-wetting fluid. As evident in Figure 2.3, the relationship between capillary
pressure and saturation is dependent on the systems history. The term hysteretic, which is
the dependency of a current system’s state on its past state, is often used to describe the
capillary pressure saturation relationship. This hysteretic effect complicates the modeling of

multiphase flow, since a system’s history is often unknown.
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Figure 2.3: Capillary pressure versus water saturation curve.
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To model multiphase flow through porous media, a macro-scale approach is taken, where
fluid properties are considered continuous over a small volume of space. Using this
continuum approach and assuming steady state conditions, Darcy’s law, which was originally
derived to describe the flow of a single fluid through a porous medium, can be extended to

describe the flow of multiple immiscible phases
q.= (k,/u,) (VB,-p,g) (2.7)

where, q4is the Darcy flux (length per time) of fluid phase a, k, is the relative permeability
(length squared) of fluid phase a, u, is the viscosity (force multiplied by time per length
squared) of fluid phase a, p, is the density (mass per volume) of phase a, g is the
gravitational constant (length per time squared), and P is the pressure (force per area) in

fluid phase a.

Relative permeability (as used in Eq. 2.7) depends on the structure of the porous medium
involved, the overall permeability of the medium to a single fluid phase, and on the
respective saturations of each fluid phase (Bear, 1988). Consequently, relative permeability is

modeled as a constitutive function of saturation
k, = k,(S,) (2.8)

An example relative permeability saturation curve is provided in Figure 2.4, which
demonstrates that as the permeability of a given phase increases the permeability of the
other phase decreases. This seems natural, since if a given fluid phase occupies a given

fraction in the pore-space, flow of the other immiscible phase is occluded from that region.
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Figure 2.4: Oil-water relative permeability curve.

Lastly, the mass conservation equation for a multiphase system (assuming no sources or

sinks) is

o(nS,p,)

V- =0 2.9
P (£.9,) (2.9)

where, n is porosity (void space fraction), Sy is the saturation (fraction of void space occupied
by a given phase) of phase a, and p, g is the mass flux (mass per unit area per time) of
phase a. To construct a multiphase flow model that can be solved for pressure and

saturation, Eq. 2.7 must be substituted into Eqg. 2.9.

6(772;,/0“) _ V-[Pak—“(V%— pag)jzo (2.10)

a

To solve for the unknown parameters in Eq. 2.10 (i.e. S, and P,), three additional equations

are required. The simplest of the additional three equations is
8, =1 (2.11)
i=a

simply stating that the fluid phases completely occupy the void space. The other two
equations are the previously introduced constitutive relationships for capillary pressure (Egq.
2.6) and relative permeability (Eq. 2.8). Thus, through the utilization of Eq. 2.6, Eq. 2.8, Eq.
2.10, and Eq. 2.11, the temporal and spatial variation of pressure and saturation can be

qguantified for a particular multiphase system at the macro-scale.
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2.2.2 Dynamic Imbibition

Dynamic imbibition, often called water flooding, is a common secondary oil recovery
practice, where a wetting phase (often water) is used to displace oil. Imbibition initially
occurs at relatively high P., during which the wetting phase preferentially invades only the
smallest pore-space regions. As P. is decreased, progressively larger pore-space regions
become saturated. However, due to variations in pore morphology, contact angle, interfacial
tension, fluid viscosity, and flow rate, imbibition often lacks efficiency and the non-wetting
phase remains trapped in the pore-space once imbibition is complete. Water flooding is
simulated in the experiments presented in Chapters 4, 5, and 6 by flooding oil saturated

micromodels or columns until oil recovery ceases.

Water flooding inefficiency is explained by understanding the competition between viscous
and capillary forces, which is critical since relative permeability, oil saturation (thus oil
available for recovery) and oil blob morphology are directly dependent on the dominant
force. To better understand this competition, Lenormand (1985) introduced the concept of a
phase-diagram, where fluid displacement is characterized by two dimensionless numbers:
capillary number and viscosity (or mobility) ratio. Capillary number is the ratio between

viscous forces and capillary forces
N, =vuloc (2.12)

where, v is the velocity (length per time) of the displacing phase, u is the viscosity (force
multiplied by time per length squared) of the displacing phase, and o the interfacial tension
(force per length) between both phases. The viscosity ratio is the ratio between the viscosity

of the displacing phase and the viscosity of the displaced phase
M = ulu, (2.13)

where, u;is the viscosity of the displacing phase and ., is the viscosity of the displaced phase.
The phase-diagram approach allows for the prediction of one of three displacement types:
(1) capillary fingering, (2) viscous fingering, or (3) stable displacement, and thus, is a useful

method for characterizing fluid displacement.
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In the capillary fingering regime viscous forces are negligible and capillary forces dominate.
Capillary fingering occurs at relatively low flow rates, where (due to capillarity) the wetting
phase flows through the crevices of the pore-space (i.e. the smallest regions or the pore-
space and/or channels formed by surface roughness). Capillary fingering leads to non-
uniform advancement of the displacement front, which is a rather inefficient displacement
process. In the viscous fingering regime capillary forces are negligible and viscous forces
dominate. Viscous fingering occurs at relatively high flow rates and when the displaced phase
is more viscous than the displacing phase. Viscous fingering leads to the formation of tree-
like fingers that extend out ahead of the displacement front, which is also a rather inefficient
displacement process. During viscous fingering, once a finger is formed and extends out into
the more viscous fluid it encounters a region of lower pressure and keeps moving forward,
which further extends the finger length (Zhang et al. 2010). Conversely, stable displacement
occurs at a relativity high flow rate and when the viscosity of the displacing phase is greater
than the viscosity of the displaced phase. Stable displacement leads to a flat (i.e. stable)
displacement front and low residual saturation (i.e. high displacement efficiency). During
stable displacement if a finger starts to develop the finger tip would have a lower pressure
than the main fluid font, and thus, the front would catch up (Zhang et al. 2010). For the
experiments presented in Chapters 4, 5, and 6 the viscosity of the displaced phase is greater
then the viscosity of the displacing phase. However, capillary number is relatively low (~107).
Thus, either capillary fingering and/or viscous fingering are likely to occur during water

flooding.

When capillary number is low (which often occurs during water flooding), sufficient time is
allowed for the development of crevice flow and snap-off can occur. Snap-off was first
characterized by Lenormand et al. (1983, 1984) and has recently been investigated by
numerous researchers (e.g. Mahmud et al. 2006; Nguyen et al. 2006; Chang et al. 2009;
Knackstedt et al. 2010). Crevice flow, as defined by Blunt and Scher (1995), is characterized
as a thin film of wetting fluid that flows through the crevices of the pore-space. During
imbibition, as capillary pressure decreases, the wetting film thickness increases. At a critical
capillary pressure the wetting film becomes too thick, and thus unstable, in the smallest most
restricted pore-space regions (i.e. the pore throats). This instability causes the wetting film
interface to collapse, which forces the adjoining non-wetting phase into an adjacent pore
body. Depending on the number of surrounding pores saturated with wetting phase, the

non-wetting phase may become disconnected from the bulk connected non-wetting phase
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and become trapped. The prevalence of capillary trapping in numerous pore morphologies is

investigated in Chapter 6.

Numerous researchers have modeled imbibition (e.g. Li and Wardlaw 1986; Nguyen et al.
2006; Hughes and Blunt 2000). The pore network model constructed by Nguyen et al. (2006)
explains the pore-scale competition between capillary fingering and stable displacement as a
flow rate dependent process, resulting in rate dependent relative permeability curves and
residual saturation. At low flow rates (i.e. low capillary number) wetting films are allowed
sufficient time to advance ahead of the displacement front and swell, which leads to snap-
off. While at high flow rates (i.e. high capillary number) snap-off is suppressed, since
displacement time is inversely proportional to displacement rate, and thus, less time is
allowed for film flow development. Similar network models that evaluate water flooding rate
affects are presented by Blunt and Scher (1995) and Idowu and Blunt (2010). In both models

the competition between viscous and capillary forces dictates displacement efficiency.

2.2.3 Capillary Desaturation

After water flooding, discontinuous capillary trapped oil blobs (also referred to as ganglia)
often remain in the reservoir, due to displacement inefficiencies (Gray et al. 2008). These
globules remain trapped until a force sufficient enough to move them through an adjacent
pore neck is applied (Dullien, 1992). At this scale (i.e. the pore-scale) capillary forces largely

control oil globule displacement.

Cross-Section Upstream
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Figure 2.5: An oil droplet capillary trapped in a divergent square-shaped capillary tube.
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A simple approach to modeling the displacement of a capillary trapped phase was presented
by Kalaydjian and Legait (1987), where an isolated oil droplet is trapped in the upstream
region of a divergent square-shaped capillary tube (Figure 2.5). If the flow rate in the
surrounding water phase is large enough, the isolated oil droplet will migrate downstream
and through the divergent region which is analogous to the movement of an oil droplet from
a pore body through a pore neck. Flow in this situation can be envisaged as two separate
events. One is of the advancing type, in which oil moves out of the original volume occupied
by the droplet and the other is of the retreating type, in which water moves into the original
volume occupied by the oil droplet. The advancing type occurs at the downstream interface
(i.e. the low-pressure side) of the oil droplet and the retreating type occurs at the upstream
interface (i.e. the high-pressure side). Due to the physical structure of the divergent capillary
tube the curvature of the advancing interface (C,) must increase during mobilization, which

requires a steep water-phase pressure gradient.

The water-phase pressure drop needed to initialize mobilization is established by calculating
the pressure differential across the upstream and downstream interface, using the Young-
Laplace equation (Eq.2.5), and then balancing these pressures by subtracting the upstream

and downstream pressure differentials

P

wl

- P,=7r(C,- C) (2.14)

where, P,; is the downstream water pressure (force per area), P, is the upstream water
pressure, C,is the curvature (inverse length) of the retreating interface, and C, is the
curvature of the advancing interface. Thus, the critical condition for ganglion mobilization is
that the pressure drop from one end of an oil blob to the other, in the direction of flow, must
exceed the capillary pressure difference between the interfaces at the upstream and
downstream ends of the oil blob (Melrose and Brander, 1974). A method to measure
interfacial curvature, and thus the capillary pressure of residual oil blobs is presented in
Chapter 3.

Darcy’s law (Eq. 2.7) can be used to relate the critical pressure gradient needed for oil
mobilization to flowrate. For multiphase flow the relative permeability and viscosity for each
phase must be considered. However, when the trapped phase is disconnected and is

assumed to be a static boundary, only the single-phase application of Darcy’s law is
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necessary. As shown by De la Cruz and Spanos (1983), Darcy’s law for a continuous phase
only breaks down once mobilization of the discontinuous phase occurs. This approach only
describes the pressure drop and corresponding flow rate needed to mobilize a trapped
immiscible phase; once mobilization occurs, Darcy’s law will not hold, and more

sophisticated approaches must be used to model the system.

To better understand residual blob oil mobilization, it is convenient to consider the
dependency of displacement on a dimensionless parameter, such as the capillary number
(Eq. 2.12). The larger the capillary number, the less dominant capillary forces become and
the greater the likelihood for oil mobilization (Gray et al. 2008). By examination of Eq. 2.12 it
is evident that either the invading phase velocity or viscosity must be increased or interfacial
tension must be decreased to increase the capillary number. However, significantly
increasing the viscosity or velocity of the invading phase is not practical since this would lead
to prohibitively high pressures at the injection well. Alternatively, significantly low interfacial
tension is achievable with the use of a biosurfactant and is one approach taken when using
MEOR (e.g. Baviere, 1991; Lin et al. 1994a; Youssef et al. 2009).

2.3  Reservoir Characteristics

To characterize reservoir rock, pore-scale morphological parameters and surface wettability
metrics are often used. Pore-scale images obtained with computed microtomography are
often used to quantify morphological parameters. In terms of wettability, macro-scale
indices are developed to characterize the bulk wetting nature of a sample. These
morphological parameters and wettability indices are unique, reservoir specific properties
that are critical for understanding the spatial arrangement and the mobilization of residual

oil blobs, and thus, are explained in the following sections.

2.3.1 Pore Morphology

There is a strong relationship between the structural features (i.e. pore morphology) of a
reservoir rock and its functional properties (i.e. hydraulic characteristics). The quantification
of pore-structure and the correlation of morphological parameters to functional properties is
a major challenge. Nonetheless, this challenge has been tackled by numerous researchers

(e.g. Prodanovic et al. 2005; Cai et al. 2009; Vogel et al. 2010), since understanding pore



17

morphology is critical to understanding multiphase flow. Numerous reports demonstrate
that oil blob morphology and oil saturation, which ultimately affects oil blob mobilization, are
directly dependent on pore morphology (Schnaar and Brusseau 2005; Schnaar and Brusseau
2006; Costanza-Robinson et al. 2008; Brusseau et al. 2009).

Table 2.1: Description of general pore morphology parameters obtained with 3DMA-ROCK.

Parameter Description
effective pore radii the radius of a sphere of equivalent volume
effective throat radii the radius of a circle of equivalent area

coordination number | the number of throats connecting a pore

aspect ratio effective throat radius divided by effective pore radius

To facilitate these efforts, 3DMA-ROCK (Lindquist 2002), a software package that analyzes 3-
dimensional pore-scale images of porous media and divides the pore-space into individual
pore bodies separated by pore throats, is often used to characterize porous media for
multiphase and single-phase flow models (e.g. Prodanovic et al. 2007; Cai et al. 2009; Joekar-
Niasar 2010; see Appendix A). Pore-space quantification is accomplished by constructing a
medial axis through the void space of a CMT pore-scale image, followed by searching the
medial axis for regions of minimal surface cross-sectional area, which are then defined as
throats (Figure 2.6). 3DMA-ROCK divides the pore-space into individual pore bodies
separated by throats. The latter represent only a surface and do not have volume (see
Chapter 6). Morphological parameters, such as, effective pore radii, effective throat radii,
coordination number, and pore aspect ratio, are easily obtainable with 3DMA-ROCK (Table
2.1).
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Figure 2.6: CMT image of a Bentheimer sandstone (a). Medial axis created from the pore-scale

Bentheimer image (b). Pore-throats (white) identified along the medial axis (c).

2.3.2 Wettability

Wettability is a major factor controlling multi-phase flow, and thus oil production (Tweheyo
et al. 1999; Graue et al. 1999; Morrow and Mason 2001; Al-Raoush 2009; Karpyn et al. 2010).
To quantify porous media wettability, macro-scale indices (obtained with techniques such as
the Carter, USBM, or Amott methods) are used regularly. The Carter method, as used by
Kumar et al. (2008), initially calculates water-wet and oil-wet indices by measuring the
relative amount of oil or water spontaneously imbibed into a porous sample. The Carter
index is then calculated by subtracting the oil-wet index from the water-wet index. The
Carter method values ranges from -1.0 to 1.0, where an oil-wet porous medium has a Carter
index < 0, while a water-wet porous medium has a Carter index > 0. However, the Carter
method and the other wettability metrics previously mentioned only provide macro-scale

information.

The wettability of reservoir rock commonly ranges from water-wet to moderate-wet. Yet, in
the case of carbonate reservoirs predominantly oil-wet conditions can exist (Treiber et al.
1971). Clean quartz sandstone is generally water-wet; however, if the same sandstone is
subjected to high temperature and pressure in the presence of oil, its surface chemical
structure can be altered or the surface itself can become coated (e.g. asphaltene deposition,
Kumar and Fogden 2009) in such a way that it becomes oil-wet (Okasha et al. 2004; Afrapoli
et al. 2010; Lake, 1996). Generally, most oil reservoirs have mixed-wettability due to either
long term oil exposure at elevated temperature and pressure and/or the presence of non-

quartz surfaces that are predominately oil-wet (e.g. calcite and dolomite, Okasha et al. 2004)
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or moderate-wetting (e.g. kaolinite and montmorillonite, Borysenko et al. 2009). In this
sense, mixed-wettability or fractional-wettability is used interchangeably since both terms
refer to a situation where preferential wetting is spatially heterogeneous at the pore-scale.
Herein, fractional wettability is defined as the fraction of pore surface area that is either
water-wet or oil-wet (see Chapter 5). Thus, a fractional-wet porous media would have a

given oil-wet surface area to water-wet surface area ratio.

2.4 Applied Microbiology

Microorganisms are ubiquitous in nature and numerous microbial species with diverse
physiological and metabolic abilities are recovered from oil reservoirs (Youssef et al. 2009).
Because of this diversity, MEOR must be implemented with great care, since both beneficial
and detrimental microbial activities are possible. For example, when a reservoir’s microbial
community is stimulated with an abundant carbon source, and if sulfate is present, sulfate
reducing bacteria may proliferate and produce large quantities of hydrogen sulfide, which is
highly corrosive to oil-extraction equipment. However, numerous beneficial microbial
mechanisms are also readily identifiable, for example, biosurfactant production or
bioclogging. Currently, researchers are investigating oil reservoir microbial ecology and
designing reservoir specific treatment regimes that aim to augment the microbial
populations attributed to beneficial activity, while inhibiting those attributed to detrimental
activity (e.g. Torsvik, 2005; Youssef et al. 2008; Bao et al. 2009; Zhang et al. 2010; van der
Kraan et al. 2010), and thus, control the MEOR mechanisms through which residual oil blob

mobilization occurs.

In general, fermentative and other anaerobic microbial populations dominate oil reservoir
microbial communities, since oil reservoirs have low redox potentials, and thus, are
predominately anoxic. To augment an oil reservoir’s microbial community, an electron
donor, an electron acceptor, or combination thereof, must be injected into the subsurface
environment. Prior to reservoir augmentation, the most common electron donors found in
an oil reservoir are: volatile fatty acids, acetate, propionate, benzoate and petroleum
hydrocarbons, while the most common electron acceptors found in an oil reservoir are:
sulfate, carbonate minerals, and iron (Fisher, 1987). Although the native chemical
environment can obviously support microbial growth, MEOR requires a drastic increase in
the microbial activity of a few specific beneficial microorganisms. Additionally, other

environmental conditions, such as, high salinity, high temperature, and high pressure, must
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be considered when implementing MEOR, especially if exogenous microorganisms are
injected. Numerous reports have shown that microbial activity and significant hydrocarbon
degradation does not occur in petroleum reservoirs that have been exposed to or are
currently at temperatures greater than 80°C (e.g. Réling et al. 2003; Wilhelms et al. 2001;
Head et al. 2003). In the following sections the MEOR mechanisms attributed to oil

mobilization and a few beneficial microbial species involved are reviewed.

2.4.1 MEOR Mechanisms

Numerous proposed mechanisms through which microorganisms increase oil recovery are
presented in the literature (for an in depth review of each mechanism and the microbial
species involved refer to Youssef et al. 2009) for the microorganisms used in this dissertation
(i.e. Bacillus mojavensis JF-2 and Shewanella oneidensis MR-1) the following mechanisms are

possible:

Interfacial tension reduction: Bacteria can facilitate the mobilization of oil through the
production of amphiphilic compounds, termed biosurfactants, which reduce interfacial

tension (IFT) between immiscible phases.

Wettability change: Bacteria can colonize reservoir rock and form biofilm that has wetting
properties significantly different than reservoir rock, thus, a reservoir’s wettability can
change to a more water-wet or more oil-wet condition depending on the nature of the

biofilm.

Bioclogging: The formation of biofilm can clog preferential flow paths and increase a

reservoir’'s sweep efficiency.

Analyzing a successful laboratory-scale MEOR experiment is complicated by the fact that
attributing AOR to a single mechanism is difficult because MEOR mechanisms do not
necessarily occur independently. For example, during bioclogging, when sweep efficiency is
increased, the formed biofilm could also potentially change surface wettability and/or
increase pore velocity. Thus, to identify the MEOR mechanism responsible for oil recovery
(which is the focus of Chapter 4), biofilm formation, wettability change, fluid viscosity
change, and IFT reduction must be quantified. Emphasis should be placed on the fact that a
combination of phenomena are responsible for oil recovery using MEOR and that multiple
measurement techniques derived from the fields of microbiology and petroleum engineering
are needed to understand MEOR.
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2.4.2 Interfacial Tension Reduction

After secondary recovery, there is usually an insufficient pressure gradient to move residual
oil blobs through the surrounding pore throats and a reduction of the capillary force that
opposes oil blob movement is needed (Baviere, 1991). One strategy for oil blob mobilization
is to increase the capillary number with a biosurfactant by reducing interfacial tension (Butt
et al. 2006 and Lin et al. 1994a). Gray et al. (2008) reported on the minimal IFT reduction
required for oil mobilization by rationalizing that a biosurfactant must reduce the IFT by at
least two orders of magnitude to mobilize oil since the capillary number for most reservoirs
under a water flood is 107 (Willhite and Green, 1998) and core flooding experiments indicate

a capillary number of 10® to 10™ is required to mobilize oil (Stalkup, 1984).

Oil blob mobilization due to biosurfactant-facilitated IFT reduction has been studied at the
laboratory-scale under a wide range of circumstances. Suthar et al. (2008) used Bacillus
licheniformis K125, Bacillus mojavensis JF-2, and Bacillus licheniformis TT42 in sand packed
columns. K125 gave the best results with an AOR of 43%, JF-2 produced an AOR of 30%, and
T42 was the least effective with an AOR of 21%. Soudman-asli et al. (2007) studied MEOR in
fractured porous media using etched glass micromodels. In this study, a biosurfactant
producing bacterium and an exopolymeric-producing bacterium were used; results
suggested that plugging of the matrix-fractures by exopolymeric substances inhibited oil
recovery resulting in the biosurfactant producing bacterium outperforming the exopolymeric
producing bacterium. Yakimov et al. (1997) studied MEOR in oil-bearing sandstone cores
with numerous Bacillus licheniformis species isolated from a German oil reservoir. In this
study, oil recovery efficiencies varied from 9.3 to 22.1% AOR. While the reported AOR values
look promising, attributing these positive lab-scale results to IFT reduction only is difficult. In
some cases only surface tension (i.e. liquid phase/air interfacial tension) values for the
microbial broth were reported (e.g. Suthar et al. 2009). In studies where actual IFT was
reported, reduction does not always meet the two orders of magnitude requirement stated
by Gray et al. (2008) suggesting that other mobilization mechanisms may be active and

responsible for additional recovery.
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2.4.3 Wettability Change

Changes in wettability can potentially increase oil recovery since both the spatial
arrangement and morphology of residual oil is dependent upon wettability (Kumar et al.
2010b; 2009). As previously mentioned, bacteria can colonize surfaces and form biofilm,
which can change a reservoir's wetting properties. Bacterial surface interactions have been
reported to change preferential surface wetting properties from water-wet to oil-wet and
vise versa (Polson et al. 2010; Chase et al. 1990; Kianipey, 1990). In MEOR studies using
Bacillus mojavensis JF-2 in sandstone cores, bulk wettability shifted to more water-wet
conditions. The Amot wettability index increased from -0.27 to -0.10 in initially oil-wet cores
after MOER treatment with JF-2 (Chase et al. 1988) and the USBM wettability method in
water-wet cores showed that JF-2 shifted the wettability index significantly in the positive
direction toward a more water-wet condition up to a maximum index value of 0.99 (Kianipey
et al. 1989). However, a reason for the direction in which microbes change surface wetting
has not been proposed and a useful method for evaluating pore-scale surface wetting
characteristics needs development such that a change in preferential wetting can be

quantified and monitored at the pore-scale (i.e. grain surface) where the change originates.

2.4.4 Bioclogging

A biofilm is a surface-associated community of microorganisms. The biofilm matrix consists
of exopolymeric substances (EPS; a mixture of polysaccharides, proteins, and other biological
macromolecules) and microorganisms. Biofilms are observed in both natural and engineered
systems, and are believed to be the primary habitat for most microorganisms (Costerton et
al. 1995). In porous media, the accumulation of biofilm is known to reduce permeability and
if this reduction occurs preferentially in high permeability zones, reservoir sweep efficiency

during a water flood can potentially improve.

Numerous researchers have studied permeability reduction due to bioclogging (see Appendix
B for the development of a method to image biofilm in porous media). Dunsmore et al.
(2004) conducted permeability reduction experiments utilizing etched glass micromodels of
9900 md permeability intended to simulate reservoir sandstone. Biofilm production reduced
permeability by 50% in the initial 25 hours and this reduction was attributed to cell
aggregation and biofilm formation that clogged pore throats and restricted fluid flow.

Cunningham et al. (1991) conducted permeability reduction experiments with Pseudomonas
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aeruginosa in sand and glass bead columns. A 98% permeability reduction was observed over
the first 2-3 day period and no further reduction was observed after 5 days. Permeability
reduction was also measured in Prudhoe Bay cores by His et al. (1994). A total permeability
reduction of 90% was observed and could be reversed by a 5-6% sodium hypochlorite
injection which oxidized the bacteria and removed surface attached biofilm. Bioaccumulation
in layered permeability zones was studied by Gandler et al. (2006) where columns were
layered along their axes with different diameter glass beads. The results showed that
bioaccumulation occurred preferentially in the higher permeability layer. Oil recovery
experiments were not carried out by Gandler et al. (2006), however, selective plugging was
evaluated by Suthar et al. (2009) in sand packed columns where no layered permeability

zone existed and an average AOR of 28% was obtained.

Schulenburg et al. (2009) performed three-dimensional simulations of biofilm growth in
porous media based on a Lattice Boltzmann simulation platform complemented with an
individual based biofilm model. These simulations suggest some interesting subtleties of
biofilm growth in porous media that are of particular importance to MEOR. Results suggest
that biofilm accumulation: (1) increases both the heterogeneity and magnitude of the
velocity field, (2) reduces the bulk liquid pore volume, (3) is encouraged in high velocity
channels and consequently flow rate through these channels are reduced due to enhanced
biofilm accumulation, and (4) in small amounts has a significant influence on permeability.
Overall the simulations demonstrated that biofilm/biomass is a potentially effective medium

for reducing permeability in relatively heterogeneous porous media.

2.5 Pore-Scale Imaging

Computed microtomography (CMT) and stereo microscopy are two imaging techniques that
can provide significant pore-scale information. Computed microtomography can produce
three-dimensional images of multiple fluid phases in a porous medium. However, using CMT,
biological material that is relatively similar to water in terms of x-ray attenuation
characteristics, is not detectable (Appendix B). Thus, to visualize the pore-scale MEOR
mechanism of bioclogging, 2-dimensional micromodel experiments, where the biological
phase can be directly visualized with stereo microscopy are required. Once images are
collected, great care must be taken to extract quantitative information and a significant

amount of research has gone into the subtleties of image processing. In the following
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sections, computed microtomography and stereo microscopy will be introduced along with a

brief introduction to image processing.

2.5.1 Computed Microtomography

Three-dimensional computed microtomography (CMT) has been available for more than
three decades and has been a powerful tool for studying a wide array of processes in porous
media systems (e.g. Al-Raoush et al. 2009; Wildenschild et al. 2002, 2005; Porter et al. 2010b;
Appendices A and B). This imaging technique provides non-destructive and non-invasive 3-
dimensional imaging of the interior of objects by mapping x-ray attenuation through a
sample. The resulting attenuation values are represented in images as voxels (i.e. the 3-
dimensional equivalent of a pixel) which are ultimately labeled as a given phase; for example,
oil, water, and solid. The method allows for distinguishing multiple fluid/menisci, quantifying
interfacial areas, and measuring oil blob size distributions (e.g. Al-Raoush et al. 2002; 2005;

Karpyn et al. 2010). CMT is used in the experiments presented in Chapters 3, 5, and 6.

CCD p—— data collection

«—— microscope objective

monochromator

X-ray
source

mirror

translation and rotation stage

Figure 2.7: Typical computed microtomography (CMT) stage setup.

To further explain CMT, the tomography setup (Figure 2.7) at the Advanced Photon Source at
Argonne National Laboratory will be used as an example. The GeoSoilEnviroCARS bending
magnet beam-line provides a fan-beam of high-brilliance radiation, collimated to a parallel
beam with a vertical beam size of approximately 5 mm. A monochromator is used to
decompose the white synchrotron light into different wavelengths allowing a user to

customize the monochromatic energy level at which to scan. For a three phase system (e.g.
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water, oil, and solid) a tracer, such as cesium or iodine, is added to the water phase and
scanning above the photoelectric edge of the tracer is performed to enhance contrast
between the immiscible phases. Three-dimensional images result from scanning the sample
through 180° rotations in small angular increments (e.g. 0.25°). The raw data (2D projections
for each angle) are then reconstructed with a filtered back-projection algorithm using the
programming language IDL™ (Research Systems Inc.) to form a 3-dimensional volume of
gray-scale data. A voxel length of 10 um can be easily achieved for a sample size of

approximately 1 cm outer diameter.

Cone-beam microtomography was used in the experiments presented in Chapter 6. The
general principles behind cone-beam microtomography and synchrotron-based CMT, as
explained above, are the same. Tracers, as used in synchrotron-based CMT to enhance image
contrast, are also used in cone-beam microtomography. However, imaging at the
photoelectric edge of a tracer is not possible since cone-beam microtomography uses a
polychromatic energy source. Though, a tracer, such as cesium or iodine, can still provide

additional contrast between the immiscible phases then if no tracer is used.

2.5.2 Stereo Microscopy

A stereo microscope is an optical microscope variant designed for low magnification
observation of a sample using incident light illumination and is used for the experiments
presented in Chapter 4. This imaging technique allows for a greater depth of field and larger
working distance than does use of a standard microscope. These attributes lend themselves
nicely to micromodel experiments where the entire flow field (approximately 2.5 mm by 1.5
mm for most micromodels) needs to be imaged at moderate resolution (~10 um/pixel).
Imaging of micromodel multiphase flow experiments using stereo microscope allows for the
guantification of interfacial curvature, residual oil saturation, and oil blob morphology (Chen
et al. 2007; Cheng et al. 2004). One unique benefit to stereo microscopy is that imaging of
biofilm/bioaccumulation in a micromodel is feasible, which makes this experimental

approach an essential supplement to column experiments imaged with CMT.
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2.5.2 Image Processing

The purpose of image processing is to prepare images for the extraction of quantitative
information. This requires that features (or different phases, e.g. oil, water, and solid) are
well defined, either by edges or unique intensities. The image processing steps of
segmentation where individual phases are identified and labeled followed by quantification
of interfacial area, oil blob morphology, and the development of a method to measure

interfacial curvature are explained in the following.

The segmentation of gray-scale images is a critical step prior to extracting any quantitative
information. Throughout the literature a multitude of different segmentation approaches are
presented, for example; global threshold segmentation, indicator kriging-based
segmentation, k-means segmentation, and gradient-based watershed segmentation (e.g.
Porter and Wildenschild 2010, Schnaar and Brusseau 2006, Lindquist and Venkatarangan
1999). Global thresholding (used in Chapter 4) is the simplest approach; however, it is the
most susceptible to error. Applying global thresholding, a user defined threshold value is set
and any voxel value above the threshold is assigned to a given phase and any voxel value
below the threshold is assigned to the other phase. Indicator kriging-based segmentation
(used in Chapter 6) on the other hand uses a local thresholding approach, where known
regions are defined by assigning upper and lower threshold values. The unknown regions (i.e.
voxel values between the two threshold limits) are then assigned to a given phase by a local
kriging-based correlation function (Lindquist 2002). Using K-means segmentation (used in
Chapter 3), no user defined threshold values are used. K-means works by maximizing the
difference in voxel values between different clusters, while minimizing the difference in voxel

values in the same cluster (Pappas, 1992).

Image segmentation is often difficult in phase transition regions (e.g. the oil/water interface).
At interfaces, large voxel intensity gradients exist and a simple threshold or local correlation
function, such as indicator kriging or k-means, often place the location of an interface
improperly or incorrectly identify the interface as a third phase (Sheppard et al. 2004). Using
a gradient-based watershed segmentation (used in Chapter 5) the known regions (i.e.
internal regions of each phase) in an image are identified with a simple threshold and then
the unknown regions (i.e. interfacial transition regions) are found by considering the image

intensity gradient, such that, the optimal transient between any two phases is found at the
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inflection point between any two known phases (Sheppard et al. 2004). This point of

inflection is identified by the maximum of the first derivative of the image intensity.

After segmentation, bulk residual oil saturation and oil blob morphological parameters can
be calculated. Oil saturation is simply found by counting the number of voxels in an image
that belong to the oil phase. Individual oil blob sizes are calculated by finding connected
components in a binary residual oil image using neighborhood pixel connectivity (for
example, 8 for 2-dimensional images or 26 for 3-dimensional images). Each connected object
is classified as an oil blob and volumes are reported as the number of pixels (or voxels for a 3-

dimensional image) representing a given blob.

Additionally, after image segmentation, a marching cube algorithm can be implemented to
construct isosurfaces between the fluid-fluid interfaces. For example, Porter et al. (2010)
used the isosurfaces from segmented images to calculate interfacial areas (e.g. oil/water,
oil/solid, and water/solid) in a multiphase system, and validated this method by using a
number of test images that resulted in interfacial area estimates within 2-10% of the true
value. In this dissertation, a similar approach is taken to develop and validate the
measurement of interfacial curvature, which is an essential multiphase flow parameter (see,

Eq. 2.5 and Eq. 2.14), from pore-scale images.

The curvature of a surface (e.g. an interface or isosurface) is a unique surface characteristic
that defines the amount by which a surface deviates from being flat. At any given point C on
a surface S the curvature k changes as the normal plane R,(¢) rotates around the normal
vector n (Figure 2.8). Thus, curvature k,(¢) at C is a continuous function and has both a
maximum and a minimum defined as the two principal curvatures k; and k, , where the mean
value of the principal curvatures is R, as defined in Eq. 2.5. Depending on whether the
segmented images are 2-dimensional or 3-dimensional two different curvature measurement

techniques were applied.
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Figure 2.8: Curvature measured at point C on surface S. The surface is uniquely defined by the two

principals of curvature K; and K,.

In Chapter 4, for the 2-dimensional stereo microscopy images, interfacial curvature was
calculated using level set methods adapted from work presented by Sethian (1996 and
Sethian and Smereka, 2003). Level set methods are numerical techniques for analyzing
interfaces and interfacial movement. Intrinsic geometric properties of a front (i.e. an
interface) are easily determined from the level set function ¢. For example, the curvature (K)

of each level set is easily obtained from the divergence of the unit vector normal to a front.

32 (2.15)

K =V-[VoI|Vol] = [0.0° - 2 00,0, + 0,07 | [0°+ 0]
To implement this method, a segmented binary image is used and the edge of each interface
is defined as a front. After applying a Gaussian blur function to the image, the resulting
image can be defined as the level set function ¢. If the location of each interfacial pixel is
registered prior to blurring, the interfacial curvature at each registered point (i.e. pixel) is
calculated using Eq. 2.15. Thus, the curvature value for all interfacial pixels in a 2-dimensional

image can be calculated.
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In Chapters 3 and 5, for the 3-dimensional CMT images, interfacial curvature was calculated
using the commercially available software Avizo Fire® using the isosurfaces formed between
the fluid-fluid interfaces. Isosurface patches between different phases (e.g. the oil and water
phase) can then be extracted from the image volume and used for calculating interfacial
curvature. Curvature is approximated locally on the triangulated isosurface by a quadratic
form. The eigenvalues and eigenvectors of the quadratic form correspond to the principal
curvature values and to the directions of principal curvature. From this analysis, a surface
scalar field is computed containing the mean value of the two principal curvature values,
which is mean curvature as used in the Young-Laplace equation (Eg. 2.5). Thus, capillary

pressure can be directly measured from CMT images.

2.6 Summary

In the following Chapters the concepts, mechanisms, and approaches described here are
implemented to explore MEOR. Chapter 3 validates a method to measure interfacial
curvature from CMT data. Chapter 4 explores the MEOR mechanisms previously presented
and attempts to decouple the mechanisms. Chapter 5 uses the curvature method presented
in Chapter 3 to investigate oil blob mobilization (i.e. capillary desaturation) with MEOR in
fractional-wet systems. Lastly, Chapter 6 examines pore morphology effects on capillary

trapping (i.e. snap-off) and oil blob mobilization with MEOR.
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3.1 Abstract

Synchrotron-based tomographic datasets of oil-water drainage and imbibition cycles have
been analyzed to quantify phase saturations and interfacial curvature, as well as, connected
and disconnected fluid configurations. This allows for close observation of the drainage and
imbibition processes, assessment of equilibrium states, and studying the effects of fluid
phase disconnection and reconnection on the resulting capillary pressures and interfacial
curvatures. Based on this analysis estimates of capillary pressure (P,) calculated from
interfacial curvature can be compared to P. measured externally with a transducer. Results
show good agreement between curvature-based and transducer-based measurements,
when connected phase interfaces are considered. Curvature measurements show a strong
dependence on whether an interface is formed by connected or disconnected fluid and the
time allowed for equilibration. The favorable agreement between curvature-based and
transducer-based P, measurements shows promise for the use of image-based estimates of
P. for interfaces that cannot be probed with external transducers, as well as opportunities for

a detailed assessment of interfacial curvature during drainage and imbibition.

3.2 Introduction

The relationship between capillary pressure and saturation is the foundation on which we
build our multiphase flow models and our understanding of the relevant pore-scale physics.
Thus, the importance of this relationship cannot be overstated. Capillary pressure (P,) is
inherently a pore-scale phenomenon and is defined as the difference in pressure across a
curved interface separating two immiscible fluids, expressed as

P=P - P (3.1)

c nw w

where P, is the non-wetting phase pressure and P, is the wetting phase pressure (wetting
and non-wetting phases are defined below). In a multiphase system, P.is attributable to the
interfacial forces that act tangential to the interfacial boundaries. By considering a small
segment of a curved interface, balancing pressure and interfacial forces, and assuming static

equilibrium, the Young-Laplace equation can be written as
P = 20R (3.2)

where ¢ is the interfacial tension between the wetting and the non-wetting phase and R is

mean curvature. Using Eq. 3.2 the mean curvature of an interface can be directly linked to
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capillary pressure. For example, if applying £q.3. 2 to a simple capillary tube geometry R is

defined as
R = cos(a)lr (3.3)

where «ais the contact angle (measured as the angle between the fluid-fluid interface and
the solid surface) and ris the radius of the capillary tube. When measuring « through a given
phase, the phase is considered wetting for a <90°and non-wetting for « > 90°. ‘However,
for more complex systems the combined effect of contact angle and pore morphology on R is

not easily defined and direct measurement of R is usually unfeasible for opaque media.

Traditionally, P, is defined at the macro-scale by the following empirical relationship

nw w

P~ P,= P(S,) (3.4)

where S, is wetting phase saturation. This traditional approach assumes that capillary
pressure is a function of saturation only, and other pore-scale properties, such as interfacial
configuration, interfacial curvature, contact angle, and pore morphology are ignored. The
previously mentioned properties tend to be lumped into S,, without consideration of their
individual effects. Additionally, this traditional relationship produces a non-unique solution
because of hysteretic effects, in part, due to oversimplification of the pore scale physics

resulting in a non-unique solution during drainage and imbibition.

Even though hysteresis complicates the application of Eq. 3.4, the traditional function does
result in a range of possible static P, values that are enclosed by the main imbibition and
main drainage branches for all possible saturation histories within a given sample (Leverett,
1940). In this respect, since P, can be directly related to mean curvature (i.e., Eq. 3.2), all
possible static interfacial geometries (i.e. mean curvatures) in a given sample are restricted
by the main imbibition and drainage branches. Thus, fundamentally, only a unique range of
mean curvatures are possible for a given sample. However, understanding the independent
effect of interfacial tension, contact angle, and pore morphology on interfacial curvature is
difficult.
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Using a thermodynamic approach, Hassanizadeh and Gray (1990, 1993) and Gray and
Hassanizadeh (1991a, 1991b) and more recently Gray and Miller (2011) stressed the
importance of including interfacial properties when modeling multiphase flow at the macro-
scale. The general concept in their approach has been to develop a model that explicitly
accounts for the interfaces in a multiphase system. They propose that the traditional
macroscale P.(S,) function does not fully account for all of the pore scale physics and that an
additional term, specific interfacial area (a,.), is needed (Hassanizadeh and Gray, 1990, 1993;
Gray and Miller, 2011). The following functional relationship for capillary pressure was

proposed
})c = })c(Sw’ anw) (35)

With the inclusion of a,,, in the macro-scale capillary pressure relationship, Hassanizadeh and
Gray (1993) hypothesized that all possible static P, values lie on a unique surface and that the
hysteretic effect seen with Eq. 3.4 is simply an artifact of projecting a 3D surface onto the P.-
Sw plane. A few experimental and numerous modeling results have shown that a unique P.-
Sw-anw surface exists for a given pore morphology, suggesting that the inclusion of a,,,
provides a unigque solution for P,, or at least removes most of the hysteretic effect (Reeves
and Celia 1996; Held and Celia 2001; Cheng et al. 2004; Joekar-Niasar et al. 2008; Porter et al.
2009, 2010). However, pore network modeling results from Helland and Skjaeveland (2007)
show non-unique solutions for P, (in reference to E£q. 3.5) and results from Liu et al. (2011)
suggest that a,,, is dependent on contact angle, and thus, is not an independent variable (as
defined in Eq. 3.5). Regardless, saturation, specific interfacial area, and contact angle
hysteresis are important parameters to consider and numerous reports have demonstrated

their influence on interfacial curvature.

More recently, the difference between dynamic and static P, has been studied, and it is well
accepted that these value are not identical (Hassanizadeh et al. 2002; Manthey et al. 2008;
O’Carroll et al. 2005, 2010). This dynamic effect is attributed to the rate of change of
saturation. However, herein we address an additional dynamic effect due to interfacial
relaxation. Very little experimental evidence has been presented that addresses the
relaxation of interfaces during the transition from dynamic to static conditions. Despite the
fact that such experimental evidence is requisite for assessing the time needed for
equilibration, and thus, the circumstances required to warrant use of an equilibrium

assumption. To our knowledge, the only experiments that address equilibration are
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presented in the work of Liu et al. (2011), who reported relaxation times of 165 minutes for

the radius of interfacial curvature in a smooth-walled divergent channel.

Our approach to quantifying capillary pressure evolution is to investigate interfacial
curvature measured from computed x-ray microtomography (CMT) images obtained during
imbibition and drainage experiments. In the collected images, fluids were separated into four
individual fluid configurations: (1) connected wetting, (2) disconnected wetting, (3)
connected non-wetting, and (4) disconnected non-wetting. The average interfacial curvature
between each fluid combination was compared to P. values measured from an external
pressure transducer. Curvature measured from the CMT images was then related to capillary
pressure using the Young-Laplace equation (Eq. 3.2). This approach allows for a direct
comparison between P, calculated from a pore-scale interfacial property (i.e. curvature) and

column-scale P, measured using a pressure transducer.

Pragmatically, the two pressure measurement approaches are different. A pressure
transducer evaluates P, according to Eq. 3.1, where P,,, is generally measured at the column
outlet using a hydrophobic membrane, and P,, is generally measured at the column inlet
using a hydrophilic membrane. The disadvantage to this measurement technique is that P. is
not related to any sort of interfacial property and S,, is averaged over the whole column
assuming saturation gradients are small. Conversely, P, calculated from curvature using the
Young-Laplace equation (Eq. 3.2) directly considers an "intrinsic" interfacial property, i.e.,
curvature (Hassanizadeh and Gray, 1993). This distinction is crucial, because it is unclear how
pressure transducer-based P, measurements account for disconnected fluid interfaces and
how the transducer averages P, over the entire column. In essence, an external pressure
(transducer) measurement is some volume averaged value and, in our opinion, it is critical to
understand how well this value represents pore-scale interfacial curvature. Assuming that
the error associated with the measurement of interfacial curvature can be minimized, it is
our proposition that measuring interfacial curvature from pore-scale images can provide

significant improvement in the evaluation of pore-scale capillary pressure.

To the best of our knowledge, this is the first direct comparison between micro-scale P,
measured via interfacial curvature and macro-scale P, measured via a pressure transducer in

a 3D porous medium. A few attempts have been made using other imaging techniques in 2D
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micromodels. Cheng et al. (2004) and Pyrak-Nolte et al. (2008) measured interfacial
curvature in 2D from microscope images using a level set approach and found a reasonable
correlation between transducer measured P. and curvature measured P.. Additionally, Liu et
al. (2011) measured interfacial curvature from confocal laser scanning microscopy images by
fitting the interfaces to the arc of a circle. Ultimately, the accuracy of a given curvature
measurement depends on the quality of the original image, where both image resolution and
the signal-to-noise ratio are critical. Herein, we validate our curvature measurement method
by testing it against CMT images of precision glass spheres and CMT images of capillary tube
menisci, and lastly, we compare pore-scale interfacial curvature measurements to column-

scale capillary pressure measurements during drainage and imbibition.

3.3  Materials and Methods

3.3.1 Experimental Setup

In this work, we further analyze CMT data for the drainage and imbibition experiments
reported by Porter et al. (2010). These experiments were conducted at the GeoSoilEnviro
Consortium for Advanced Radiation Sources (GSECARS) bending magnetic beamline, Sector
13, Advanced Photon Source (APS), Argonne National Laboratory. The experimental system
consisted of soda-lime glass beads (35% 0.6 mm diameter, 35% 0.8 mm diameter, and 30%
1.0-1.4 mm diameter) packed in a 25.0 mm long glass column with an inside diameter of 7.0
mm. A semi-permeable, hydrophilic membrane was placed at the bottom of the column to
prevent the non-wetting phase (Soltrol 220, p = 0.79 g/cm?, 6 = 0.0378 N/m) from entering
the water line. A rubber stopper containing the non-wetting phase outlet line was placed
inside the column in contact with the top of the porous medium. The wetting phase
consisted of potassium iodide doped water (1:6 mass ratio of KI:H,0) and the amount of
wetting phase pumped in and out of the column was precisely controlled (= 1 pl) by a syringe
pump (Gilson 402). In the present work, where the focus is on minute details, i.e., local
curvature-based estimates of P,, the saturation values are based on the imaged sub-section
analyzed for curvature, whereas in Porter et al. (2010) the saturations were estimates for the
entire column and thus based on the pumped volumes. The pressure of each phase was
measured (Validyne P55 Differential Pressure Transducer) in the fluid lines above and below
the porous medium. A point on the P.-S,, curve was obtained by pumping a precise amount
of wetting phase into (imbibition) or out of (drainage) the column at a flow rate of 0.6 ml/hr,

turning off the pump, allowing the fluids to equilibrate for 10-15 minutes, and then imaging a
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5.5 mm section of the column at 13 um/pixel resolution. In a few cases fluid movement was
observed in the CMT images (noticeable by the blurring and/or streaking of the
reconstructed image) after 10-15 minutes and the system was allowed to equilibrate until no
fluid movement was observed. Thus, it was assumed that the points on the P.-S,, curve had
reached near-equilibrium conditions. The column was initially fully saturated with the
wetting phase and primary drainage (PD), main imbibition (M), main drainage (MD),

secondary imbibition (SD), and secondary drainage (SD) curves were measured in succession.

3.3.2 Image Segmentation

The reconstructed gray-scale CMT images obtained from the APS require further image
processing to accurately identify the solid and two fluid phases. Typically, the images are
filtered to remove random noise in the images, and then segmented so that each phase is
identified by a single integer. The segmented data was first filtered with an edge preserving
anisotropic diffusion filter and then segmented with a k-means clustering algorithm. Further
details regarding the segmentation algorithm and its validation can be found in Porter and
Wildenschild (2010a).

Representative elementary volume (REV) analysis for S,, and a,,, was conducted (Porter et al.
2010, Fig. 3) to ensure that the size of the image cube analyzed (128.6 mm?) provides
meaningful results when volume averaged. However, interfacial curvatures were not
considered in Porter et al. 2010, and thus further REV qualification is included in this report.
To resolve this issue a larger cylindrical volume (194.7 mm?®) was extracted from the
segmented data and analyzed for curvature. The larger cylindrical volume gave nearly
identical curvature results to that measured from the smaller cubed volume (Figure 3.1).
Thus, for simplicity in data processing (less memory and CPU required), the smaller cubed
data volume (128.6 mm?), as used on Porter et al. 2010, was used for the analyses presented

herein.
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Figure 3.1: The average Pc values calculated from the cubed volume (128.6 mm3) and a larger
cylindrical volume (194.7 mm3) are directly comparable, demonstrating that an REV, in terms of

interfacial curvature, was obtained with the smaller cubed volume.

3.3.3 Image Analysis: Connectivity

Segmented images were analyzed for connectivity throughout the assigned REV. An
algorithm in Avizo Fire® called Reconstruct was used to rebuild an image starting from
markers placed at the top and bottom of the segmented volume. The algorithm exclusively
retrieves objects in the image space that are connected to the set markers, using a 26
neighborhood voxel-connectivity requirement (see Avizo Fire® documentation for more
information). To reflect the experimental setup, a marker for the oil phase was placed at the
top REV slice and a marker for the water phase was placed at the bottom REV slice. Thus, any
oil phase voxel connected to the top slice was retrieved and considered to be connected.
Likewise, any water phase voxel connected to the bottom slice was retrieved and considered
to be connected. Using this approach the assigned REV was segregated into four fluid
configurations: (1) connected wetting, (2) disconnected wetting, (3) connected non-wetting,

and (4) disconnected non-wetting.

3.3.4 Image Analysis: Interfacial Curvature

The first step of the curvature calculation process was to construct isosurfaces from the

segmented images. Isosurfaces were generated between the following fluid configurations:
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connected wetting/connected non-wetting, connected wetting / disconnected non-wetting,
and disconnected wetting/connected non-wetting, using a surface generating marching cube
algorithm in Avizo Fire®. The surfaces are smoothed using a 4x4x4 kernel applying sub-voxel
weights such that the surface is naturally smoothed. However, no labels are modified,
meaning that any two voxel centers that were labeled differently prior to smoothing remain

separated by the generated surface afterwards.

Curvature was approximated locally on the triangulated interfacial surface by a quadratic
form. The eigenvalues and eigenvectors of the quadratic form correspond to the principal
curvature values and to the directions of principal curvature, respectively. This produces a
surface scalar field that contains the mean value of the two principal curvature values, i.e.,
mean curvature (R), as used in Eq. 3.2. To smooth the curvature distribution data, mean
curvature values that corresponded to adjacent triangular elements were averaged over a
common neighborhood. Only triangles sharing a common edge and/or corner are considered
common neighbors. The curvature estimation method was tested on artificial CMT data for a
meniscus in a capillary tube, real CMT data for a meniscus in a capillary tube, and CMT

images of precision glass spheres (0.8 mm £ 0.1 mm).

The artificial CMT capillary meniscus data were generated with a code® written in C++ that
uses the analytical expression for a curved meniscus in a capillary tube to generate a 3D
single-precision floating point array that represents a realistic geometry. The input
parameters are: capillary tube diameter, curvature, amplitude of the Gaussian noise signal,
and number of pixels in the x, y, and z directions. The artificial data were generated to have
similar phase separation and noise as the actual CMT images collected during our
experiments, and this was accomplished primarily by adjusting the Gaussian noise signal.
Example histograms of both artificial and real CMT data are provided in Figure 3.2. Curvature
was constrained by a 25° contact angle. The contact angle was evaluated experimentally by
placing a droplet of Soltrol oil on a glass slide submerged in water. The resulting contact
angle was computed using Imagel based on B-spline active contours (Stadler et al. 2006).
Lastly, this algorithm allowed us to vary the capillary tube radius to represent the range of P,

values measured during the drainage and imbibition experiments.

! Courtesy of James McClure (University of North Carolina).
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Capillary meniscus data was also generated experimentally by placing a capillary tube in a
(sealed) water reservaoir, letting KI-doped water rise in the tube, allowing for equilibrium, and
then imaging with CMT. Mean curvature (R) was calculated from the CMT image and
compared to the analytical solution (Eg. 3.3). A third additional validation was performed by

measuring curvature on a CMT image of precision glass spheres (0.8 mm + 0.1 mm).
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Figure 3.2: The Image histograms for the artificial (a) and real (b) CMT data are similar in terms of
phase separation and noise.

3.4 Results and Discussion

3.4.1 Curvature Validation

The artificial CMT capillary meniscus data were generated to represent the range of P, values

encountered during the drainage and imbibition experiments. Figure 3.3 shows the relative
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error encountered using this approach for the range of P, values analyzed, and demonstrates
that as P, increases, error increases. This trend is essentially a resolution problem caused by
pixilation (i.e. the pattern of pixels or voxels is visible due to low image resolution). As P,
increases, the capillary tube radius decreases, and thus, the number of pixels representing an

interface decreases and error is accrued.
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Figure 3.3: Error accrued with increasing capillary pressure as estimated based on the artificial CMT

capillary meniscus data.

Since P, values encountered in these experiments range from 100 Pa to 300 Pa, Figure 3.3
suggests that, based on the artificial meniscus data, the largest error encountered should be
~10%. To support this error estimate, a partially saturated capillary tube was imaged with
CMT and the curvature of the meniscus was measured. The mean curvature (i.e. P.) was
found to be within 3.3% relative error from the analytical solution, and the relative error
estimated from Figure 1 is 3.0%. Thus, the error versus P, relationship (Figure 3.3) using the
artificial CMT data is supported by experimental data. An additional validation was
performed by measuring curvature on a CMT image of precision glass spheres. The measured
radius of curvature for this data set was found to be within 5% of the true bead radius (0.8

mm + 0.1 mm per manufacturer’s specifications).
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Figure 3.4: Distribution of curvature values for the connected phase interfaces, measured on a CMT

image for a drainage point.

Figure 3.4 presents an example of curvature values measured from a single CMT volume of
the connected wetting fluid interfaces. A convex interface is negative in the water phase,
meaning that for water-wet media only negative curvatures should exist. However, the
curvature distributions have a tail of unrealistic positive curvature values (Figure 3.4). After
further analysis of the segmented images, it was discovered that the positive values are
caused by segmentation error, which improperly reverses the curvature of very small
interfaces (see above discussion related to pixelation issues). Interfaces that form pendular
rings and interfaces located at pore necks are therefore most susceptible to segmentation
error. What appears, to be correct curvatures are observed in Regions 1 and 2 in the gray-
scale image in Figure 3.5a, however, after segmentation the interfaces either become flat
(e.g. Region 1, Figure 3.5b) or curve the wrong way (e.g. Region 2, Figure 3.5b). This is also
seen in the isosurfaces, see Figure 3.5c and 3.5d where the curvature values assigned to the

surfaces are either zero (Region 1) or positive (Region 2).



42

-0.25 m— smm 0.25
Mean Curvature

Figure 3.5: Example images of segmentation error, regions of interest are labeled 1 and 2 (red boxes).
Gray-scale CMT image (a), segmented CMT image (b), connected water phase is dark blue,
disconnected water phase is green, and oil is light blue. A pendular ring isosurface is shown in Region 1
(a and b) with incorrect zero curvature (c). A water/oil interface isosurface is shown in Region 2 (a and

b) with incorrect positive curvature (d).

Figure 3.6 shows that the oil phase is less affected by segmentation error, since residual oil
blobs exist as larger features (Figure 3.6a) than wetting phase pendular rings (Figure 3.6b).
The curvature error resulting from inadequate segmentation of small features is clearly
displayed in Figure 3.6b, where the interface for the pendular ring has become convex rather
than concave. In Figure 3.7 we present example curvature values measured from a single
CMT volume of the disconnected water phase interfaces (i.e. at low saturation). As expected,
a single peak curvature value does exist for the collection of pendular rings. However, the
majority of the curvature values are positive, and thus, the curvature of the disconnected
water phase interfaces at this low saturation are incorrect. The disconnected oil phase
interfaces, however, were not affected by the pixilation-related segmentation error; example
histograms are provided in Figure 3.8 and are discussed in further detail below. To account
for segmentation error, the incorrect positive curvature values were removed from further

analysis when calculating P, from curvature.
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Figure 3.6: Example interfacial morphologies, only the isosurface representing the oil/water interface
is shown. Disconnected oil blob trapped in a single pore (a). A pendular ring in a single pore neck (b).
Large disconnected oil ganglion spanning multiple pores (c). Tri-pendular ring spanning three pore
necks (d). The dark transparent phase is the glass beads.
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Figure 3.7: Distribution of curvature values for the disconnected water phase interfaces as measured
from a CMT image, obtained during drainage.
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3.4.2 Phase Connectivity and Residual Morphologies

Based on the separation of phases described above (classifying them as 4 different fluid
configurations), CMT images were also analyzed for phase connectivity during drainage and
imbibition. The existence of disconnected water in glass beads is debatable, and it is likely
that water was connected throughout the column via thin films at low saturation. Regardless,
disconnected fluid interfaces, identified via this analysis, have significantly different
curvature than connected fluid interfaces (as discussed later) and are configured as expected
in the pore space. For example, disconnected oil exists as isolated blobs (Figure 3.6a) and
disconnected water exists as pendular rings (Figure 3.6b). Disconnected oil is also configured
as larger ganglia that span multiple pores (Figure 3.6c) and in some instances disconnected
water can be identified as a tri-pendular ring that connects three adjacent pore necks (Figure
3.6d).

Curvature distributions for disconnected oil phase interfaces, during imbibition and drainage,
are presented in Figure 3.8a and 3.8b, respectively. These distributions show multiple "peak"
pressures for the disconnected fluid interface. Relatively early during imbibition (S,, = 0.37), a
small single peak curvature value is present (Figure 3.8a) and with increasing saturation,
multiple new (and larger) peaks representing lower curvature values appear. Essentially,
these "peak" values correspond to the P. at which the majority of snap-off occurred and the
trajectory of these "peak" values in relation to saturation demonstrates that, as imbibition
proceeds, disconnected oil blobs with increasingly lower curvatures (i.e. lower P.) become
trapped. The opposite trend is true for drainage (Figure 3.8b) as disconnected oil becomes
reconnected; oil blobs with increasingly higher curvatures become reconnected, until close
to full oil saturation (low water saturation, S,, = 0.14) where only a few high curvature (i.e.
large P.) oil blobs remain. These results suggest that over a short time period (i.e. a time span
short enough that interfacial relaxation is not occurring) the curvature distribution of

disconnected fluid can be used as a history of P, values experienced by a system.
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Figure 3.8: Curvature distributions for the disconnected oil phase interfaces during imbibition (a) and drainage (b), S,, is water saturation.
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During primary drainage, disconnected non-wetting phase was identified. When changing
saturation with the syringe pump, the system is in a state far from equilibrium and initially
large pressure fluctuations occur (data not shown). We suspect that fluid phase
rearrangement occurs during these pressure fluctuations. For example, under drainage, it is
likely that both large and small pores are de-saturated, however, once the pump is stopped
the smallest pores are immediately refilled with water (re-imbibition). The occurrence of re-
imbibition during equilibration explains why disconnected non-wetting phase is identified
during primary drainage. This disequilibrium is likely caused by a relatively large change in

saturation with respect to time.

3.4.3 Capillary Pressure Measurements

Once the image volumes are segregated into four fluid configurations, the interface formed
between connected water and connected oil is readily identifiable. To calculate P, from
curvature, the average interfacial curvature for connected fluid interfaces was calculated and
then related to P, using Eq. 3.2. Figure 3.9 compares the transducer-based and curvature-
based (connected fluid only) capillary pressure-saturation curves. If average curvature for
both connected and disconnected interfaces in the CMT image was used to calculate P, the
results show poor agreement with the transducer-based P, measurement. This is to be
expected since the P, of disconnected fluid is not captured by externally measured P.. Figure
3.9 shows that for drainage, the transducer-based P, measurement is slightly higher than the
curvature-based P, measurement, yet, the curvature-based measurement corresponds very

well with the transducer-based measurement for imbibition.
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Figure 3.9: Capillary pressure saturation curves for drainage (a) and Imbibition (b). Curvature-based P,
(open symbols) and transducer-based P, (closed symbols). For these figures PD is primary drainage,

MD is main drainage, SD is secondary drainage, Ml is main imbibition, and Sl is secondary imbibition.

We identify three likely causes for the discrepancy between transducer-based and curvature-
based P, values: (1) error in the curvature estimate due to limited image resolution, (2) error
in the transducer measurement, and/or (3) disequilibrium effects. To explore the first
possible source of error we compared transducer-based P, to curvature-based P, (see Figure
3.10). A 1:1 line is expected at equilibrium, if our curvature measurement is 100% accurate.
The data shows a definite upward trend, suggesting that random error is unlikely; however,
systematic error is possible. Since error increases with increasing P. (Figure 3.3) it would be
expected that at larger P,, the measured values would deviate from the 1:1 line. Indeed,

measurements obtained during drainage (i.e. higher P. than during imbibition) lie further
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from the 1:1 line than measurements obtained during imbibition. While disequilibrium
effects would also cause deviation from the 1:1 line, equilibrium is better evaluated by

comparing changes in curvature as a function of equilibration time.
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Figure 3.10: Transducer-based P. versus curvature-based P. measurements. For this figure PD is
primary drainage, MD is main drainage, SD is secondary drainage, Ml is main imbibition, and Sl is
secondary imbibition.

Figure 3.11 shows that the relative percent difference between curvature-based and
transducer-based P. measurements is dependent on the time allowed for equilibration prior
to imaging. For both drainage and imbibition, the relative percent difference between the
two measurement techniques decreased as equilibration time increased. While there were
some effects due to saturation differences (errors that are more pronounced at higher P, as
mentioned before, and could be the source of some noise) a consistent trend was obtained
with increasing equilibration time (regardless of saturation). Results demonstrated that
interfacial relaxation was occurring and that P, values calculated from interfacial curvature

did not match the P, values measured by the pressure transducer prior to equilibration. We
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observe that drainage equilibration appears to take longer than equilibration during
imbibition, however, these differences could also be caused by the larger errors associated
with the higher P, values encountered during drainage. Overall, it is suspected that longer
equilibration time would allow for P, stabilization and more similar transducer-based P, and
curvature-based P, values. The pressure transducer data was also analyzed for equilibration
(not shown here) and the data indicate that interfacial relaxation was occurring. This
suggests that while the fluid pressures in the wetting and non-wetting phases are changing
and interfacial relaxation was occurring, the Young-Laplace equation (Eq. 3.2) is not valid and
that dynamic relaxation of interfaces should be accounted for until equilibrium is achieved.
While the exact mechanism through which interfacial relaxation occurs needs further
investigation, our data suggests that relaxation was occurring. However, for less idealized
porous media (and at larger scales) it is likely that the time needed for relaxation would

differ from the time needed in the glass bead pack.
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Figure 3.11: Relative percent difference between transducer-based P. and curvature-based P, as a

function of equilibration time for drainage (a) and imbibition (b).

3.5 Conclusions

A method to measure interfacial curvature from CMT images was presented herein. The

method was validated by measuring curvature on a few different ideal systems and then

used to compare curvature-based and transducer-based P, measurements during drainage

and imbibition experiments. Overall, results between the two P. measurement techniques
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agreed well at equilibrium, but, only if the disconnected fluid interfaces were excluded from

consideration. The transducer-based P. measurements differed rather significantly from

curvature-based P, measurements when equilibrium was not reached. Further experiments,
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using longer equilibration times, and facilitating more accurate curvature measurements of
the disconnected water phase interfaces via higher resolution images, are needed. Our
results are the first to measure interfacial curvature using CMT data, allowing us to explore
the capillary pressure saturation relationship from a new perspective, which should fuel
further discussion about multiphase flow behavior. Based on the data obtained and analyses

performed for this glass-bead pack we can establish the following conclusions:

e P based on curvature and transducer measurements compare well for connected

fluid interfaces.
e Equilibrium was not reached for some of the early-scan data points.

e The Young-Laplace equation appears to misrepresent capillary pressure during

interfacial relaxation.

e Curvature measurements can provide useful insights about multi-phase behavior, in

particular transitions between dynamic and equilibrium states.

e Higher resolution images are required to properly segment small features (in this

analysis small features, such as pendular rings, were omitted).

e Additional experiments using longer equilibration times are needed to further

address equilibration issues.
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4.1 Abstract

Microbial enhanced oil recovery (MEOR) is a process where microorganisms are used for
tertiary oil recovery. Numerous mechanisms have been proposed in the literature through
which microorganisms facilitate the mobilization of residual oil. Herein, we investigated the
MEOR mechanisms of interfacial tension reduction (via biosurfactant) and bioclogging in
water-wet micromodels. The microorganisms used were Shewanella oneidensis (MR-1) that
causes bioclogging and Bacillus mojavensis (JF-2) that produces biosurfactant and causes
bioclogging. Micromodels were flooded with an assortment of flooding solutions ranging
from metabolically active bacteria to nutrient limited bacteria to dead inactive biomass to
assess the effectiveness of the proposed MEOR mechanisms of bioclogging and biosurfactant
production. Results indicated that tertiary flooding of the micromodel system with biomass
and biosurfactant was optimal for oil recovery due to the combined effects of bioclogging of
the pore-space and interfacial tension reduction. However, biosurfactant was able to recover
oil in some cases dependent on wettability. Biomass without biosurfactant that clogged the
pore-space also successfully produced additional oil recovery. When analyzing residual oil
blob morphology, MEOR resulted in oil blob size and radius of curvature distributions similar
to those obtained by an abiotic capillary desaturation test, where flooding rate was increased
post secondary recovery. Furthermore, for the capillary number calculated during MEOR
flooding with bioclogging and biosurfactant, lower residual oil saturation was measured than
for the corresponding capillary number under abiotic conditions. These results suggest that
bioclogging and biosurfactant MEOR is a potentially effective approach for pore morphology
modification and thus flow alteration in porous media that can have a significant effect on oil

recovery beyond that predicted by capillary number.

4.2 Introduction

Microbial enhanced oil recovery (MEOR) is a tertiary recovery process where bacteria and
their metabolic by-products are utilized for oil mobilization in a reservoir. Metabolic by-
products are the assortment of compounds produced through microbial metabolic pathways
during growth, for example, one such, metabolic by-product can be biosurfactant In
principle, MEOR is a straightforward concept where increased recovery occurs through
inoculation of a reservoir with microorganisms to clog pores and redirect flow, or to mobilize
oil as a result of reduced interfacial tension. But to this point, oil production at the field-scale
with MEOR has been inconsistent at best (Hitzman, 1988, 1983; Lazar, 1991). However,
results from numerous lab-scale experiments with an assortment of microbial species and a

wide range of porous material suggest that MEOR can be an effective tertiary oil recovery
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method (Bordoloi et al. 2007; Bryant et al. 1998; Crescente et al. 2008; Soudmand-asli et al.
2007; Suther et al. 2009). One reason for the discrepancy between field-scale and lab-scale
results is a lack of understanding of the fundamental mechanisms at the pore-scale through
which bacteria impact fluid dynamics, rock surface properties, and interfaces between

immiscible phases.

Numerous proposed MEOR mechanisms are presented in the literature, as reviewed in
Chapter 2. For an in-depth review of each mechanism and the microbial species involved we
refer to Youssef et al. 2009. The MEOR mechanisms of bioclogging, interfacial tension
reduction, and wettability alteration have been studied by Afrapoli et al. (2010), Bredholt et
al. (1998), Crescente et al. (2008, 2006), and Kowalewski, et al. (2006). In these studies, the
emulsification ability of Rhodococcous sp. (094) was activated or deactivated depending on
the carbon source used for growth and two variants were defined: cells of surfactant-
producing bacteria (SPB) and cells of non-surfactant-producing bacteria (NSPB). This
approach attempts at decoupling the MEOR mechanisms of bioclogging and biosurfactant
production and results from these efforts demonstrate that wettability change with
Rhodococcous sp. (094) is dependent on which variant is used (Afrapoli et al. 2010).
However, the MEOR mechanisms were not completely decoupled, because in the
micromodel studies reported by Crescente et al. (2006) the NSPB eventually became SPB due
to the presence of dodecane in the micromodel system and experiments with either variant
gave the same end results (i.e. microbial accumulation of organism at the oil/water interface

and utilization of dodecane as a carbon source with marginal oil recovery of ~9%).

Mobilization of residual oil in porous media has been studied since the early 1980s and it is
well understood that residual oil exists as disconnected globules in the subsurface. These
globules remain trapped until a force sufficient enough to move them through an adjacent
pore neck is applied (Wardlaw and McKellar 1985). In this situation, the ratio between
viscous forces that promote flow and capillary forces that resist flow becomes important and
is characterized by a unitless ratio, called the capillary number (Eq. 2.12). As capillary number
increases, capillary forces become less dominant and the likelihood of oil mobilization
increases (Gray et al. 2008). Under abiotic conditions where capillary number is increased by
increasing flood velocity, solitary ganglia: undergo mobilization, remain trapped, or break-up
into multiple daughter ganglion (Wardlaw and McKellar 1985). As stated by Melrose and

Brander (1974), "the critical condition for ganglion mobilization is that the pressure drop
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from one end of an oil blob to the other, in the direction of flow, must exceed the maximum
of the capillary pressure difference between the menisci at the upstream and downstream
ends of the oil blob". Once the critical condition is achieved individual ganglion are either
mobilized or broken up into multiple smaller daughter ganglion (Wardlaw and McKellar
1985).

Oil blob size distributions in porous media have been widely investigated in the literature (Al-
Raoush et al. 2005a, 2005b; Karpyn et al. 2010). Mayer and Miller (1992) proposed to fit
NAPL blob size distributions to the Van Genuchten function:

F(d) = 1 - [L+(Bd)" V™ (5.1)

where, d is blob size, F(d) the mass percentage of blobs that are smaller than d, and f and m
are fitting parameters. In general,  increases with decreasing mean blob size and m is larger
for more uniformly distributed blobs. Thus, a convenient quantitative comparison of blob

size distributions between different oil recovery experiments is possible using this approach.

Wettability is a major factor controlling multi-phase flow, and thus oil production (Al-Raoush
2009; Graue et al. 1999; Karpyn et al. 2010; Morrow and Mason 2001; Tweheyo et al. 1999).
To quantify porous media wettability, macro-scale indices (obtained with techniques such as
the Carter, USBM, or Amott methods) are used regularly. However, these measurements
lack the capability to characterize wettability change during MEOR treatment, and only
provide macro-scale information. To understand micro-scale temporal and spatial changes in
wettability, as proposed herein, interfacial radius of curvature measurements using level set
methods (Cheng et al. 2007; Liu et al. 2011; Sethian 1996) could be used. When applying this
approach, curvature from the perspective of the oil phase is positive for a concave interface
(i.e. water-wet surface) and negative for a convex interface (i.e. oil-wet surface).
Consequently, lateral shifts in the radius of curvature distribution (i.e. from positive to

negative or vice versa) are indicative of wettability change.

The objective of the present study was to investigate the proposed MEOR mechanisms by
treating the micromodel system with an assortment of different MEOR flooding solutions

ranging from metabolically compromised (i.e. inactive) bacteria to active bacteria to
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biosurfactant only. Through these efforts the following questions are addressed. To what
extent is oil recovery dependent on the activity of the microbial community? Can dead
inactive biomass recover the same amount of oil as actively growing bacteria? Can metabolic
by-products (such as, a biosurfactant) recover oil or is bacterial cell mass required for
recovery? Conversely, can bacterial cell mass recover oil via clogging or is a biosurfactant

required?

When analyzing a successful lab-scale MEOR experiment it is often difficult to accredit
additional oil recovery to a single MEOR mechanism since these mechanisms do not occur
independently and many studies use non-transparent 3D cores that occlude direct
visualization of the processes taking place. In this study, we utilize a stereo microscope to
study MEOR in a 2D silicon etched micromodel system. Two microorganisms are used;
Bacillus mojavensis (JF-2) which is a gram-positive, biosurfactant producing, biofilm forming,
facultative aerobe isolated from oil reservoir brine in Oklahoma, and Shewanella oneidensis
(MR-1) which is a gram-negative, biofilm forming, facultative aerobe isolated from Lake
Oneida in New York. The MEOR mechanisms of biogenic gas generation and hydrocarbon
degradation are not considered since the organisms used are not biogenic gas generators nor
are they known hydrocarbon degraders. The MEOR mechanisms investigated (i.e. IFT
reduction, wettability change, and bioclogging) were evaluated in terms of additional oil
recovered, residual oil blob size, and interfacial curvature which are parameters essential for

understanding the mobilization of capillary trapped oil.

4.3 Materials and Methods

4.3.1 Bacterial Strains and Growth Conditions

Bacillus mojavensis (JF-2, ATCC 39307) and Shewanella oneidensis (MR-1, ATCC 700550) were
obtained from ATCC. Both organisms were grown in a brine-based growth media called
Media E at room temperature under aerobic conditions (Table 4.1). However, MR-1 was

grown with 60% less NaCl than reported for Medium E.
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Table 4.1: Growth Medium E.

Nacl 25.0 g/L
(NH,4),S0, 1.0g/L
MgS0, 0.25g/L
Glucose 10 g/L
Phosphate Buffer 100 mM
Trace Metals Solution 1.0%
Yeast Extract 2.0g/L

4.3.2 Flooding and MEOR Solutions

Media E was used for water flooding and the oil phase was Soltrol 220 which is a mixture of
Cy3 and Cy7 hydrocarbons. In total, six flooding solutions were tested to address the questions
proposed in the Introduction. For MEOR with JF-2, five different flooding solutions were
used: (1) JF-2 / fresh media, (2) JF-2 / spent media, (3) compromised JF-2 / fresh media, (4)
compromised JF-2 / salt solution, and (5) no cells / biosurfactant. The last flooding solution
(6) was MR-1 / spent media.

Flooding solution (1) was generated by growing JF-2 overnight in batch culture and then
centrifuging the bacterial culture at 9,000 rpm for 10 minutes followed by resuspension of JF-
2 in new growth media. Flooding solution (2) was generated by growing JF-2 overnight in
batch culture without resuspension in new media. For flooding solution (3) a JF-2 culture
grown overnight was subjected to 20 mg/L Kl for 2 hours followed by centrifugation and
resuspension in fresh growth media with 2 mg/L ampicillin. Flooding solution (4) was
prepared the same way as flooding solution (3), however, JF-2 was resuspended in a nutrient
free 25 g/L NaCl solution (which is the same NaCl concentration as Media E). The
biosurfactant flooding solution (5) was prepared by separating JF-2 biomass from spent
cultures (i.e. after exponential growth). To separate the produced biosurfactant from the

bacterial cells, microbial cultures of JF-2 were centrifuged at 9,000 rpm for 10 minutes
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followed by filtration of the supernatant through a 0.22 um pore diameter membrane. The
IFT of the resulting biosurfactant solution matched the IFT achieved with flooding solution
(2). Flooding solution (6) was prepared by growing MR-1 overnight in Media E (with 60% less

NaCl) without resuspension in new media.

4.3.3 Micromodel

A pattern modeled after a 3D glass bead pack (Figure 4.1) was photo-etched into a silicon
wafer to a depth of 50 microns. To create hydrophilic flow channels, the manufacturer
treated the silicon surface in an O, plasma at 100 mtorr and 100 W of forward power in a
parallel plate RIE (reactive-ion etching) system. Micromodels with two different oil/water
contact angles were created: 19° ¥ and 38° ¢ . Contact angle was measured by submerging a
treated silicon wafer in Soltrol 220 and then placing a water droplet on the surface. The

water droplet was imaged with a stereo microscope and the resulting contact angle was

computed using Imagel software based on B-spline snakes (active contours, Stadler et al.
2006)

Figure 4.1: Micromodel pattern (black = flow channels, white = solid).

4.3.4 Flooding Procedure

Water flooding was performed under fixed flux conditions using a capillary number (N.,) of
7.9x107 (see Section 2.2.2). The micromodel was initially saturated with Medium E followed
by saturation with Soltrol 220 at N, > 102 to ensure complete saturation, which is visually
confirmed. To simulate secondary recovery, the oil-saturated micromodel was then flooded

with Medium E until oil recovery ceased and residual oil remained as a disconnected phase.
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43.5 MEOR

After water flooding, 1 of the 6 MEOR flooding solutions mentioned above was used for
MEOR. MEOR was conducted at the same flow rate as water flooding (N, = 7.9x10”) and the
test was terminated once no additional oil was recovered. Prior to each experiment the
micromodel and tubing was sterilized with 100% ethanol followed by a 3x rinse with sterile

growth media.

A standard curve relating bacterial cell mass (as dry weight) to optical absorbance of a
bacterial solution at 600 nm was generated. Dry cell mass was measured by filtering cell
cultures through a 0.45 um (nominal diameter) membrane, rinsing the cell cake with 3 100ml
aliquots of DI H,0 and then drying the cell mass at 80°C for 24 hours. The dried cell mass was
then weighed and related to optical absorbance. Optical absorbance measurements
(Beckman Coulter spectrophotometer DU ® 530) were then used to calculate the biomass

concentration in each MEOR flooding solution.

4.3.6 Abiotic Recovery

A capillary desaturation curve was produced for both the 19° ¢ and 38° x micromodels by
increasing the flow rate logarithmically. Water flooding was initiated at N, = 7.9x10”, which
was increased until essentially no residual oil remained in the micromodel. With each 10 fold
flow rate increase, equilibrium was reached by allowing three pore volumes of the flooding
phase to pass through the micromodel. Once equilibrium was reached, residual oil saturation

was measured and the flow rate was increased further.

4.3.7 Light Microscopy

A stereo microscope (Leica Z16 APQO) equipped with a 3.3 megapixel digital camera
(Qlmaging MicroPublisher 3.3 RTV) and automated image capture software (QCapture Pro)
was used. All published images were acquired with a 0.8x objective, 1.0x camera mount, and
0.5x zoom setting, resulting in images with an 8.3 um/pixel resolution. Microscope images

were written into TIFF file format with a 2048 x 1536 pixel window.
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UV dye (Multi-Purpose Total Dye) was added to the oil phase to provide the necessary
contrast for image segmentation. The UV dye was excited with a standard UV bulb emitting
light between 400 and 500 nm, which caused fluorescence around 550 nm. Microscope
images were used to calculate original oil in place, residual oil saturation, additional oil

recovery, residual oil blob size, and interfacial radius of curvature.

4.3.8 Image Segmentation and Analysis

Colored 16-bit images were acquired; filtering out the red and blue channels of the colored
image enhanced the signal produced by the oil phase UV tracer (Figure 4.2). The resulting
gray-scale image was median filtered (2x kernel, Figure 2b) and a threshold was used to
delineate the oil phase (Figure 4.2c). Since the physical pore volume of the micromodel is

known only the oil phase volume, as calculated from the microscope images, was needed to

calculate oil saturation.

Figure 4.2: Image segmentation. (a) 16-bit RBG colored image (green = oil), (b) median filtered 16-bit

gray scale image, (c) binary image, (d) red, green, and blue channel histograms for image (a).

Interfacial curvature was calculated from the stereo microscope images using level set
methods (Sethian 1996; Cheng et al. 2007; Liu et al. 2011) where the curvature (K) of each

level set is easily obtained from the divergence of the unit vector normal to a front (Eg. 2.15).
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The curvature algorithm was tested by overlaying circles of known radii onto a 2D pattern of
a glass bead pack (Figure 4.1). Radius of curvature for each circle (where radius of curvature
is the inverse of curvature) was calculated and compared to the known value. The largest
percent error encountered was 5.0% while most errors were less than 2%. Cheng et al.
(2007) found that the error generated with this method was mainly due to radius size,

resulting in larger error for smaller radius of curvature.

Individual oil blob size was calculated by finding connected components in the binary
residual oil image using a neighborhood pixel connectivity of 8. Each connected object was
classified as an oil blob and volumes are reported as the number of pixels representing a

given blob.

Interfacial tension was measured using a du Nodly ring tensiometer (CSC No. 70545). And

viscosity was measured using a viscometer (falling sphere type, VWR).

4.4 Results and Discussion

Results reported as AOR per biomass infused into the micromodel for the MR-1 flooding
solution and four of the five JF-2 flooding solutions are presented in Figure 4.3. Results are
for the 38° x micromodel, since this is the most comprehensive dataset and results for the
biosurfactant flooding solution are excluded, since no biomass was infused with this
treatment. Bacteria suspended in fresh media and bacteria suspended in spent media
recover approximately the same quantity of oil. Compromised bacteria suspended in fresh
media gave the best oil recovery while compromised bacteria suspended in the salt solution
recovered no oil. The IFT between Media E and Soltrol was measured at 24.5 dynes/cm
which was the IFT during water flooding; however, the IFT between the salt solution and
Soltrol was slightly larger (29.0 dynes/cm). The IFT results reported in Figure 4.3 are for IFT
during MEOR and correspond to the IFT between a given flooding solution and Soltrol 220. In
the case of the compromised bacteria suspended in new media some metabolic activity
definitely occurred, because surface tension (i.e. air/flooding solution) was reduced from
54.3 dynes/cm to 40.1 dynes/cm during treatment, resulting in a final IFT between Soltrol

and the flooding solution of 8.7 dynes/cm. This suggests that some biosurfactant production
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was occurring, and thus, metabolic activity was present. However, IFT reduction was not as
drastic as treatment with bacteria suspended in fresh media or bacteria suspended in spent
media which resulted in final IFT values of 0.4 and 0.7 dynes/cm, respectively. The MR-1
treatment without biosurfactant production and marginal IFT reduction resulted in 7.1%
additional oil recovery (a reduction in IFT from 24.5 to 12.1 dynes/cm was observed and is
likely caused by the production of metabolic by-products and not the production of a
biosurfactant). Furthermore, biosurfactant treatment with a minimum IFT of 1.2 dynes/cm
recovered no oil (this is later explained by the capillary desaturation curve). These results
demonstrate the significance of bioclogging with JF-2 since the highest AOR values reported
were obtained for bioclogging with minimal IFT reduction. Conflicting results are obtained for
bioclogging with MR-1, since only marginal recovery was measured; however, micromodel
images show that less MR-1 biomass clogged the micomodel pore-space than JF-2 biomass

(compare Figure 4.3, columns b and e).
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JF-2 JF-2 Compromised JF-2 Compromised JF-2 MR-1
Fresh Media Spent Media Fresh Media Salt Solution Spent Media*

biomass infused = 0 mg

biomass infused = 0.003 mg

3

0.4 dynes/cm

0.7 dynes/cm 8.7 dynes/cm 29.0 dynes/cm

AOR=55.1 A"OR=63.‘1 AOR=80.8 AOR=00.0 AOR=10.1*

biomass infused = 0.005 mg

Figure 4.3: Selected stereo microscope images for each flooding solution tested for the 38° x micromodel. Results are reported as AOR
per biomass infused into the micromodel (green = oil, blue/white = biomass). Each column corresponds to a given flooding solution and

each row corresponds to equivalent biomass infused.
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Although the same quantity of biomass was infused during MEOR for each flooding solution
the amount of biomass that clogged the micromodel during treatment varied significantly
based on visual observation. Compromised bacteria suspended in the salt solution were the
least effective at bioclogging and resulted in no oil recovery (Figure 4.3, column d). MR-1
biomass was very sparse, and this was the second least efficient oil recovery approach in
terms of AOR. Bacteria suspended in fresh media did not start clogging the micromodel until
after 24 hours which is well beyond the batch growth cycle of JF-2 and essentially makes this
treatment option equivalent to treatment with bacteria in spent media. Both JF-2 treatment
options (i.e. fresh media and spent media) gave similar AOR results and the extent of
bioclogging with either treatment was visually similar (Figure 4.3, column a and b). In
addition to the significance of bioclogging for oil recovery, these results demonstrate that
potentially “stressed” JF-2 cultures suspended in spent medium or treated with Kl and
suspended in growth medium with ampicillin appeared to more effectively clog the
micromodels (Figure 4.3, column b and c). At this point, it is not possible to suggest any
potential stress induced bioclogging mechanisms, without a thorough analysis of the
microbial communities nutrient uptake rates and the expression of potential stress induced
genes. However, it was observed that in batch culture, during late stationary phase, JF-2 cells
would coagulate together forming larger particles, which should be more effective at

clogging than individual cells.
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Figure 4.4: Results for residual oil saturation after water flooding (a) and additional oil recovered after
MEOR (b) for the 19° ¥ and 38° £ micromodels. Results are averages of triplicate experiments and

error bars correspond to a 90% confidence interval.

To investigate the effect of wettability on oil recovery using MEOR, three different treatment

options (i.e. biosurfactant, JF-2 in spent media, and MR-1 in spent media) were tested in
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both the 19° « and 38° x micromodels. Results for S,, and AOR for each treatment option
and each micromodel are presented in Figure 4.4. Independent of contact angle,
simultaneous bioclogging and biosurfactant treatment with JF-2 was the most effective
MEOR treatment. The average S, for biosurfactant treatment with the 19° x micromodel is
considerably larger than the average S, for MR-1 and JF-2 treatments (Figure 4.4a).
However, this does not detract from the AOR results since MR-1 and JF-2 treatments initially
started with a lower S,, than biosurfactant treatment and still achieved a greater AOR. The
measured IFT between the biosurfactant solution and Soltrol 220 during the 19° ¢
micromodel experiment was 0.4 dynes/cm while the measured IFT between the
biosurfactant solution and Soltrol 220 during the 38° x micromodel test was 1.2 dynes/cm.
This difference in IFT between the two biosurfactant treatments may have resulted in some
disparity between the AOR values obtained in the 19° x and 38° x micromodel experiments;
however, the difference in AOR is most likely a result of wettability (which is later explained
via consideration of the capillary desaturation curve data). For all treatment options, AOR
was highest in the 19° ¥ micromodel while lower AOR values were obtained for the 38°
micromodel, indicating that for these micromodel systems, MEOR is most effective for highly

water-wet conditions.
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Figure 4.5: Results for residual oil saturation after water flooding (a) and additional oil recovered after
MEOR (b) for the 19° ¥ and 38° x micromodels. Results are averages of triplicate experiments and

error bars correspond to a 90% confidence interval.

To further investigate the significance of wettability, a capillary desaturation curve under

abiotic conditions was established for both micromodels (Figure 4.5). The capillary
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desaturation curves show that an order of magnitude higher capillary number is needed in
the 38° x micromodel to achieve the same recovery as the 19° ¥ micromodel, which
explains why oil recovery with biosurfactant treatment was successful in the 19° ¢
micromodel, but did not occur in the 38° x micromodel. When secondary recovery in the 38°
« micromodel was performed at a capillary number of 10°® followed by biosurfactant
treatment, an AOR of 14.1% was achieved, which is consistent with the capillary desaturation
curve for the 38° ¥ micromodel, giving an oil saturation of 0.39 at a capillary number of 10°.
Overall, these results demonstrate that as contact angle increases, a significantly larger
capillary number is needed for oil recovery in the micromodel system and that using MEOR
(i.e. with bioclogging and biosurfactant) a 2-3 order of magnitude increase in capillary
number is possible. For example, with JF-2 treatment in the 19° x micromodel, initially
flooded at N, = 7.9x107, final oil saturation was ~5% which corresponds to a capillary
number of 10 on the capillary desaturation curve, thus MEOR-facilitated oil recovery can be

explained by a 3 order of magnitude increase in capillary number.

Because MEOR was performed under fixed flux conditions, capillary number can be
calculated by taking into account changes in IFT, viscosity, and porosity (which ultimately
affects pore velocity). Biomass formed by JF-2 was dense enough to provide sufficient
contrast for image segmentation of the biophase; thus, porosity change could be calculated
from the collected images. Porosity values from an upper and lower image threshold were
used for calculating average pore velocity. The horizontal error bars for JF-2 in Figure 4.6
represent these lower and upper bounds. The porosity calculation assumed that biomass
spanned the entire 50 um micromodel depth and that no micro-porosity existed in the
biomass (thus, biomass was considered impermeable). Viscosity was measured using a falling
sphere viscometer and results indicate a viscosity of 1.2 cP for the JF-2 flooding solution in
spent media. MR-1 biofilm was not dense enough to facilitate such analysis and is excluded
from these calculations. The analysis was only carried out for the 19° ¥ micromodel data

since this dataset provided recovery results for both the biosurfactant and JF-2 treatments.
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Figure 4.6: Capillary desaturation curve for the 190 £ micromodel in comparison to residual oil
saturations for the biosurfactant and JF-2 MEOR tests. The vertical error bars correspond to a
confidence interval of 0.95. The horizontal error bar for JF-2 corresponds to the threshold limits

obtained during image segmentation of the JF-2 biofilm. Results are based on triplicate experiments.

In the 19° ¥ micromodel residual oil saturation after biosurfactant treatment (carried out at
N, = 7.9x107) corresponded to the oil saturation obtained for the equivalent capillary
number during the abiotic test; thus, recovery in the case of biosurfactant treatment was
uniquely explained by IFT reduction (Figure 4.6). For JF-2 treatment, oil recovery was not
entirely explained by capillary number since lower residual oil saturation was obtained at a
capillary number below that used in the abiotic test. We conclude that the additional AOR
obtained with JF-2, which could not be explained by capillary number change, was caused by
the re-direction of preferential flow paths due to biofilm formation. After water flooding,
microscope images (Figure 4.7) show that residual oil saturation is heterogeneous and that
large oil globules exist in regions disconnected from the preferential flow path that appears
to proceed along the middle region of the micromodel. Final images of bioclogged
micromodels display disproportionate bioaccumulation near the inlet and central
preferential flow path of the micromodel (Figure 4.7). This should essentially redirect flow to
outer regions of the micromodel that were not efficiently swept during water flooding.
Accumulation of biomass in the pore-space of the preferential flow path is reasonable since
advective transport of biomass should be greatest in this region. This proposition is
supported by the modeling results reported by Schulenburg et al. (2009) where biofilm

accumulation increased both the heterogeneity and magnitude of the velocity field and
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accumulation increased in the preferential flow paths. Our results suggest that biomass can
be effective in altering pore morphology, and thus flow field, in porous media, a process that

can increase oil recovery beyond what is predicted by capillary number increase alone.

Biosiirfactant - H

Figure 4.7: Biosurfactant flood (left) and JF-2 flood (right); (a) primary recovery, (b) residual oil
saturation after enhanced recovery. Red box in (b) corresponds to enlarged region in (c). JF-2 biofilm

can be seen in the right-hand column as dense streamlined gray matter (b) and(c).

Pore morphology change due to bioclogging could explain the AOR obtained with JF-2, and
also explains why an apparently sparse MR-1 biofilm still recovered oil. However, results that
contrast these findings were reported by Soudmand-asli et al. (2007) who studied MEOR in
fractured porous media. Etched glass micromodels with a fractured network were used with
both a biosurfactant-producing bacterium and an exopolymeric-producing bacterium. Results
suggested that plugging of the matrix-fractures by exopolymeric substances inhibited oil
recovery, resulting in the biosurfactant-producing bacterium outperforming the
exopolymeric-producing bacterium. The results presented herein, in comparison to the
findings of Soudmand-asli et al. (2007) suggest that the connectivity of fractures versus
pores, and thus, pore morphology, could be a major controlling factor as to the effectiveness

of bioclogging.
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To further explore the differences between biotic and abiotic recovery, blob size distributions
(BSD) were calculated and curve-fitted to the van Genuchten (1980) function (Figure 4.8 and
4.9 and the fitting parameters are reported in Table 4.2). MEOR treatment increased B and m
(Eq. 5.1) indicating that mean blob size decreased and became more uniform than the initial
BSD after primary recovery at N, = 7.9x10”. Furthermore, the BSD after MEOR is similar to
the BSD obtained abiotically by increasing the capillary number (Figure 4.8 and 4.9). For
instance, when bioclogging occurs the resulting BSD (Figure 4.8) is very similar to that
obtained with flooding at N, = 10 to 10~ (Figure 4.9). In support of the BSD data, stereo
microscope images show that after primary recovery, residual oil existed as large ganglia that
spanned multiple pores (Figure 4.7a, left and right). After biosurfactant flooding (Figure 4.7b,
left) large ganglia still existed, and after bioclogging (Figure 4.7b, right) only oil blobs residing
in single pores remained. Similar quantitative observations of reduced oil blob size during
MEOR and a comparison between the size distribution of residual blobs resulting from MEOR
and those resulting from abiotic recovery have not been reported in the literature. Results
indicate that, as with abiotic recovery, MEOR mobilizes the large residual oil ganglia. The
mobilized ganglia are then either recovered from the micromodel or broken up into smaller
multiple oil ganglia that are more uniform in size than residual oil globules after water
flooding.
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Table 4.2: Fitting parameters for the Van Genuchten function. Results are based on triplicate
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Microbial treatment in the 19° x micromodel shifted the radius or curvature distribution

(RCD) to smaller and more uniform radii (Figure 4.10) than the initial RCD after primary
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recovery at N, = 7.9x10” (Figure 4.11). The largest RCD shift occurred when bioclogging and

biosurfactant production occurred simultaneously (i.e. with JF-2, Figure 4.10). Again,

biosurfactant flooding and bioclogging appear to have a similar effect on the RCD as

increasing the capillary number under abiotic conditions where the RCD shifts to smaller and

more uniform values. No negative radii of curvature were measured during the abiotic or
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biotic experiments indicating that micromodel wettability remained mostly water-wet during
microbial treatment. Researchers have reported that MEOR treatment can change the
wettability of porous media using macro-scale indices, such as, the Amott, USBM, or Carter
method (Donaldson et al. 1969; Amott 1959). After MEOR treatment with JF-2 the Amott
wettability increased from -0.27 to -0.10 in initially oil-wet cores (Kianipey et al. 1989) and
the USBM wettability method in water-wet cores showed that JF-2 shifted the wettability
significantly in the positive direction toward a more water-wet condition up to a maximum of
0.99 (Donaldson et al. 1969). These results support our findings, since the curvature

distributions prior to and after MEOR treatment are positive, indicating water-wet
curvatures.
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Figure 4.10: Radius of curvature for residual oil blobs after MEOR. Results are based on triplicate

experiments and all of the measured radius of curvature for each experiment are reported.
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Normalized (0-1)
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Figure 4.11: Radius of curvature for residual oil blobs after abiotic capillary desaturation experiments.

Results are based on triplicate experiments and all of the measured radius of curvature for each
experiment are reported.

Table 4.3: Curvature results for the MEOR and abiotic tests. Results are based on triplicate
experiments.

Parameters

Nc=7.9E-04

The utilization of bacteria for enhanced oil recovery was ultimately explained by capillary
number effects, where changes in viscosity, pore velocity, and interfacial tension were
mutually affected. Results indicate that abiotic and biotic oil recovery proceeded in an
analogous manner according to the AOR, BSD, and RCD data. However, for combined
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bioclogging and biosurfactant, capillary number could not fully explain recovery and it is
assumed that a change in pore morphology, due to bioclogging, was responsible for the
additional recovery. Additional oil recovery was optimal when both bioclogging and
biosurfactant production occurred simultaneously; however, this finding is contingent on
pore morphology and it is expected that in different porous networks the effectiveness of a
given MEOR mechanism or combination thereof, may differ. To address the questions posed
in the introduction; our results indicate that a metabolically stressed JF-2 culture is ideal for
bioclogging and subsequent oil recovery and that dead inactive biomass cannot recover oil.
For example, flooding with compromised bacteria suspended in a salt solution recovered no
oil. Results further indicate that biosurfactant without biomass can recover oil, but recovery
is dependent on wettability. Conversely, active bacterial biomass can recover oil, but the
addition of a biosurfactant will improve recovery. The presented results explain the
importance of bioclogging for oil recovery in a simple micromodel system. However, at the
field-scale other complications, such as bioclogging around the wellbore, will ultimately arise

and the deleterious effects of clogging need further investigation at that scale.

4.5 Conclusions
e AOR was optimal when bioclogging and biosurfactant production occurred

simultaneously.

e JF-2 cultures under stress caused by nutrient limitation and/or environmental
conditions were more efficient at bioclogging than JF-2 cultures under ideal growth
conditions. This increased bioclogging is likely caused by the coagulation of cells

during stress.
e MEOR was most effective under highly water-wet conditions.

e JF-2 treatment in the 19° x micromodel recovered the same amount of oil as its
abiotic equivalent recovered at a capillary number of ~10™ indicating that MEOR can

replace water flooding at high flow rates and thus the associated pressure build-up.

e The change in BSD and RCD that occurred between water flooding and post MEOR in
the 19° ¥ micromodel resembled that which occurred under abiotic conditions as a

result of brine flooding with increasing flow rate.

e During MEOR, large ganglia were broken up into smaller daughter ganglia that either

became mobilized or trapped in single pores.
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e Ganglia that spanned multiple pores still existed after biosurfactant treatment, but

not after biosurfactant and bioclogging treatment.

e Biotic and abiotic oil mobilization proceeded in a similar manner (blob morphology

and distributions changed analogously).

e The effectiveness of a given MEOR mechanism is likely dependent on pore

morphology, in particular the connectivity beyond the clogged flow paths.
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5.1 Abstract

Microbial enhanced oil recovery (MEOR) is a technology that could potentially increase the
tertiary recovery of oil from mature oil formations. However, the efficacy of this technology
in fractional-wet systems is unknown and the mechanisms involved in oil mobilization
therefore need further investigation. Our MEOR strategy consists of the injection of ex situ
produced metabolic byproducts produced by Bacillus mojavensis JF-2 (that lower interfacial
tension via biosurfactant production) into fractional-wet cores containing residual oil. Two
different MEOR flooding solutions were tested; one solution contained both microbes and
metabolic byproducts while the other contained only the metabolic byproducts. The columns
were imaged with x-ray computed microtomography (CMT) after water flooding, and after
MEOR, which allowed for the evaluation of the pore-scale processes taking place during
MEOR. Results indicate that the larger residual oil blobs and residual oil held under relatively
low capillary pressures were the main fractions recovered during MEOR. Residual oil
saturation, interfacial curvatures, and oil blob sizes were measured from the CMT images
and used to develop a conceptual model for MEOR in fractional-wet systems. Overall, results
indicate that MEOR was effective at recovering oil from fractional-wet systems with reported
additional oil recovered (AOR) values between 44% and 80%; the highest AOR values were

observed in the most oil-wet system.

5.2 Introduction

Microbial enhanced oil recovery (MEOR) is a tertiary oil recovery process where
microorganisms and/or their metabolic byproducts are utilized for the mobilization of crude
oil trapped in mature oil formations. The proposed MEOR mechanisms leading to oil recovery
fall into two broad categories: (Mechanism 1) alteration of oil/water/rock interfacial
properties and (Mechanism 2) changes in flow behavior due to bioclogging (Gray et al. 2008).
Numerous reports show the efficacy of MEOR at the lab-scale (e.g. Soudmand-asli et al.
2007; Bordoloi et al. 2007; Suthar et al. 2008,2009; Yakimov et al. 1997; Bao et al. 2009),
however, a complete understanding of the mechanisms involved is lacking and the
effectiveness of each mechanism for different reservoir parameters (such as wettability) is

unknown.

As stated by Youssef et al. (2009), three general strategies exist for the implementation of

MEOR: (1) Injection of nutrients to stimulate indigenous microorganisms, (2) Injection of
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exogenous microorganisms(s) and nutrients, or (3) Injection of ex situ produced products.
The first two strategies have the added difficulty of dealing with subsurface bacterial
transport, competition for nutrients among the desired organism and other indigenous
microorganisms, and maintaining nutrient levels throughout a reservoir for extended periods
of time (Gray et al. 2008). Therefore, it is likely that the third strategy is the simplest, and
thus, the most likely for success at the field-scale. This third strategy is the approach used in
the experiments presented here. In particular, we focus on the injection of ex situ generated
products produced by Bacillus mojavensis JF-2 and the effect of these products on oil

mobilization in fractional-wet systems.

Bacillus mojavensis JF-2 is a gram-positive, biosurfactant producing, facultative aerobe,
isolated from oil reservoir brine in Oklahoma (Jenneman et al. 1983). As categorized above,
the possible MEOR mechanisms associated with JF-2 include the following: reduction of
interfacial tension via biosurfactant production (Mechanism 1), changes in wettability
(Mechanism 1), and bioclogging (Mechanism 2). Mobilization of crude oil in a sand packed
column after addition of JF-2 biosurfactant was initially demonstrated by Jenneman et al.
(1983). Lin et al. (1993, 19944, 1994b) studied the production of biosurfactant by JF-2 under
anaerobic and aerobic conditions, biosurfactant structural characterization (i.e. the chemical
structure of the biosurfactant), and biosurfactant yield. From these studies a growth
medium, referred to as Media E, was formulated that optimizes biosurfactant production
and therefore maximizes IFT reduction. Evidence of wettability alteration was reported by
Kianipey et al. (1989) who found that for oil-wet flow cells where residual oil saturation
decreased from 0.18 to 0.14, the Amott wettability indices (Amott, 1959) increased from -
0.269 to -0.10 indicating more water-wet conditions after MEOR. Similar, for water-wet
sandstone Chase et al. (1988) found that JF-2 shifted the USBM wettability indices

(Donaldson et al. 1969) significantly in the positive direction towards a more water-wet

condition. Currently, no literature exists on oil recovery with JF-2 via bioclogging. However,
most organisms including JF-2 can form biofilm and the effect that biofilm formation can

have on oil recovery should not be overlooked.

Wettability is a major factor controlling residual oil saturation, and thus, it is essential to
characterize reservoir wettability (Tweheyo et al. 1999; Graue et al. 1999; Morrow and
Mason 2001). Reservoir rock wettability can be altered by contact with absorbable crude oil

components (e.g. asphaltenes) which can lead to heterogeneous forms of wettability
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characterized by the term fractional wettability (Anderson et al. 1986). A fractional-wet
system is where a portion of the reservoir rock is strongly oil-wet, while the rest is strongly
water-wet (Salathiel 1973). Fractional-wet systems have previously been studied by packing
columns with different ratios of water-wet sand and sand rendered oil-wet by treatment
with an organic silane solution (Al-Raoush 2009; Han et al. 2006; Fatt et al. 1959). Fatt et al.
(1959) found that nonuniform wettability can distort the capillary pressure curve such that it
no longer represents the true pore-size distribution. The findings of Al-Raoush (2009)
indicate that wettability can have a dramatic effect on residual oil entrapment. Residual oil
blobs increase in size and length as the porous medium is comprised of fewer oil-wet
surfaces. Additionally, simulation results using pore-network models developed by Zhao et
al. (2010) support the experimental trends found by Al-Roush (2009). Using x-ray
microtomography, Han et al. (2006) found that the distribution of residual water phase is less
uniform in fractional-wet columns than water-wet columns and that fractional-wet columns
contained fewer and larger residual water blobs. Kumar et al. (2008) developed a technique
to modify the hydrophobicity of carbonate cores, such that, well-defined wettability states
could be obtained. Pore-scale images acquired with CMT after spontaneous imbibition in the
fractional-wet cores showed that the oil phase was concentrated in the larger, presumably
oil-wet pores, suggesting that imbibition occurred preferentially through the water-wet

regions (Kumar et al. 2008).

The effect microorganisms can have on wettability and approaches taken to understand such
wettability alteration during MEOR vary in the literature. Traditionally, surface wettability
has been quantified by placing a liquid drop on a solid surface and then measuring the
resulting contact angle, known as the wetting angle which is defined by the Young-Laplace
equation (Marmur et al. 2009). Other than directly measuring contact angle, porous media
wettability is often quantified using macro-scale indices (obtained with techniques such as
the Carter or Amott methods (Amott, 1959; Bobek et al. 1956)). Changes in these macro-
scale indices due to microbial activity have been shown by Afrapoli et al. (2009) who found
more water-wet conditions after MEOR using these measurements. However, the direction
in which microorganisms change wettability is not consistent. For example, changes in
surface wettability towards more water-wet conditions have been reported by Mu et al.
(2002) while Polson et al. (2010) reported the opposite trend.
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MEOR is a large-scale outcome driven by pore-scale processes. Therefore, to better
understand the various MEOR mechanisms facilitating oil recovery, pore-scale investigations
are needed. In particular, high resolution 3-dimensional images of the pore-space and the
immiscible fluid distributions are needed to understand pore-scale temporal and spatial
changes in interfacial curvature and oil blob morphology during MEOR. X-ray computed
microtomography (CMT) has been available for more than three decades and has been a
powerful tool for studying a wide array of multi-phase processes in porous media systems
(e.g. Al-Raoush et al. 2009; Porter and Wildenschild 2010; Wildenschild et al. 2002). Using
CMT numerous researchers have distinguished multiple fluids and their menisci, quantified
interfacial areas (Culligan et al. 2004; Porter et al. 2009, 2010), and measured oil blob size
distributions (e.g. Al-Raoush et al. 2005a, 2005b; Schnaar and Brusseau 2006; Karpyn et al.
2010). However, similar CMT analyses have not been applied to MEOR. Thus, it is unclear
how MEOR affects interfacial curvature and residual oil blob morphology, both essential
parameters needed for understanding and predicting the complex physical phenomena that

occur during MEOR.

5.3 Materials and Methods

5.3.1 Experimental Overview

A total of 18 MEOR column experiments (and 2 control column experiments) were
performed, 9 of which were treated with JF-2 while the remainder were treated with
biosurfactant. Fractional-wet systems were generated by packing the CMT columns (I.D. = 6
mm, length = 60 mm) with three different ratios of oil-wet and water-wet glass beads. Each
group of 9 was comprised of 3 replicates comprising 0% oil-wet, 25% oil-wet, and 50% oil-
wet beads (percentages are by weight). Additionally, 2 control experiments were carried out
using 0% oil-wet and 50% oil-wet beads. Columns were imaged once residual oil saturation
was established after water flooding and after 84 hours, 140 hours, and 156 hours of MEOR.

The control columns were imaged after 156 hours of water flooding (without MEOR).

Oil-wet beads were prepared by treating glass beads with a 5% octodecylthrichlorosilane
(OTS) in toluene solution which is known to produce highly hydrophobic surfaces. The OTS
treated beads were 500 to 600 um in diameter and untreated beads (i.e. water-wet beads)
were 1.0 to 1.2 mm in diameter which allowed for unique identification of the water-wet and

oil-wet beads via size during image analysis. The 0% oil-wet bead pack was mixed using the



80

same glass bead size ratio as the 50% oil-wet bead pack to avoid differences in pore
morphology. Naturally, in this case the smaller beads were not treated with OTS. Thus,
differences seen between the 0% and 50% oil-wet bead packs are strictly due to wettability.
However, slight differences in pore morphology between the 25% and 50% oil-wet bead
packs may exist. The effect of pore morphology on water flooding and MEOR is an ongoing

research focus of ours and will be reported on in a future manuscript.

5.3.2 Water Flooding

Prior to water flooding CMT columns were sterilized with 3 pore volumes of ethanol, and
then rinsed with 3 pore volumes of Media E to remove any residual ethanol. The columns
were then saturated with Soltrol 220 followed by water flooding with Media E. Water
flooding was performed under fixed flux conditions at 0.18 ml/hr with a standard syringe
pump. Once 3 pore volumes of Media E was pumped through a column it was assumed that
residual oil saturation was established, and the column was imaged with CMT. At this stage,
6 replicates for each fractional wettability were tested (i.e. 0% oil-wet, 25% oil-wet, and 50%
oil-wet) as well as the 2 control columns. After the columns had been imaged at residual oil

saturation, MEOR commenced.

5.3.3 MEOR

Two different MEOR flooding solutions were used; one contained bacteria and their
metabolic byproducts while the other contained only the metabolic byproducts
(biosurfactant). The bacterium used was Bacillus mojavensis JF-2 (ATCC 39307). JF-2 was
grown on Media E (Table 4.1, similar to Lin et al. 1993, 1994a, 1994b) at room temperature,
under well-mixed conditions in a bioreactor and the content of this bioreactor was used as
one of the two MEOR flooding solutions tested (bacteria and biosurfactant). The bioreactor
contained 500 ml of Media E and was inoculated with 1 ml of concentrated cells grown up
from a batch culture. During growth, pH and interfacial tension (IFT) were recorded and the
reactor was visually inspected. Prior to the MEOR experiments, the growth curve for JF-2 was
characterized under the same conditions as the MEOR experiment. The second MEOR
flooding solution used was a biosurfactant solution which was prepared by separating the JF-
2 biomass from spent bacterial cultures (i.e. after exponential growth). Bacterial cultures of
JF-2 were centrifuged at 9,000 rpm for 10 minutes, followed by filtration of the supernatant

through a 0.22 um pore diameter membrane to remove the bacterial cells. The IFT of the
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resulting biosurfactant solution was measured with a Du NoUy ring tensiometer and the
same value as prior to biomass removal was obtained. Thus, the JF-2 and biosurfactant
flooding solutions had similar IFT. However, with JF-2 treatment, bioclogging of the pore-

space occurs, and thus, herein we compare IFT reduction with and without bioclogging.

5.3.4 Microtomography

Columns were imaged using synchrotron based x-ray microtomography at the
GeoSoilEnviroCARS (GSECARS) 13-BM-D Beamline at the Advanced Photon Source, Argonne
National Laboratory. The GSECARS bending magnet beam-line provides a fan-beam of high-
brilliance radiation, collimated to a parallel beam with a vertical size of approximately 5 mm.
Two images were collected and stacked in the vertical center of each column. Thus, only a 10
mm window in the vertical center of each column was imaged and analyzed to avoid any
boundary effects that may occur at the column inlet and outlet. Cesium chloride was added
as a contrast agent to the brine phase (1:6, CsCl:H,0 by wt.) prior to imaging (i.e. once either
water flooding or MEOR treatment was complete). For water flooding, it was assumed that
the CsCl was diluted from the column within the first few pore volumes during MEOR
treatment. Images were collected at energies above and below the photoelectric edge for
cesium (i.e. 36.885 keV and 35.085 keV). On-the-fly scanning, where the sample stage rotates
continuously through 180° during data collection, reduced data collection time for a single
scan to 5 minutes, which allowed for the collection of numerous data sets in our allotted
beam time. For each scan, 720 projections were collected over 180° and the images were
collected at a resolution of 11.3 um/pixel after 2x binning of the data. The raw data (2D
projections) were reconstructed to produce a 3D volume of gray-scale data using a filtered
back-projection algorithm written in the programming language IDL™ (Research Systems

Inc.).

5.3.5 Image Processing

Tomography volumes were segmented with the commercial software Avizo Fire® using a
gradient-based watershed routine based on the approach by Sheppard et al. (2004). The
principle of gradient-based watershed segmentation is to identify the known regions (i.e.
internal regions of each phase) in an image using a simple threshold. The unknown regions

(i.e. interfacial transition regions) are then identified by considering the image intensity
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gradient, such that the transient between any two phases is found at the inflection point (i.e.

the maximum of the first derivative of the image intensity) between any two known phases.

All images were median filtered (3x3x3) and arithmetic operations were performed on the
above-the-edge and the below-the-edge images to help accentuate a given phase (i.e. oil,
water, or glass beads). The median filtered above-the-edge image was used for calculating
the image intensity gradient and thereby labeling voxels which represented the glass phase.
Subtracting the above-the-edge image from the below-the-edge image increased the water
phase signal, and thus, the resulting image was used to label all water phase voxels. Addition
of the above-the-edge and the below-the-edge images decreased the noise in the oil phase
and allowed for labeling of the oil phase voxels. Once the known regions were labeled, the
watershed segmentation routine was implemented to classify the image into three distinct
phases (i.e. oil, water, and glass). An example image from each step in the image

segmentation process is provided in Figure 5.1.
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Figure 5.1: Example images taken during segmentation; above-the-edge gray-scale image (a), below-
the-edge gray-scale image (b), median filtered (3x3x3) above-the-edge image (c), image intensity
gradient (d), below-the-edge image subtracted from the above-the-edge image (e), addition of above-
the-edge and below-the-edge images (f), threshold of the image intensity gradient (g), threshold of the
bead phase (h), threshold of the water phase (i), threshold of the oil phase (j), addition of the
threshold images (k), final cropped image after watershed routine (I), and original gray-scale image (m)

cropped in the same region as the final segmented image (l).

5.3.6 Residual Oil Morphology

The segmented images were used to characterize residual oil blob size, oil saturation, and
interfacial curvature. Qil blobs were individually labeled using a neighborhood voxel
connectivity of 26 (i.e. voxels are connected if their faces, edges, or corners touch, and thus,
the number of oil blobs found is more conservative then if a connectivity of 18 or 6 is used).
Oil blob size was computed as the total number of voxels in each disconnected oil blob.
Residual oil saturation was also calculated by voxel counting and used to report changes in

oil saturation during MEOR.
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Isosurfaces of the oil phase, the water phase, and the oil/water interface were created using
a standard marching cube algorithm. The oil/water interface isosurface was used for
calculating mean radius of curvature which is the inverse of mean curvature. To avoid
pixilation effects, the oil/water interface isosurface was smoothed prior to computing
interfacial curvature and curvature for each triangular element on the isosurface was

averaged over its common neighbors.

To validate the curvature calculation method, precision dry beads (0.8 mm + 0.1 mm) were
imaged at similar resolution as the MEOR images collected herein (11.8 um/pixel) and the
radius of curvature of these beads were calculated from the segmented image. The
calculated radius of curvature value was found to be within 5% of the true bead radius.
Radius of curvature (i.e. the inverse of mean curvature) is measured from the perspective of
the water phase, thus, a convex interface is reported as a negative radius of curvature value
(implying water-wet conditions) while a concave interface is reported as a positive radius of

curvature (implying oil-wet conditions).

5.4 Results and Discussion

Prior growth curve results for JF-2 show that after ~20 hours the bacteria stop doubling and
go into a self-maintenance stationary phase (Online Resource 5). Both pH and IFT was
monitored in the bioreactor for the duration of the MEOR experiment. Results show that
during the first ~20 hours, a rapid drop in pH and IFT occurs (Figure 5.2), indicating that both
fermentation and biosurfactant production are occurring. The pH reduction can be explained
by fermentative respiration of the organism which creates excess protons and fatty acids in
the growth media which reduce pH. The composition of these fermentation byproducts was
partially characterized by Javaheri et al. (1985) where the main fermentation byproduct was
identified as acetate with no detection of methanol, ethanol, propanol, or butanol during
fermentation. However, the exact composition of the metabolic byproducts produced by JF-2
during fermentation has not been characterized. Apart from biosurfactant (which is not a
strictly fermentative byproduct) it is unclear if other compounds produced during

fermentation are essential for oil recovery.
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Figure 5.2: Growth curve for JF-2 (a), pH data for JF-2 flooding solution as a function of time during
MEOR (b), and IFT data for the JF-2 flooding solution as a function of time during MEOR (c).

Oil recovery versus time for MEOR using either the JF-2 or biosurfactant flooding solutions
are shown in Figure 5.3. Residual oil saturations reported at 0 hours correspond to oil
saturations measured after water flooding as averages of 6 replicate columns, and the error
bars correspond to a confidence interval of 90%. Residual oil saturation values reported at
times >0 hours are average values of two different regions in the same column, and thus, no
error bars are associated with these data points. Results show that the majority of oil
recovery occurred in the first ~80 hours while only marginal recovery occurred over the
remainder of time. The 50% oil-wet columns had the largest residual oil saturations after
water flooding while the 0% oil-wet columns had the lowest residual oil saturations after
water flooding. However, after MEOR, residual oil saturations for all of the columns
approached a similar level. The control columns, as expected, showed essentially no change
in residual oil saturation over the duration of the test, demonstrating that the oil recovery
observed in the MEOR columns was in fact due to flooding with bacteria and/or their

metabolic byproducts (i.e. biosurfactant).
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Figure 5.3: Residual oil saturation (calculated from the CMT images) versus treatment time for JF-2

MEOR (a) and biosurfactant MEOR (b). Data points at 0 hours represent the average oil saturation

value measured directly after water flooding from 6 replicate columns for each wettability tested.

Data points at 84, 140, and 156 hours represent the average oil saturation value measured at two
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separate locations in the same column during MEOR. Qil saturation error bars at 0 hours (i.e. directly

after water flooding) correspond to a confidence interval of 90%.

Additional Oil Recovered (AOR) values are shown in Table 5.1.The results show that the

overall effectiveness, in terms of AOR, for the flooding solutions tested were quite similar.

AOR results for the 0% oil-wet columns are reported as n/a in Table 5.1 since residual oil

saturations after MEOR treatment were slightly higher in these columns than after water

flooding. It is likely that residual oil upstream from the imaged volume was mobilized into the

imaged volume causing these spurious results in the water-wet columns. This would

obviously also be likely to happen during MEOR in the fractional-wet columns, but the effect

is masked by the overall larger recovery in these columns. It is expected that if larger
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volumes were imaged, reasonable AOR values would have been obtained for the 0% oil-wet
columns as well. However, since residual oil saturations in the control columns remained
constant during the experiments, this suggests that the pumping of three pore volumes
during water flooding was sufficient for obtaining residual oil saturation. Thus, the spurious
AOR results in the 0% oil-wet columns were not due to premature discontinuation of the

water flood.

Table 5.1: Additional oil recovered (AOR) for the MEOR columns.

Treatment JF-2 Biosurfactant
Fractional
oil-wet AOR AOR
50% 79.2 73.7
25% 51.1 44.0
0% n/a n/a

To better understand what drives oil mobilization, oil/water interfacial mean curvature
(reported as mean radius of curvature) was analyzed after water flooding and after MEOR.
The mean radius of curvature values for the columns treated with either the JF-2 or
biosurfactant flooding solutions are shown in Figure 5.4a and 5.4b. Considering that grain
diameter (0.50-1.20 mm diameter) is a reasonable proxy to pore radius (0.25-0.60 mm) the
reported mean radius of curvature values (0.23-0.34 mm) appear reasonable for these
experiment. After water flooding, the smallest average radius of curvature value was
observed in the 0% oil-wet columns, while the fractional-wet columns had consistently larger
average radius of curvature values. These results suggest that the surface tension between
the oil and the oil-wet bead surfaces may play a role in trapping since different mean radius
of curvature values (and residual oil saturations) exist depending on the fraction of oil-wet
surfaces that are present in the porous bead pack. Similar results are shown by Motealleh et
al. (2010) were their grain-based pore-scale model demonstrated that the existence of a
single oil-wet grain in the model domain can change trapped phase topology and thatin a
fractional-wet system the range of stable curvatures decreases and tends toward larger

radius of curvatures.
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Figure 5.4: Average mean radius of curvature (calculated from the CMT images) versus treatment time
for JF-2 MEOR (a) and biosurfactant MEOR (b). Data points at 0 hours represent the mean radius of
curvature value taken directly after water flooding from 6 replicate columns for each wettability
tested. Data points at 84, 140, and 156 hours represent the mean radius of curvature value taken from
two separate locations in the same column during MEOR. Qil saturation error bars at 0 hours (i.e.

directly after water flooding) correspond to a confidence interval of 90%.

It should be noted, that during MEOR, residual oil saturation and radius of curvature values
in the 25% oil-wet columns are consistently above the 50% oil-wet columns. Potentially, this
could be explained in terms of percolation where the 50% oil-wet columns have enough
interconnected oil-wet pores to percolate across the column causing lower residual oil

saturations. This can be demonstrated by generating a distance map of the pore space with
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respect to the water-wet surfaces. Once again assuming that the average pore radius is
approximately 0.25 mm and then removing any pore space that is within 1 pore radii
distance of a water-wet surface, a volume rendering of the most oil-wet regions in the pore
space can be created (Figure 5.5). As evident in Figure 5.5, the 50% oil-wet column has
interconnected oil-wet regions from the top to the bottom of the imaged volume, while the
25% oil-wet column has no interconnected oil-wet regions. This interconnectedness is critical
for mobilization, as pore-network models by Man et al. (2002) have demonstrated, that oil
located in oil-wet pores surrounded by water-wet pores cannot escape and thus becomes
trapped during imbibition. Also, as fractional wettability increases, residual oil saturation
begins to decrease since oil-wet percolation networks become established across the model
domain.

25% oil-wet 50% oil-wet

250 um

A l'l'l‘;m

500 pm

Figure 5.5: A distance map of the pore space relative to the water-wet surfaces for the 25% oil-wet (a)
and 50% oil-wet (b) columns. Any pore space that is within 1 pore radii distance (i.e. 0.25 mm) of a

water-wet bead is removed from the volume rendering.

The presence of bacterial cells in the flooding solution had little effect on interfacial
curvature (Figure 5.4a and 5.4b). However, this may be a result of using metabolically
inactive bacterial cells during flooding since it is unclear if metabolically active bacteria are
required or not for interfacial attachment. Thus, different results may occur depending on
the MEOR strategy taken: (1) injection of nutrients to stimulate indigenous microorganisms,
(2) injection of exogenous microorganisms(s) and nutrients, or (3) injection of ex situ
produced products. In general, after MEOR, mean interfacial radius of curvature decreases
(Figure 5.4a and 5.4b). This decrease in mean radius of curvature after MEOR suggests that

the remaining residual oil is strongly trapped in the smallest pores and that during MEOR,
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mainly residual oil blobs held under relatively low capillary pressure (i.e. large radius of
curvature) are being mobilized. Oil/water interfacial isosurfaces after MEOR treatment show
that the remaining residual oil is indeed trapped mostly in oil-wet pore necks since mostly
positive (i.e. oil-wet curvatures) are seen in the imaged regions, and in some cases, the
residual oil exist as pendular rings (Figure 5.6). When comparing images of the oil/water
interfaces after water flooding and after MEOR in Figure 5.6, it is apparent that in the
fractional-wet columns interfacial curvature shifts towards more positive values indicating
more oil-wet curvatures. This shift in curvature is not seen in the 0% oil-wet columns (Figure
5.6c1 and 5.6¢2). These images further suggest that during water flooding, the oil-wet regions
of the bead pack do not drain since mostly water-wet curvatures are present. Not until after
MEOR, when interfacial tension was reduced, do the oil-wet regions drain as indicated by the
presence of oil-wet curvatures. Figure 5.6 also illustrates distinct differences in the oil-water

interface morphology from post water flood to post MEOR for fractional-wet systems.
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50% oil-wet
25% oil-wet
0% oil-wet

-0.25 ——— ssmm 0.25
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Figure 5.6: Example isosurfaces of the oil/water interface after water flooding (a1, b1, and c1) and
after MEOR (a2, b2, and c2) for the 50% oil-wet (a1 and a2), 25% oil-wet (b1 and b2), and 0% oil-wet (c1
and c2) columns. From the perspective of the water phase, negative mean curvature values
correspond to convex interfaces (i.e. water-wet curvature) and positive mean curvature values

correspond to concave interfaces (i.e. oil-wet curvature).
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The residual oil blob size distributions for MEOR columns flooded using the JF-2 or
biosurfactant flooding solutions are shown in Figure 5.7a and 5.7b, respectively. These
distributions demonstrate that after water flooding, residual oil blob size decreases
consistently as the number of oil-wet surfaces decreases and that residual oil blob size
distributions shift to smaller blob sizes after MEOR. These observations are supported by the
results of Han et al. (2006) where fractional-wet columns contained fewer and larger residual
phase. These results suggests that during MEOR the largest oil blobs are mobilized and/or
broken up into smaller residual blobs that remain trapped in the pore-space. These results
are consistent with the results of Payatakes et al. (1980) and Wardlaw et al. (1985) where
residual oil blob size decreased as capillary number increased. The blob size distributions for
JF-2 MEOR appear to be less dependent upon wettability than for biosurfactant MEOR, since
the JF-2 flooding solution final blob size distributions are quite similar for the fractional
wettabilities tested. Comparing blob size distribution and fractional wettability for JF-2 MEOR
and biosurfactant MEOR, we see conflicting trends (Figure 5.7). This suggests that the
presence of bacterial cells in the flooding solution may have an effect on the morphology of
residual oil blobs; however, little difference is seen in the overall recovery of oil (Table 5.1).
Visual inspection of the CMT images captured after MEOR indicate that the smaller trapped
residual oil blobs are primarily located in oil-wet pores (Figure 5.8) which is also supported by
the curvature results. In Figure 5.8 the water-wet beads are significantly larger than the oil-
wet beads and can be visually identified. These images show that during water flooding,
preferential flow paths developed through the water-wet pores and that a portion of the oil-
wet pores drained after MEOR, however, residual oil still remained in the smallest oil-wet

pore regions.
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Figure 5.7: Residual oil blob size distributions for JF-2 MEOR (a) and biosurfactant MEOR (b). Solid data
points correspond to blob size distributions taken directly after water flooding the wettabilities tested

while the hollow data points correspond to the blob size distribution after 156 hours of MEOR for each
wettability tested.
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Water Flooding MEOR

50% oil-wet
25% oil-wet
0% oil-wet

Figure 5.8: CMT images after water flooding (a1, b1, and c1) and after MEOR (a2, b2, and c2) for the
50% oil-wet (a1 and a2), 25% oil-wet (b1 and b2), and 0% oil-wet (c1 and c2) columns. In these images
the brightest phase is water and the darkest phase is oil. Additionally, in the 50% oil-wet (a1 and a2)
and the 25% oil-wet (b1 and b2) columns the smaller beads are oil-wet while the larger beads are

water-wet.
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The relationship between average residual oil blob size and the fraction of oil-wet surfaces in
a column is shown in Figure 5.9a and 5.9b. The experimental results show opposite trends
post water flooding and post MEOR. After water flooding our experimental results contradict
experimental and pore-network model simulations reported in the literature. Both Al-Raoush
et al. (2009) and Zhao et al. (2010) report that residual oil saturation and residual oil blob size
decreases with increasing percentage of oil-wet surfaces in a porous medium. However, the
capillary number in the Al-Raoush et al. (2009) experiment is two orders of magnitude higher
than our capillary number (1.6%10®) during water flooding. During MEOR, the capillary
number in our experiments increases by one order of magnitude due to interfacial tension
reduction at which point we obtain a similar trend as Al-Raoush et al. (2009). This finding
suggests that the relationship between residual oil blob size (and the amount of oil
recovered) and fractional wettability is not universal and could be dependent on the

interplay between viscous and interfacial forces (i.e. capillary number).
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Figure 5.9: Average residual oil blob size versus the fraction of oil-wet surfaces present in a porous

medium directly after water flooding (a) and after MEOR (b). Notice difference in scale on y-axis.
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Based on the presented results we are able to suggest a conceptual model and summarize
the prevalent mechanisms that control water flooding and MEOR in our fractional-wet
systems. Each porous medium can be divided into 2 domains: (1) a water-wet domain and (2)
a oil-wet domain. During water flooding the water-wet domain proceeds through dynamic
forced imbibition where either snap-off or frontal displacement can occur, while the oil-wet
domain proceeds through dynamic forced drainage where an entry pressure must be
overcome before drainage can occur. At low capillary number the oil-wet domain does not
drain since viscous forces are not large enough to overcome the entry pressure required to
flood the oil-wet domain. Thus, flooding proceeds through the water-wet domain resulting
in; (1) large residual oil blobs, (2) mostly water-wet curvatures, and (3) large interfacial radius
of curvature. Simulation results presented by Motealleh et al. (2010) where menisci
movement in fractional-wet media was investigated show that advancement of the water
phase toward the oil-phase during imbibition can be impeded by the presence of an oil-wet
grain, which is consistent with our experimental results at low capillary number (i.e. during
water flooding). At higher capillary number (e.g. during MEOR through a reduction in IFT) the
oil-wet domain drains and flooding proceeds through both the water-wet and oil-wet
domains. Thus, reduction in interfacial tension reduced the entry pressure needed to initiate
drainage of the oil-wet pores resulting in; (1) small residual oil blobs, (2) more oil-wet

curvatures, and (3) a decrease in interfacial radius of curvature.

5.5 Conclusions

The implication of these results for field-scale MEOR operations is that oil reservoirs with a
large fraction of oil-wet pores could potentially contain a large quantity of oil trapped in the
oil-wet pore space. If that is the case, the type of MEOR that induces interfacial tension
reduction as shown here could be quite successful in mobilizing this oil fraction. Our results
show that, in porous systems that have large interconnected regions of oil-wet pore space,
MEOR treatment is most successful because these interconnected regions can potentially

support percolation of the oil phase.

As reported, no detrimental or beneficial effects are reported for JF-2 treatments were
bioclogging of the pore space could occur. Thus, no complicated in situ treatment is needed.
The bacterial flooding solution could be produced ex situ of the oil reservoir and then directly

injected into the oil formation without the removal of biomass from the injection solution.
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The effect of reservoir pore morphology on MEOR efficiency is the focus of on-going research

and will be reported in a subsequent publication.

Overall conclusions:

5.6

Post water flooding, fluid-fluid interfaces are located in mostly fractional-wet pores
(i.e. pores surrounded by oil-wet and water-wet grains) as indicated by large
interfacial radius of curvatures (i.e. rather flat interfaces) and visually identified in
the CMT images.

Post MEOR, oil-wet curvatures were measured in the 25% and 50% oil-wet columns,
suggesting that residual oil was trapped in purely oil-wet pores.

The ability to measure interfacial curvature from CMT images allowed us to study oil
blob mobilization, in terms of interfacial curvature. Both types of MEOR decreased
interfacial radius of curvature, which indicates that the oil recovered via MEOR is the
fraction that is held in low capillary pressure pore geometries.

As expected the trend in residual oil blob size with fractional wettability appears to
be dependent on capillary number. However, the spatial location of residual oil blobs
in fractional-wet systems at high capillary number differs from that obtained in
water-wet systems. In fractional-wet systems, residual oil remains as pendular rings,
once the oil-wet region drains.

The JF-2 flooding solution and the biosurfactant flooding solution produced similar
radius of curvature distributions and slightly different blob size distributions. The
similarity in oil blob morphologies during either treatment was unexpected since it
was expected that bioclogging with IFT reduction would significantly alter oil blob

morphology in comparison to just IFT reduction.
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6.1 Abstract

Microorganisms can be utilized to mobilize capillary trapped oil in a process called microbial
enhanced oil recovery (MEOR), in which numerous MEOR mechanisms are proposed. In this
study, we explore the effectiveness of the MEOR mechanism of interfacial tension (IFT)
reduction with and without the MEOR mechanism of bioclogging in a range of different pore
morphologies using x-ray microtomography. The objective of this research is to distinguish
what pore morphological parameters are of importance when considering biosurfactant-
facilitated and/or biomass-facilitated MEOR. Additional oil recovered (AOR) is related to pore
morphological parameters, including; porosity, coordination number, pore throat/body size,
and sphericity. Results demonstrate that AOR increased from ~ 40% to ~60% with increasing
pore throat size from 50 um to 125 um, grain sphericity from 0.1 to 0.28, and coordination
number from 3.4 to 4.1, and with decreasing porosity from 0.4 to 0.1 and aspect ratio from
0.6 to 0.4. Both MEOR treatment options produce similar AOR results for the majority of
pore morphologies tested. However, in terms of AOR, bioclogging out-performs IFT reduction
by ~30% in the pore morphology with the highest porosity, largest aspect ratio, and lowest
grain sphericity. Overall, the presented experiments demonstrate the importance of pore

morphology, and thus residual oil blob morphology on the resulting effectiveness of MEOR.

6.2 Introduction

Microbial enhanced oil recovery (MEOR) involves inoculating an oil reservoir with exogenous
microorganisms or augmenting the native microbial population to facilitate the mobilization
of residual oil. For an in-depth review of MEOR and the mechanisms involved we refer to
Youssef et al. (2008). Overall, lab-scale experiments have been mostly successful (e.g.
Bordoloi et al. 2007; Bryant et al. 1998; Suther et al. 2009), in terms of oil recovery, while
field-scale results have had variable success (e.g. Hiltzman, 1988, 1983; Lazar, 1991).
Deleterious microbial activity or antagonistic affects due to the combination of multiple
incompatible MEOR mechanisms (as discussed later) are potential reasons for inconsistent

field-scale success.

Using MEOR either beneficial or detrimental microbial activity is possible (Bao et al. 2009).
Beneficial activities include; biosurfactant production that reduces interfacial tension (e.g.
Bryant and Douglas, 1988), generation of biogenic gas that can dissolve into the oil phase

and reduce its viscosity (e.g. Bryant and Burchfield, 1989), or hydrocarbon degradation that
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can reduce oil viscosity by microbial conversion of long chain alkanes to shorter chain alkanes
(e.g. Wankui et al. 2006). Detrimental activities include; generation of hydrogen sulfide that
is highly corrosive to oil-extraction equipment (e.g. Mclnerney et al. 1991) or bioclogging that
can potentially inhibit oil blob mobilization (e.g. Soudmand-asli et al. 2007). While many
researchers report the synergistic affect of linking multiple MEOR mechanisms, it is also likely

that antagonistic affects could occur.

In this report, we investigate the MEOR mechanism of interfacial tension reduction with and
without the MEOR mechanism of bioclogging to understand the synergistic/antagonistic
relationship between these two MEOR mechanisms and ultimately how this relationship
affects oil recovery. Previous studies (see Chapter 5) indicate that in 3-dimensional columns
packed with glass beads both treatment options give similar results. Yet, in 2-dimensional
micromodel experiments Chapter 4 showed that bioclogging with IFT reduction significantly
enhanced oil recovery in comparison to oil recovery with just IFT reduction. Conversely,
Soudmand-asli et al. (2007) demonstrate that bioclogging inhibits oil recovery in fractured 2-
dimensional micromodel networks. Additionally, numerous reports have shown that
microbial transport through porous media, and thus the subsequent distribution of
microorganisms and microbial activity is direct dependent on the ratio between pore throat
sizes and microorganism size (e.g. Lappin-Scott et al. 1988; MacLeod et al. 1988; Mckinley et
al. 1988). Thus, it is likely that oil recovery with MEOR is (highly) dependent on pore
morphology. It is our proposition that IFT reduction with bioclogging could either be

detrimental or beneficial to oil recovery depending on pore morphology.

We take this approach since numerous multiphase flow studies have shown that
understanding pore morphology is critical for oil recovery; oil blob morphology and oil
saturation, which ultimately affects oil blob mobilization are directly dependent on pore
morphology (Schnaar and Brusseau 2005; Schnaar and Brusseau 2006; Costanza-Robinson et
al. 2008; Brusseau et al. 2009). Results, in the previously cited manuscripts, demonstrate that
residual oil blob size, interfacial area, and residual oil area-to-volume ratios (and the skew of
these distributions) are directly related to mean grain size, grain surface area, grain size
homogeneity, and angularity. From these relations, Costanza-Robinson et al. (2008) was
successful at developing an empirical relationship for air/water interfacial area as a function
of water saturation and geometric grain surface area. Furthermore, the inclusion of pore-

scale parameters and realistic porous networks/domains into numerical models have led to
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accurate prediction of various multiphase flow properties (e.g. Karpyn and Piri 2007a, 2007b;
Porter et al. 2010; Joekar-Niasar et al. 2010).

Another aspect of implementing MEOR deals with controlling/understanding reservoir
microbiology. Currently, reservoir treatment regimes are being designed to augment
reservoir specific microorganisms, and thus, which MEOR mechanism is utilized for recovery.
For example, the addition of nitrate, nitrite, or nitrate/molybdate mixtures are used to
inhibit the activity of sulfate reducing bacteria (Youssef et al. 2008; Bao et al. 2009; Jackson
et al. 2010). Bao et al. (2009) conducted selective activation experiments on formation water
from a Shengli oilfield (China) and were successful at stimulating the growth of hydrocarbon
degrading bacteria and methane producing bacteria while restricting the growth of sulfate
reducing bacteria. Field-scale reservoir characterization is often accomplished using DNA
microarrays (Jackson et al. 2010), which target highly conserved species specific regions of an
organisms’ 16s rRNA. Zhang et al. (2010) used 16s rRNA characterization to study microbial
community response during the injection of bacteria and nutrients into a Daqing oilfield
(China). In laboratory experiments by Zhang et al. (2010), the targeted bacteria were easily
activated, however, at the field-scale the targeted bacteria did not survive and the activated
microbial communities were not the communities predicted from the lab-scale experiments.
Field trials such as those previously mentioned, demonstrate that shifts in species specific
population densities are likely to occur during MEOR. While further advances are needed to
better control/characterize subsurface microbial communities, knowing which MEOR
mechanism is the most suitable for a given reservoir, in terms of pore morphology, will help

in deciding which microbial population must be stimulated to improve oil recovery.

6.3 Materials and Methods

To facilitate this research, we utilized a software package called 3DMA-ROCK, which analyzes
segmented CMT images of porous media and divides the pore-space into individual pore
bodies separated by pore throats (Lindquist 2002). 3DMA-ROCK has been utilized by
numerous researchers to characterize porous media (e.g. Joekar-Niasar 2010, Prodanovi¢ et
al. 2007), understand changes in pore morphology during biomineralization (e.g. see
Appendix A), and dissolution processes (e.g. Cai et al. 2009). Pore morphology quantification
is accomplished by constructing a medial axis through the void space (i.e. pore-space),
followed by searching the medial axis for regions of minimal surface cross-sectional area,

which are then defined as throats. 3DMA-ROCK divides the pore-space into individual pore
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bodies separated by throats, which represent only a surface and have no volume. Parameters
such as, pore radii, throat radii, coordination number, and pore aspect ratio, are obtainable
with 3DMA-ROCK.

6.3.1 Pore Morphologies

To obtain unique and representative pore morphologies different diameter glass spheres
and/or crushed glass were packed into glass columns and sintered in a muffle furnace at
760°C for 20 minutes. In total four pore morphologies were generated: (1) Homogeneous
spherical mixture (35%, 600 um diameter glass spheres, 35%, 850 um diameter glass spheres,
30%, 1.0 to 1.4 mm diameter glass spheres), (2) Heterogeneous spherical mixture (50%, 400
pum diameter glass spheres, 50%, 1.0 to 1.4 mm diameter glass spheres), (3) Fine angular
mixture (100%, crushed glass < 800 um, nominal sieve opening), and (4) Fine/coarse angular
mixture (50%, crushed glass < 800 um, nominal sieve opening, 50%, crushed glass > 800 um,

nominal sieve opening)

For the homogeneous spherical mixture the different diameter glass spheres were uniformly
distributed throughout the column, while for the heterogeneous spherical mixture that was
not the case. A uniform mixture is subjective and was accomplished by carefully packing the

column with only a few beads at a time.

6.3.2 MEOR

Columns were sterilized with three pore volumes of ethanol and then rinsed with three pore
volumes of Medium E (Table 4.1). Columns were then saturated with Soltrol 220 followed by
water flooding with Medium E. Water flooding was performed under fixed flux conditions at
0.18 ml/hour with a standard syringe pump. Once three pore volumes of Media E was
pumped through a column it was assumed that residual oil saturation was established, and at

this point, the column was imaged with x-ray computed microtomography.

Two MEOR flooding solutions were investigated: (1) bacteria and biosurfactant, and (2)

biosurfactant only. Duplicates were performed for each possible combination of pore
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morphology and flooding solution. The bacterium was Bacillus mojavensis JF-2 (ATCC 39307),
which was grown with Medium E (Chapter 4, Table 4.1) at room temperature and under well-
mixed conditions in a bioreactor. The contents of the bioreactor are referred to as flooding
solution 1. Interfacial tension (IFT) between the bioreactor contents and Soltrol 220 was
measured with a Du Nody ring tensiometer. Flooding solution 2 was prepared by growing a
batch culture of JF-2 and then removing the bacterial cells. Bacterial cultures of JF-2 were
centrifuged at 9,000 rpm for 30 minutes; the supernatant was used as flooding solution 2. A
few drops of chlorine were added to flooding solution 2 to insure that bacterial
contamination would not occur. The IFT of the resulting biosurfactant solution was measured
to verify that the same IFT as prior to biomass removal was obtained. Thus, both flooding

solutions had similar IFT.

MEOR treatment was commenced after water flooding by infusing 3-12 pore volumes of
either flooding solution. A standard curve relating bacterial cell mass (as dry weight) to the
optical absorbance of flooding solution 1 at 600 nm was generated. Optical absorbance
measurements were then used to calculate the biomass concentration in the bioreactor, and
thus, the amount of biomass infused during MEOR with flooding solution 1. After continuous
pumping, at 0.18 ml/hour, for a given number of pore volumes (for flooding solution 2) or
given amount of biomass infused (for flooding solution 1), the columns were imaged with x-

ray computed microtomography.

6.3.4 X-Ray Microtomography

Dry columns were imaged using synchrotron-based x-ray microtomography at the
GeoSoilEnviroCARS (GSECARS) 13-BM-D Beamline at the Advanced Photon Source (APS),
Argonne National Laboratory. The GSECARS bending magnet beam-line provides a fan-beam
of high-brilliance radiation, collimated to a parallel beam with a vertical size of approximately
5 mm. Two images were collected and stacked vertically. Thus, a 10 mm window in the
vertical center of each column was imaged. During imaging, 720 projections were collected
over 180° and the images were collected at 11.3 um/pixel resolution, after 2x binning of the
data. Scan time was 5 to 10 minutes. Dry column images were analyzed with 3DMA-Rock for

pore morphology characterization.
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MEOR induced residual oil saturation was measured using the Oregon State University,
School of Mechanical, Industrial and Manufacturing Engineering, micro-CT Laboratory. The
cone beam tomography system is powered by a Focus FXE-160.20 x-ray tube, which was
operated at 100 keV and 78 pamp-.s. For each angle collected, four projections were
averaged. Over 360° of rotation 1440 averaged projections were collected with a 2448 x
2048 pixel CCD camera (16-bit). Image resolution was 9.2 um/pixel, scan time was
approximately 80 minutes, and a 20 mm vertical region of each column was imaged. To
enhance contrast between the wetting and non-wetting phase, cesium chloride was added
to the water phase (1:6, CsCl:H,0, mass ratio). The resulting images were analyzed for

residual oil saturation.

6.3.5 Segmentation

Image segmentation was accomplished using indicator kriging-based thresholding (Oh and
Lindquist, 1999). This approach is based on two user defined threshold values that establish
reasonable upper and lower boundaries. Any voxel value below the lower limit is labeled as
one phase and any voxel value above the upper limit is labeled as another phase. Voxels with
values between the lower and upper limit are segmented with indicator kriging, which

considers the spatial covariance of the image (Oh and Lindquist 1999).

6.3.6 Pore Morphology

A representative elementary volume (REV) analysis, in terms of porosity, was conducted on
the 4 dry column images from the APS. On average, for all pore morphologies analyzed,
porosity was found to be invariable at a volume greater than ~80 mm?. The REV volumes
were then imported into 3DMA-ROCK for medial axis and pore body/throat construction.
When referring to the 3DMA-ROCK data, effective pore radii is the radius of a sphere of
equivalent volume and effective throat radii is the radius of a circle of equivalent area. For
more detailed information on the algorithms used with 3DMA-ROCK, we refer to the

publications by Prodanovi¢ et al. (2006) and Lindquist (2002) and references therein.

Additionally, the REV volumes were analyzed for sphericity (S), which is a metric that

measures how spherical an object is, calculated as
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1 2
o I3 (6Vp)3

AP (6.1)
where, V, is the particle volume (length cubed), A, is the particle surface area (length

squared).

6.4 Results and Discussion

3DMA-Rock results are presented in Figure 6.1. The spherical mixtures have considerably
larger pore and throat radii and broader distributions thereof, than columns constructed
from the angular mixtures. The homogenous spherical mixture has the broadest effective
throat and pore radii distributions, while the fine angular mixture has the narrowest effective
throat and pore radii distributions. Average coordination numbers are 3.4, 3.6, 3.8, and 4.0,
and average sphericities are 0.08, 0.11, 0.25, and 0.24, for the fine angular, fine/coarse
angular, homogenous spherical, and heterogeneous spherical mixtures, respectively.
Spherical mixtures resulted in <1 sphericity, since during the sintering process many of the

smaller glass beads completely fused together instead of just fusing at the contact points.
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Figure 6.1: Pore morphology results from 3DMA-ROCK; effective throat radii distributions (a), effective

pore radii distributions (b), and aspect ratio distributions (c).

The residual oil (Se) values reported on the ordinate (at zero biomass/pore volume infused)
of Figure 6.2a and 6.2b were measured after water flooding and can be used to quantify the
amount of capillary trapping that occurred during water flooding (Mahmud et al. 2006;
Nguyen et al. 2006; Chang et al. 2009; Knackstedt et al. 2010; see 2.2.2 Dynamic Imbibition).
Pore morphologies that result in larger S,,are those where capillary trapping is more
prevalent. Accordingly, the largest amount of capillary trapping occurred in the fine/coarse
angular and heterogeneous spherical mixtures which have average effective throat radii of

77 and 78 um, respectively, and rather broad throat radii distributions. In comparison, the
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fine angular mixture had the smallest average effective throat radius (i.e. 63 um), which
would suggest more prevalent snap-off, and thus, greater S, than the two previously
mentioned pore morphologies. However, the narrower distribution of effective throat and
pore radii for the fine angular mixture seemed to result in less snap-off. As noted by Melrose
and Brander (1974), residual non-wetting phase saturation increases as the pore-size
distribution broadens. In accordance with this, the presented results demonstrate that
average throat radii is not the determining factor that dictated snap-off, the distribution of

radii and most likely the spatial arrangement of throats also affected the amount of snap-off.
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Figure 6.2: Residual oil saturation in terms of biomass infused (a) or pore volumes infused (b) for JF-2
and biosurfactant treatment, respectively. Saturation values at zero biomass/pore volume infused

correspond to average S,, measured after water flooding.
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During MEOR using JF-2 (Figure 6.2a), the amount of oil recovered was directly dependent on
the amount of biomass infused. Residual oil saturations leveled-out around 6.0E-3 mg (as dry
weight) of biomass infused, which corresponded to approximately 6 pore volumes of infused
JF-2 solution. For biosurfactant treatment (Figure 6.2b), S,, values leveled-out once
approximately 3 pore volumes were infused. The IFT for both treatment options was ~0.6
dynes/cm. The results suggest that when using JF-2 treatment, the majority of recovery is
caused by IFT reduction via the biosurfactant, while additional recovery obtained with
additional pore volumes infused is likely caused by bioclogging. Overall, both treatment

options gave positive results, in terms of reduced residual oil saturation.

Visual renderings of residual oil blobs obtained in the pore morphologies tested are
displayed in Figure 6.3. The red residual oil is oil recovered during MEOR, while the yellow oil
blobs correspond to oil that remained trapped during MEOR. The images display significantly
different residual oil blob morphologies for the pore morphologies tested. The more
homogeneous mixtures (i.e. the homogenous spherical mixture and the fine angular mixture)
have smaller more uniform residual oil blobs after water flooding (Figure 6.3a1 and 6.3c1),
while the more heterogeneous mixtures (i.e. the heterogeneous spherical mixture and the
fine/coarse angular mixture) have larger ganglia that span multiple pores after water
flooding (Figure 6.3b1 and 6.3c1). Using either JF-2 or biosurfactant treatment (i.e. flooding
solution 1 or 2) the largest oil bobs were recovered and at least a portion of almost every oil
blob that remained after water flooding was recovered during MEOR. For example, in Figure
6.3, almost every yellow oil blob is either partially or completely connected to a red oil blob,
meaning that at least a fraction of every oil blob that remained trapped after MEOR was
recovered during MEOR. Lenormand et al. (1983) reported that, depending on the pressure
gradient and pore neck size, two different oil blob mobilization events can occur; either the
entire oil blob enters the neck and quickly becomes mobilized, or a fraction of the blob
separates from the parent blob as an individual droplet that then becomes mobilized. Both
scenarios are apparent in Figure 6.3; however, the latter of the two scenarios is more

prevalent in the angular mixtures (Figure 6.3c1 and 6.3d1).
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Figure 6.3: Example CMT image for the homogeneous spherical mixture (a), heterogeneous spherical
mixture (b), fine angular mixture (c), and fine/coarse angular mixture (d). In the three-dimensional
renderings of the residual oil blobs, red blobs were mobilized during MEOR while yellow blobs
remained trapped (al, b1, c1, and d1). In the gray-scale CMT slices showing examples of the different
pore morphologies tested. The dark region corresponds to the void space (a2, b2, c2, and d2).

Additional oil recovered was correlated to average pore morphological parameters extracted
from the CMT images with 3DMA-ROCK (Figure 6.4). The correlation plots demonstrated that
AOR increases with increasing average grain sphericity, average effective throat radii,
average coordination number, and average effective pore radii, while AOR decreased with
increasing porosity and average aspect ratio. In some instances biosurfactant treatment is
slightly more efficient than JF-2 treatment, however, AOR results were similar and no
definite reverse trends are observed for either treatment option. For example, for a given
pore morphology parameter, biosurfactant treatment does not consistently perform better
than JF-2 treatment. However, for the fine angular mixture, which has the largest porosity,
largest average aspect ratio, and smallest average sphericity, JF-2 treatment performed

significantly better than biosurfactant treatment.
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Figure 6.4: Average pore morphology parameters; grain sphericity (a), effective throat radii (b),
coordination number (c), effective pore radii (d), porosity (e), and aspect ratio (f), related to additional

oil recovered with either JF-2 or biosurfactant treatment.

The correlation plots, shown in Figure 6.4, can be considered in the context of the criterion
for oil blob mobilization. For mobilization to occur the pressure gradient over the length of
the oil blob must exceed the capillary pressure requirement for the oil blob to pass through a
given pore neck (Wardlaw and McKellar, 1985). Thus, as the distribution of pore neck sizes
decreases, an increasingly larger pressure gradient or a significant interfacial tension
reduction is required for mobilization. Since oil blobs trapped in larger pore throat

geometries require smaller pressure gradients for mobilization, AOR increases as average
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throat size increases (Figure 6.4b). For the pore morphologies tested, less spherical grains
and smaller effective pore sizes (radii) resulted in smaller effective pore neck sizes, thus, AOR
increases as average pore radius and average sphericity increases (Figure 6.4a and 6.4d). The
trend realized in Figure 6.4c is explained by the following argument: as a pore becomes more
interconnected the likelihood for a given pore to have a pore-neck size that meets the critical
requirement for mobilization to occur increases, and thus, AOR increases as coordination
number increases. The negative trend seen with porosity (Figure 6.4e), may occur because
columns were flooded at a constant flux of 0.18 ml/hour, and thus, lower porosity columns
would have higher pore velocities, resulting in a greater pressure gradient. Overall, our
results demonstrate that residual oil blob morphology (as displayed in Figure 6.3) depends

on pore morphology, which ultimately affects MEOR (as shown in Figure 6.4).

6.5 Conclusions
e The amount of capillary trapping and the resulting initial morphology of residual oil
blobs are explained by the average effective pore throat and body sizes and the

distribution thereof.

e During bioclogging, oil recovery is directly dependent on the amount of biomass

infused.

e Bioclogging with IFT reduction outperformed IFT reduction without bioclogging, in
terms of AOR, in the pore morphology with the largest porosity, largest aspect ratio,

and lowest grain sphericity.

e Atleast a fraction of every oil blob that remained trapped after MEOR was recovered
during MEOR.

e Positive correlations between AOR and grain sphericity, effective throat size,

effective pore size, and coordination number are reported.

e Negative correlations between AOR and porosity and aspect ratio are reported.
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Chapter 7. Discussion and Conclusions

7.1 Summary

This dissertation explores the pore-scale physics occurring during microbial enhanced oil
recover. Micromodel experiments imaged with stereo microscopy and column experiments
imaged with computed x-ray microtomography were utilized to obtain pore-scale
parameters relevant to multiphase flow. The foremost objective was to identify the oil
reservoir type, in terms of wettability and pore morphology, for which a given MEOR

mechanism would be the most suitable. The specific objectives of this research were to:

1. Develop and validate a method to measure the interfacial curvature of fluid-fluid

interfaces from 3-dimensional pore-scale images.

2. Identify how the MEOR mechanisms of biosurfactant-facilitated and biomass-
facilitated recovery compare to each other and to abiotic recovery where the flow

rate of the flooding phase is increased.

3. Identify how porous systems of different inherent wettability lend themselves to

biosurfactant-facilitated and/or biomass-facilitated oil recovery.

4. ldentify how different porous media pore throat size distributions, pore body size
distributions, and thus pore-scale spatial distribution of residual oil and oil blob
morphology affect oil mobilization when using biosurfactant-facilitated and/or
biomass-facilitated MEOR.

Chapter 3 presented/validated a method to measure interfacial curvature from pore-scale
CMT data. The results indicated good agreement between curvature-based and transducer-
based capillary pressure measurements. The presented method allows for measuring

disconnected phase capillary pressure, which is unobtainable with the standard transducer-
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based method. Overall, this approach allows for a detailed assessment of interfacial
curvature during drainage and/or imbibition and provides researchers a new perspective
from which to study these processes. This curvature estimation method was used in Chapter
5 to study oil blob mobilization during MEOR. Additionally, as highlighted in Chapter 3, the
relaxation of interfaces during the transition from dynamic to static conditions was
demonstrated by measuring interfacial curvature, and thus, could potentially be used to

develop new dynamic capillary theoretical relationships for now P.-S,-A..

Chapter 4 explored the effectiveness, in terms of oil recovered, of each proposed MEOR
mechanism. Micromodel experiments allowed for direct visualization of the biological phase,
such that the extent of bioclogging could be quantified. The results revealed that oil recovery
was strongly dependent on the amount of biomass infused during MEOR treatment.
Bioclogging (with minimal IFT reduction) was the most effective MEOR mechanism, in terms
of AOR. However, the presented micromodel results contradict some results in the existing
literature, which report that bioclogging is potentially detrimental to oil blob mobilization.
Consequently, it was proposed that the effectiveness of a given MEOR mechanism is
dependent on inherent pore-scale reservoir characteristics; this proposition was then

addressed in Chapters 5 and 6.

Chapter 5 investigated MEOR in fractional-wet systems. A conceptual model was developed
that suggests that at low capillary number, preferential flow paths develop through the
water-wet regions of the pore space, resulting in a large amount of disconnected oil. The
MEOR mechanisms of interfacial tension reduction and bioclogging with interfacial tension
reduction were compared and no major differences between the two approaches in terms of
interfacial curvature, residual oil blob size, and oil recovery, were measured. After MEOR, the
remaining oil was located in purely oil wet-pores, implying that the oil recovered during

MEOR was the fraction of oil in fractional-wet pores.

Chapter 6 considered the effectiveness of interfacial tension reduction with and without
bioclogging in a range of different pore morphologies. The extent of capillary trapping that
occurred during water flooding was strongly dependent on pore neck and body sizes and the
distributions thereof, where a more skewed distribution resulted in more capillary trapping.

During MEOR, oil recovery increased with increasingly larger pore throat size and sphericity
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and increasingly lower porosity and aspect ratio. In the majority of pore morphologies
tested, both MEOR mechanisms gave similar AOR results. However, in the pore morphology
with the largest porosity, the largest aspect ratio, and the lowest sphericity, bioclogging with

IFT reduction significantly improved recovery, in comparison to just IFT reduction.

Collectively, these results demonstrate the effect of surface wettability and pore morphology
on capillary trapping and the subsequent mobilization of capillary trapped oil. In angular pore
morphologies with large pore aspect ratios and low porosity or very low connectivity, such as
the case with micromodels, bioclogging significantly improved oil recovery, in comparison to
IFT reduction without bioclogging. In the fractional-wet systems tested, water flooding was
relatively inefficient at recovering oil, and thus, a large amount of residual oil remained
trapped in the oil-wet pores after water flooding. However, the recovery of this oil from the
oil-wet pore space was achievable with interfacial tension reduction. With each pore
morphology and fractional-wet system tested the MEOR mechanisms of bioclogging and/or
IFT reduction were successful at recovering at least a fraction of the capillary trapped oil. For
either mechanism, oil blob mobilization preceded in a similar manner as to what occurs
during abiotic recovery (i.e. with increasing flow rate). During MEOR, relatively low capillary
pressure residual oil blobs are the easiest fraction of oil to recovery, while higher capillary
pressure residual oil blobs remain trapped in the pore-space. In terms of oil blob
morphology, during MEOR, the largest residual oil blobs are either mobilized and recovered
from the pore space or broken-up into smaller residual oil blobs that, in some circumstances,

remain trapped in the pore space.

7.2 Notable Findings

The results presented in this dissertation are from an innovative approach where bacterial oil
recovery processes at the pore-scale are studied using computed microtomography. While
numerous lab-scale MEOR experiments have been conducted and the results are published
throughout the literature, MEOR pore-scale processes (in a 3-dimensional porous medium)
have not been studied. Thus, the data presented in this dissertation are the first MEOR
experiments were pore-scale information was collected. Specifically, the most notable

findings include the following:

e |n a multiphase system the pressures in the connected and disconnected phases are

significantly different. Specifically, the disconnected nonwetting phase remains at
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the P, at which snap-off occurs, and thus, the P. of disconnected nonwetting phase
can be used as a history of the pressures experienced by the system. This is the first
experimental work where P. is measured from CMT data, and thus, the results
provide a valuable insight into the behavior of multiphase flow, which was previously

unobtainable.

Metabolically active microorganisms are not required for MEOR-based recovery. In
micromodel experiments dead biomass with minimal IFT reduction recovered similar
amounts of oil as metabolically active bacteria with maximum IFT reduction. This
suggests that no complicated in situ field-scale implementation is required. Simply,
the injection of ex situ produced microbial metabolic byproducts can facilitate the

mobilization of residual oil.

During water flooding, in fractional-wet systems, both imbibition and localized
drainage processes occur. For localized drainage to occur, an entry pressure must be
achieved by either increasing the viscous force or decreasing the interfacial force.
When capillary number is low, fluid/fluid interfaces reside mostly in fractional-wet

pores and the oil-wet pores drain at relatively high capillary number.

Capillary trapping is most prevalent in porous media systems that have a wide

distribution of pore throat and body sizes.

During MEOR, the largest residual oil blobs become mobilized and in highly angular
porous media the mobilization of smaller droplets from the large residual oil blobs is

more prevalent than the mobilization of an entire large oil blob.

The MEOR mechanism of bioclogging is most successful in angular pore
morphologies with large aspect ratios and very low connectivity and porosity, and oil

recovery is directly dependent on the amount of biomass injected.

In reservoirs that are largely fractional-wet, the original oil in place tends to remain
in place after water flooding. However, in fractional-wet systems oil recovery is

achievable with either IFT reduction or IFT reduction with bioclogging.

In terms of pore morphology, IFT reduction is more successful for high porosity
media with relatively large pore throats and spherical grains, while IFT reduction with
bioclogging is more suitable for reservoirs with low porosity, low pore connectivity,

and angular grains.
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7.3  Future Directions

It is evident from the literature and the research presented in this dissertation that a
comprehensive understanding of the pore-scale physics occurring during MEOR is far from
complete. This dissertation demonstrated the utility of CMT-based multiphase flow
experiments and presented/validated a novel method to measure interfacial curvature from
such data, which further expands the versatility of CMT-based experiments. Potential future
tangents that could be taken from the presented research, providing further insights into

MEOR, and thus, multiphase flow, are the following:

e Inthe experiments presented in Chapter 3, small interfaces, such as, pendular rings
were omitted from the curvature estimate due to resolution limitations. Thus, it is
unclear if disconnected wetting phase affects capillary pressure. Additionally, the
curvature data presented in Chapter 3, suggests that equilibration was not fully
achieved neither during drainage nor imbibition. Thus, additional drainage and
imbibition experiments imaged at higher resolution and with longer equilibration

times are desired.

e Theoretically, both Minkowski functionals and level set methods could be utilized to
measure mean curvature from CMT data, and thus, these approaches should be
compared to the isosurface approach presented in Chapter 3. These curvature
methods should be used to evaluate a few simple ideal systems where error can be
guantified, such that, the most accurate and most robust method for measuring

interfacial curvature can be identified.

e In chapter 4, the MEOR mechanisms of bioclogging and IFT reduction were not
completely decoupled. A genetically engineered model organism where the
biosurfactant gene is suppressed, would allow for a direct comparison between
bioclogging with and without biosurfactant production. This could be accomplished

with a “shotgun” approach using Tn5 mutagenesis.

e By repeating the micromodel experiments using a well-defined growth media,
nutrient uptake rates could be measured and used as a metric for microbial activity.
This would allow for a well-defined system, where growth rate and biosurfactant

yield could be correlated to oil recovery.
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Chapter 4 demonstrated that bioclogging resulted in lower S,, than that predicted by
capillary number. To further address this result, 2D single phase flow Lattice-
Boltzmann simulations, using the bioclogged micromodel images as an initial
condition, could be developed. Since average pore velocity is used to calculate
capillary number, localized high velocity channels, which may develop during
bioclogging, are not well represented by capillary number. Localized high velocity
channels could be identified with a Lattice-Boltzmann model, and used to explain

why a lower S,, is obtained with bioclogging than that predicted by capillary number.

Direct visualization of bioclogging in real porous media, where realistic pore
connectivity is encountered was not achieved. Further development of the CMT-
based biofilm imaging method presented in Appendix B would provide the

information required to assess the affect bioclogging has on multiphase flow.

The oil blob mobilization experiments, presented in Chapters 5 and 6, demonstrated
that during mobilization large ganglia are broken-up into smaller isolated oil blobs.
However, the mobilization of just these isolated oil blobs should be evaluated. In a
relatively long column, isolated oil blobs may become trapped further downstream
after mobilization. Thus, total recovery from the column could be dependent on the
criterion for the mobilization of individual isolated blobs and not on the oil blob

morphology after water flooding.

In Chapter 6, only synthetic porous media was used. Therefore, it should be
evaluated if the same trends hold true in more realistic pore morphologies, such as,
sandstone. The addition of surface roughness and angularity that is unique to

sandstone may have a significant affect on oil recovery.

Recently the Euler number has been shown to provide significant topological
information about porous media systems. The Euler number quantifies the number
of connected components, the number of redundant loops, and the number of void
spaces in an object. In relation to the work presented in Chapter 6, the number of
connected components may provide a measure of whether or not an oil phase
becomes disconnected during snap-off. Additionally, it is likely that the Euler number
of a disconnected oil blob could predict if the entire blob becomes mobilized or if

small droplets from the blob are mobilized.
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A.1 Abstract

This work presents the results of a study where synchrotron based x-ray computed
microtomography (CMT) was used to investigate changes in pore morphology during calcium
carbonate biomineralization. We simultaneously examine changes in pore microstructure
and bulk permeability in glass bead columns during biogenic CaCO; precipitation induced by
Sporosarcina pasteurii. We observe a three order of magnitude reduction in permeability
over relatively short time-scales (~60 hrs) during the carbonate precipitation process. The
resulting precipitates were a micro-porous composite of spherical and cubic CaCO;
precipitates. CMT images taken during precipitation were analyzed for effective pore radii,
effective throat radii, and other pore-scale characteristics using 3DMA-ROCK. The Kozeny-
Carman relation provided a poor fit to the raw permeability data, however, once this
function was augmented with geometric information extracted from CMT imagery a better
fit was provided suggesting that pore geometry should be considered temporally variable

when modeling permeability change during biomineralization.

A.2 Introduction

Biomineralization is a natural subsurface process that can dramatically alter the physical
properties of porous media. In particular, porosity and permeability changes, attributed to
biologically assisted CaCO; precipitation, can have a direct effect on fluid flow and transport
properties (Whiffin et al. 2007). A key factor relevant to permeability alteration is the
characteristic pattern of precipitation with respect to the granular matrix i.e. are precipitates
localized in pore throats, pore bodies, or on grain surfaces? Since effective medium models
describing permeability (e.g. Carrier, 2003) and elastic properties (Dvorkin et al. 1999) are
dependent on such patterns, the appropriate choice of a scenario or trajectory between
scenarios (i.e. where is precipitation localized and how does localization change temporally)

is a key step in building a quantitative understanding of the effects of biomineralization.

We selected Sporosarcina pasteurii as our model organism for studying the mineralization
process, a prevalent aerobic, rod-shaped, motile, soil microbe with a very active urease
enzyme (Whiffin et al. 2007). Hydrolysis of urea by the urease enzyme generates carbon
dioxide and ammonia {CO(NH,), + H,0 = 2NH; + CO,}, causing an increase in pH {2NH;3 +
2H,0 €< 2NH,+ + 20H}. In this alkaline environment carbonate ions form {CO, + 20H <>
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CO5% + H,0} and precipitation of calcium carbonate is favored {CO5* + Ca®" € CaCOs(s)},
(Stocks-Fischer et al. 1999).

One of the simplest permeability models is the Kozeny-Carman (KC) model which attempts to
describe permeability in terms of porosity starting from first principles (Carrier, 2003). The KC
function often fails to represent empirical data; however, this type of relationship is vital for
the design and modeling of many engineered processes (e.g. geological carbon storage and

hydrocarbon recovery).

A complete derivation of the KC functions (Equation A.1 and A.2) used herein is presented by

(Costa, 2006). Permeability can be calculated using:
x =c(R*/8)(017) (A1)

where, R is effective radius, T is tortuosity, and 0 is porosity. However, R and t are hard to
measure/define, thus the concept of hydraulic radius is usually defined and incorporated into

Equation 1 which gives the following formula:
k = C.(6°)1(1-0) (A.2)

where, C,. is an empirical constant. Equation A.2 is essentially the classical KC function and is
the starting point of our analysis. Average effective throat radius measured from CMT

imagery is incorporated into Equation 1 and fitted to the empirical data.

A.3 Methods

A.3.1 Experimental Setup

A schematic of the flow-through bioreactor (L = 12 mm, ID = 8 mm) is provided in Figure A.1.
The reactor was equipped with internal pressure ports and separate flow lines for urea
media and calcium chloride to prevent precipitation outside the column. The column was

packed with 600 um diameter soda lime glass beads.
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Figure A.1: Flow-through bioreactor (L = 12 mm, ID = 8 mm) piping schematic for urea media and
calcium chloride solution. The CaCl flow line extends into the columns vertical center to reduce the

potential for clogging to occur at the inlet.

A.3.2 Cementation Treatment

S. pasteurii (ATCC 6453) was grown to late exponential stage (~18 hours) in batch culture.
Prior to inoculation, microbes were rinsed with urea media (20.0 g CO(NH,),, 10.0 g NH,CI,
2.1 g NaHCO;, 3.0 g Difco Nutrient Broth, total volume 1.0 L DI H,0) by three rounds of
centrifugation and resuspension in fresh urea media followed by pH adjustement to 6.5 with
1 N HCI. Columns were inoculated with approximately 10 cells/ml and flow was
discontinued for 4 hours allowing the microbes to revive and increase pore water pH. After
the stagnant period urea media was pumped at 1.00 ml/hr and CaCl, (100 g/L) at 0.067 ml/hr
(using a Harvard ‘33’ syringe pump) giving a total Darcy velocity of 5.9E-6 m/hr and a 20mM

calcium concentration.
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A.3.3 Computed Microtomography

Imaging was performed at Beamline 8.3.2 at the Advanced Light Source (ALS), Lawrence
Berkeley National Laboratory. Projections were acquired at 4.5 pm/pixel resolution with a
monochromatic energy of 30 KeV and flow was discontinued during each scan which took

~40 minutes.

A.3.4 Porosity and Permeability Measurements

Permeability was measured under fixed flux conditions using a differential pressure
transducer (Validyne, Model P55D, 1 PSI differential). CMT volumes were segmented into
solid and fluid phases for porosity calculations. After applying a median filter (3x3x3 kernel) it
was determined that a simple threshold was sufficient to segment the solid (glass and

calcium carbonate) and liquid phases (Figure A.2).

o
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Figure A.2: Images were segmented after applying a median filter; 16-bit gray scale median filtered

; ‘r'
O

image (left), image histogram (middle), and binary image (right). To identify the calcium carbonate
phase the column was scanned prior to precipitation and used for image subtraction from the final

column image.

A.3.5 Image Analysis Using 3DMA-ROCK

Segmented volumes were imported into 3DMA-ROCK (3DMA) for medial axis and pore
body/throat construction. When referring to the 3DMA data, effective pore radi is the radius

of a sphere of equivalent volume and effective throat radi is the radius of a circle of
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equivalent area. For more detailed information on the algorithms used in 3DMA refer to the

manuscript by (Prodanovié et al. 2006) and references therein.

Since medial axis and pore body/throat construction can be time intensive the analyzed
image volume was restricted to a volume that could be processed in a reasonable amount of
time. A volume of 25 mm?® was found reasonable and took ~40 hours on a 64GB RAM, dual

guad core Xeon X5355 2.66GHz processor platform to process.

A.4 Results

In total, 5 columns were analyzed, 1 column was a clean bead pack used to characterize the
system prior to precipitation and the other 4 columns contained bioprecipitates. Once a
column was imaged with CMT the experiment was ceased. This type of terminal sampling
was required since preliminary experiments showed that x-ray exposure during a scan
(2.2*¥10"photons/(s mm?), ~40 minutes) killed 99 out of 100 microbes.

Porosity and permeability data for the 5 columns which range in porosity from 0.35 to 0.26
and had measured permeabilities ranging from 4 D to 20mD are shown in Figure A.3. The
clean glass bead pack is labeled as 5 in Figure 1. For the column with the smallest porosity
change labeled as 4 in Figure A.3 the cementation treatment took ~1day, the two columns
labeled 3 and 2 in Figure A.3 with intermediate porosity changes were treated for ~2 days,
while the column with the greatest porosity change labeled 1 in Figure A.3 was treated for ~3
days. The porosity profile over the vertical axis for each column is shown in Figure A.3a. The
average porosity versus measured permeability is shown in Figure A.3b and shows a dramatic
decrease in permeability from the starting point at 6 = 0.35 (5) for a clean glass bead pack to
8 =0.26 (1) for a completely cemented packing. Initially the KC function (k = C(6°)) was
fitted to the raw data in log space with C. = 7.0E-7 and b = 16.54 providing the best fit
possible, however, the variable b deviates far from realistic b values derived from KC theory
(Figure A.3b).
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a Sub-section analyzed with 3DMA-ROCK
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Figure A.3: The Porosity distributions between the pressure transducer ports for each column labeled
1 through 5 are shown in (A).The porosity-permeability data along with the KC curves are shown in (B).
Each data point in (B) is labeled 1 through 5 and the given porosity value corresponds to the mean
porosity value calculated from the porosity distributions shown in (A). The mean porosity and
standard deviation for each column is reported directly below its corresponding porosity distribution
graph.

The average effective pore body radius, average effective pore throat radius, and
permeability for each column are shown in Figure A.4. The average effective pore body and
average effective throat radii decrease during precipitation. Because a fixed water flux was
imposed by pumping, mean pore velocity and pore pressure significantly increases in the
highly precipitated channel. Washout of precipitates was observed in the lower permeability
columns and was likely due to this increased pore velocity; however, no data is available to

guantify the amount of precipitate that was washed out.
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Figure A.4: Correlation plots generated from 3DMA-Rock data.

As shown in the CMT images provided in Figure A.5a, b & c calcium carbonate appears to
precipitate on the glass bead surface and extend outward into the pore-space. This type of
arrangement is indicative of the coupling of mass transfer and growth kinetics where calcium
must diffuse from the bulk pore-space to the reactive surface (Figure A.5c) where
precipitation occurs and extends the surface outward into the pore-space. However, this
arrangement could also be attributed to inconsistent local cell densities causing a variation in
precipitation rate. Either way, this effectively causes some regions to develop “peaks” where
precipitation is favored (i.e. accelerated). These “peak” regions extend into the pore-space
dividing up what was a single pore into multiple pores (as identified by 3DMA, Figure A.4)
and in some locations enough precipitation occurs that adjacent beads become cemented

together.
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Figure A.5: CMT images are labeled a, b, and c (blue = glass, green = CaC03). SEM images are labeled
d, e, and f.

To better represent the permeability data with the KC function, average effective throat
radius (Refrective) data were used to supplement Equation A.1. For porosity values where
Reffective Values were not available, a linear interpolation between measured Refrective Values
was used. Tortuosity was held constant at 1.5 (average theoretical tortuosity for a clean glass
bead pack) and the KC function with Refrective Was fit to the raw data, results (Figure A.3b)
show a better fit, however, this function still failed to represent the empirical data (fitting
parameter, C = 5.3). In a third attempt tortuosity was used as a fitting parameter and allowed
to change for each porosity value. The KC function with Refeciive and tortuosity included
provided the best fit (Figure A.3b, fitting parameters, C=5.3 & 1= 1.5 to 7.2). However, this
approach still did not completely represent the empirical data and a tortuosity value of 7.2
seems unrealistic. Most likely, in the case of biomineralization, the KC function is too simple
to properly represent the complex porosity-permeability relationship. However, two
reasonable propositions that could explain our inability to predict the empirical data with the
KC function must be addressed, which are either (1) sub-CMT resolution precipitate
morphology is significantly reducing permeability or (2) biofilm formation which is not visible
with CMT is reducing permeability.
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To address the first proposition, backscattered electron SEM images (Hitachi TM-1000, Figure
2D, E, & F) of the precipitates were acquired; the excavated samples were drained and air
dried at 30° C for 48 hours before being mounted with carbon tape and imaged in low
vacuum conditions to mitigate charging artifacts. SEM images show that calcium carbonate
precipitates are an assemblage of spherical and cubic precipitates that are micro-porous.
Figure A.5 suggests that when modeling biomineralization the precipitate should not be
considered a solid phase, and thus, its internal micro-porosity should be considered.
However, it is reasonable to suggest that micro-porosity would not dramatically affect
permeability since the pores appear too small for bulk advective transport. Figuress A.6 and
A.7 provide additional details concerning the mixed precipitate morphology and precipitate
composition. As found by Fredrich et al. 2006, the relationship between porosity and
permeability depends on effective porosity and not the disconnected microporosity that
exists at near sub-CMT resolution. Overall, micro-porosity is more likely an important
parameter when considering reactivity, structural soil mechanics, and the geophysical

signature of biomineralization.
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Figure A.6: Results of SEM/EDS characterization of precipitates covering bead surface: verification of

precipitate composition. A sample from one of the reacted micro-columns was drained, air-dried for
48 hours at 50 C, and mounted on an SEM stub using carbon tape followed by Au/Pd coating. The
sample was then imaged using a Zeiss Ultra 55 in high vacuum mode with a 5 kEv beam current. Both
SEM and EDS data (EDAX detector, 10mm2) were acquired for a select region of the sample. EDS data
was acquired in a qualitative capacity due to the significant surface topography which makes
guantitative elemental mapping procedures problematic. Panel (a) shows a secondary electron image
of one glass bead with precipitates extracted from a reacted micro column. Panels (b,c,d,e) show
elemental maps for Si, Ca, O, and P as characterized by EDS for the inset area. As can be seen, the
glass bead is Si rich (SiO2) while the precipitates are Ca rich (presumably CaC0O3) with O present in
both phases. Phosphorus, a component of the media with crystallization potential, is not present in
significant amount. Maps of Cl (not shown) demonstrate that negligible CaCl remained on the grain
surface. Small amounts of Ca are present in the glass (aprox. 9% by weight); this results in a
measurable Ca fraction outside of the precipitate region (frame c). Fe, Mg, and Al were not present in
large amounts. Considering the available cation supply present in the reactor influent, these results
verify that the precipitates are CaCO3 as anticipated.
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Figure A.7: Results of environmental SEM characterization of precipitates showing mixed morphology
(cubic vs. spheroidal). A sample from one of the reacted micro-columns was drained, air dried for 24
hours at 30 C, and mounted on an SEM stub with carbon tape. The uncoated sample was imaged
under low vacuum to avoid charging effects in a low pressure SEM (Hitachi TM-1000) with a small
water film intact. Panels (a) and (b) show BSE images of two areas with examples of precipitates
composed of a mixture of morphologies; spheroidal features (presumably vaterite) in close proximity

with more crystalline cubic features (presumably calcite).

A second possibility is clogging due to accumulated non-mineral biological products.
Microbes and exopolymeric substances have very similar x-ray attenuation coefficient as
water and are not readily seen with CMT, thus any additional clogging due to
bioaccumulation would not have been accounted for. However, recent confocal laser
scanning microscopy images of S. pasteurii reported by (Shultz et al. 2011) show that this
particular organism forms a very sparse biofilm. Nevertheless, permeability reduction due to

biofilm formation cannot be ruled out, at this point.

A.5 Conclusion

Our results demonstrate that traditional KC models are not sufficient for predicting the
porosity-permeability relationship observed during biomineralization and geometric
information from CMT images were needed to supplement the KC function. A similar
conclusion was reached by Chen et al. 2008, where inorganic colloid deposition in an initially
simple porous media produced sufficient internal complexity, such that, the KC function
could not provided a good fit. Pore morphology dramatically changed as a result of

precipitation, increasing the number of pore bodies (and throats) and decreasing the
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effective radii of pore throats and pore bodies. The discrepancy with the simple KC function
suggests that field scale reactive transport models will require more sophisticated
porosity/permeability models to effectively capture changes in transport properties
generated during bioremediation or biologically-enhanced CO, sequestration. Overall,
biomineralized CaCOs; substantially reduced permeability. When modeling this reduction,
porosity, effective throat radius, tortuosity, and the biofilm phase should be considered to

vary both spatially and temporally.
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B.1 Abstract

A new method to resolve biofilms in three dimensions in porous media using high-resolution
synchrotron-based x-ray computed microtomography (CMT) has been developed. Imaging
biofilms in porous media without disturbing the natural spatial arrangement of the porous
medium and associated biofilm has been a challenging task, primarily because porous media
generally preclude conventional imaging via optical microscopy; x-ray tomography offers a
potential alternative. Using silver-coated microspheres for contrast, we were able to
differentiate between the biomass and fluid-filled pore-spaces. The method was validated
using a two-dimensional micro-model flow cell where both light microscopy and CMT

imaging were used to image the biofilm.

B.2 Introduction

Biofilms are observed in both natural and engineered systems, and are believed to be the
primary habitat for most microorganisms (Costerton et al. 1995). In porous media, biofilm
growth and development occurs over a continuum of scales ranging from nanometers to
millimeters or more and has been a topic of interest in applications and industries including
mining, filtration, water and wastewater treatment, and bioremediation (e.g. Fitch et al.
1998; Rawlings and Johnson, 2007; Rodriquez and Bishop, 2008). Due to the prevalence of
biofilm in both natural and engineered porous media systems, a significant effort has been
undertaken to understand biofilm growth and development in porous media, yet much of
the information about the three-dimensional architecture of biofilms in porous media is
based on the results of mathematical models rather than on direct experimental data. In
order to verify and validate existing and new models, experimental data quantitatively

detailing the structural arrangement and distribution of biofilm in porous media is required.

Visualization of the biological phase in porous media is a useful means for increasing our
understanding of microbial-soil structure interactions and for developing quantitative
experimental data sets for mathematical model validation. Conventional techniques for
imaging biofilm include light microscopy (e.g. Paulsen et al. 1997; Sharp et al. 2005; Yang et
al. 2000), Environmental Scanning Electron Microscopy (ESEM) (e.g. Davis et al. 2009), and
Confocal Laser Scanning Microscopy (CLSM) (e.g. Leis et al. 2005; Rodriguez and Bishop,
2007), all of which are useful for examining biofilm on surfaces or in two-dimensional or

guasi-two-dimensional porous systems. While the aforementioned imaging techniques are
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capable of providing significant insight regarding microbial interaction and biofilm structural
formation, imaging porous-media-associated biofilm using these techniques requires that
model porous media systems be constrained to a few particle diameters, that the porous
medium and fluid be index-matched, or that samples be extracted and prepared, thereby
disrupting the pore scale structure. Thus, new techniques that allow for direct visualization of
biofilm in situ are required in order to characterize biofilm growth, surface architecture, and
three-dimensional spatial distribution within porous media to provide relevant experimental
data for the verification and validation of porous media associated biofilm growth models.
One such technique utilized by a number of groups to measure the three-dimensional
features of biofilms is magnetic resonance microscopy (MRM) (Manz et al. 2003; Seymour et
al. 2004; Seymour et al. 2007). In terms of gross structural characterization, these techniques
have generally been successful. However, thus far the method has been limited in resolution
(50-100 um), and the acquisition time is very large, which could severely limit the method for

some applications.

A new methodology using synchrotron based X-ray computed microtomography (CMT) to
render high-resolution measurements of the spatial distribution of biofilms in porous media
is presented in this work. This methodology has the advantages that (i) a variety of solid
substrates can be used; and (ii) the method is non-destructive to the porous medium
allowing for three-dimensional in situ visualization of biofilm. CMT has been available for
more than three decades and has been a powerful tool for studying a wide array of processes
in porous media systems (e.g. Nunan et al. 2006; Werth et al. 2010; Wildenschild et al. 2002).
However, synchrotron-based tomographic imaging of biofilms has yet to be accomplished,
primarily due to the fact that obtaining x-ray contrast between the biomass and water has
posed a significant challenge since conventional contrast agents, such as potassium iodide,
diffuse readily into biofilm when present in the fluid phase. An additional consideration when
selecting elements to use as contrast agents is the energy range of the synchrotron beam

line to be used for tomographic imaging. The K-shell absorption edge for the element
selected as a contrast agent must fall within the beam line energy range in order to provide
sufficient contrast for segmentation. To address the contrast issue, we used a silver-based
fluid-phase contrast agent that provides x-ray absorption contrast between the fluid and
biofilm phases by adsorbing to the surface of the biofilm, and thereby delineating the
biofilm/aqueous phase interface. To our knowledge, we report the first use of synchrotron
based CMT to image biofilm within porous media as well as method validation using a

separate imaging technique.
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B.3 Methods

Two-dimensional micro-model flow cells were constructed from PDMS (poly-dimethyl
siloxane). The inner dimensions of the flow chamber were 9.8 x 30.0 x 3.4 mm with 1 mm
diameter cylindrical columns spaced 1 mm apart, see Figure B.1. Shewanella oneidensis MR-1
was used in all experiments. S. oneidensis MR-1 is a Gram negative, facultatively anaerobic,
polarly flagellated bacteria capable of dissimilatory metal reduction and biofilm formation
(Majors et al, 2005; Venkateswaran et al. 1999). Cultures were grown for 24 hrsin a 10%
Tryptic Soy Broth (TSB) solution, concentrated at 6000 rpm for 10 minutes, resuspended in 5
ml of 10% TSB followed by inoculation of the micro-model flow cell. The injected culture sat
stagnant for 24 hrs allowing for microbial attachment to the surfaces, followed by flow of
10% TSB solution at 0.01 ml/min for 12 days. Neutrally buoyant hollow silver-coated
microspheres with an average diameter of 10 um (particle range: 5-15um based on coulter
counter measurements, Microsphere Technology Ltd, Pentlands Science Park, Edinburgh
EH26 OPZ, UK) were deposited at the biofilm surface by flowing a concentrated solution
(approximately 4 mg microspheres/mL) through the micro-model, followed by subsequent
rinsing with 10% TSB to remove spheres not attached to the biomass. Imaging commenced
following the micro-model rinse in order to limit the potential for biofilm rearrangement due

to the antimicrobial nature of the silver microspheres.
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Figure B.1: Micro-model flow cell detail: (a) Example two-dimensional micro-model flow cell

constructed from PDMS (poly-dimethyl siloxane). The inner dimensions of the flow chamber are 9.8 X
30.0 X 3.4 mm with 1 mm diameter cylindrical columns spaced 1 mm apart. (b) Close up detail of the
cylindrical columns molded into the flow cell. (c) Plan view schematic of the flow cell. The arrows
indicate the flow direction. Details A and B correspond to the locations of Features A and B. The
shaded area corresponds to the region of porous matrix. The red lines correspond to the X and Y

datum from which spatial measurements for locating the feature regions were taken.

A Leica Z16 APO light microscope was used to acquire light microscopy images of the micro-
model at a resolution of 1.4 um/pixel. Regions of the micro-model containing unique,
identifiable, biofilm features were observed using digital microscopy; the locations of the
biofilm features were measured with a stage micrometer using the micro-model sidewall as a
datum. Biofilm features were mapped in all three principal dimensions to enable alignment
with the CMT data. The entire micro-model flow cell was imaged using CMT and regions of
interest were located in the reconstructed volume using the microscope coordinate

measurements, see Figure B.1.

Microtomographic imaging was performed at beamline 8.3.2 at the Advanced Light Source
(ALS), Lawrence Berkeley National Laboratory. Preliminary experiments were performed at
beamline 13-BMD, GSECARS at the Advanced Photon Source (APS/ GSECARS), Argonne
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National Laboratory. The data collected at the ALS and APS was acquired at resolutions of 4.5
um/pixel and 11.8 um/pixel respectively. An energy level slightly above the K-shell
absorption edge for silver (25.5 keV) was used for imaging to optimize x-ray absorption and

thus contrast.

Image reconstruction, post-processing, and segmentation were carried out with scripts
written in Interactive Data Language (IDL®), and using the commercially available
visualization software Avizo®. The grayscale images were coarsened to a 4.5 pum/pixel
resolution corresponding to the resolution of the CMT data. Raw CMT data was pre-
processed by integrating (or collapsing) volume data in the light microscopy image region of
interest into a single slice for direct comparison of representative images. All images were
then processed using a standard Sobel edge detection algorithm followed by segmentation
using a simple histogram threshold. For additional information on the Sobel edge detection
algorithm we refer to the IDL software documentation as well as to Duda and Hart (1973).
The PointWrap surface generating algorithm in Avizo® was then applied to the resulting
binary images to generate surfaces for quantification of the spatial distribution of biofilm.
The PointWrap algorithm generates a surface reconstruction from a cloud of unorganized
points by simulating the path of a sphere through a cloud of points or along a surface. A
triangulated mesh is generated by assuming that a surface exists every time a set number of
points are in contact with the simulated sphere body simultaneously. This algorithm allows
for the association and interconnection of a cloud of points, which corresponds to the
individual silver-coated microspheres adhering to the surface of the biofilm. For additional
information on the PointWrap algorithm, we refer to the Avizo® software documentation as
well as to Sander and Runge (2000). The PointWrap analysis was also verified using a
standard marching cubes surface-generating algorithm. Surface area error estimates

generated using the two methods varied by less than one percent.

Volume rendering of the CMT data for three-dimensional evaluation of the biofilm was also
done using the Avizo® software package. The volume files were segmented to differentiate
between the solid (PDMS) and silver particles. A Sobel edge detection filter was applied in
order to segment the silver particles. Volumetric quantitative analysis using both the PDMS
(solid-phase) as well as the silver micro-sphere (biofilm) surfaces as indices was performed

using the triangulated mesh created using the PointWrap algorithm in Avizo®.
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B.4 Results

Preliminary experimentation using the new imaging approach was conducted at the APS and
provided compelling evidence that our choice of contrast agent and CMT imaging method
produces realistic three-dimensional representations of biofilm present in the experimental
packed bead column system. A visualization of the preliminary results is provided in Figure
B.2. Figure B.2 indicates that biofilm (green) forms both on the surfaces of the glass beads
within the column (gold) as well as within the column pore-space bridging multiple beads
together. In order to validate our preliminary findings, we developed the previously
mentioned system in which the distribution of biofilm could be visualized using both digital
microscopy and CMT (Figure B.3). This validation of the CMT imaging technique for
visualizing biofilm in situ in porous media is the focus of this work.

Figure B.2: Preliminary three-dimensional CMT biofilm imaging results of biofilm (green) grown in a
glass bead pack (gold). The visualization experiment was performed at the Advanced Photon Source
(APS), Argonne National Laboratory, using neutrally-buoyant, silver-coated hollow glass spheres (10
um diameter) as an x-ray contrast agent. The spatial arrangement of the silver particles is interpreted
as being attached to the biomass grown within the bead pack.
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Figure B.3: Light microscopy image detailing the distribution and adherence of silver-coated hollow
glass micro-spheres to the biofilm surface. The silver particles can be seen to adhere solely to the
biofilm (a) as opposed to the PDMS column posts (b) indicating that spatial distribution of silver

particles within the x-ray tomography data corresponds to the location of biofilm.

In the two-dimensional micro-model used for validation, two distinct regions of the micro-
model flow cell containing S. oneidensis biofilm were selected for analysis (Features A and B).
Visualizations of the light microscopy and composite CMT images of both features are
depicted in Figure B.4 along with the processed binary and PointWrap biofilm
representations. The flow cell column posts have been superimposed as gray circles in the
grayscale images for ease of interpretation. Visual comparison of the light microscopy images
to the CMT composite images indicate very good agreement between the imaging methods
and suggest that the silver particles detected using CMT do, in fact, allow for the delineation
of biofilm within the pore-space. The correlation between the two imaging techniques for
Features A and B was quantified, via surface area, using the PointWrap surface generating
algorithm on the binary images resulting in a percent error for the CMT images, normalized
to the light microscopy images, of between 1-5%. Results of the comparison are detailed in
Table B.1.
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Figure B.4: Comparison of light microscopy images to representative CMT images for two unique
biofilm features at the grayscale, binary and PointWrap stages of image processing. Dark areas
correspond to fluid, light/grey areas show silver particles attached to biofilm. The light blue regions in
the PointWrap images correspond to the representative region containing biofilm. (a) Light
microscopy images of Feature A, (b) CMT images of Feature A, (c) Light microscopy images of Feature
B, (d) CMT images of Feature B.
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Table B.1: Quantitative comparison of the light microscopy and representative two-dimensional CMT
images for two unique biofilm features using the Avizo® PointWrap algorithm.

Surface Absolute Error Normalized
Area to Light Microscopy Image

mm %
Feature A Light
Microscopy 1.595 -
Feature A Computed
Microtomography 1.529 4.13
Feature B Light
Microscopy 1.998 -
Feature B Computed
Mictrotomography 2.034 1.82

Three-dimensional renderings that illustrate the spatial distribution of biofilm within the
porous medium for Features A and B are provided in Figure B.5. Through the use of the
PointWrap algorithm, the volume change and change in macroporosity associated with
biofilm growth were quantified for both features. The volume of biofilm associated with
Features A and B were calculated to be 1.67 mm? and 2.44 mm?®, which corresponds to
decreases in macroporosity from 63% to 48% for Feature A and from 68% to 50% for Feature
B. This three-dimensional analysis is included to illustrate the potential for quantification that
the technique allows for.
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Figure B.5: Volume renderings of biofilm growth at two unique locations within the micro-model flow
cell captured using synchrotron based CMT. The PDMS solid phase (gold) has a measured volume of
4.26 mm® and 4.31 mm? for Features A and B, corresponding to initial porosities of 63% and 68%
respectively. The measured volume of the biofilm for Features A and B are 1.67 mm® and 2.44 mm’

resulting in a decrease in macroporosity of 15% and 18%, respectively.

B.5 Discussion

Validation of CMT imaging of biofilm in porous media using silver-coated glass microspheres
as a contrast agent to outline a biofilm surface was successful. The microspheres adhere to
the S. oneidensis biofilm-aqueous phase interface providing the necessary contrast needed
for CMT imaging. Light microscopy images showed good correlation with representative CMT
images, and biofilm volume renderings could be created from a cloud of points generated by
the distribution of silver particles across the biofilm interface with the aqueous phase.
Currently, the technique facilitates three-dimensional imaging of biofilm within porous
media and accurately represents the solid-biofilm-aqueous phase spatial arrangement. This
method is particularly suited for pore-scale investigations were a triangulated mesh can be

generated which provides a convenient platform for additional analysis (for example, fluid
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and solute transport within the biofilm via a finite element or finite volume numerical
simulator).The proposed CMT-based method can image biofilm within porous media with
high fidelity and also allows measurement in situ to a biologically-relevant environment.
Secondly, CMT can image at the micron scale and still provide spatial information at the
centimeter scale. The beamline setup (beam width) ultimately determines the maximum
sample diameter that can be imaged. The maximum specimen diameters at the beamlines
utilized in this manuscript are approximately 4 to 5 cm. However, the image resolution is
dependent on the magnification of the lens attached to the detector which decreases the
applicable sample diameter. In general, the resulting image resolution is 1/1000 of the
specimen diameter. The sample length (axial length) is effectively limited by the acceptable
data acquisition time for the collection of multiple scans at different heights. Thus, CMT can
provide biofilm spatial distribution over many centimeters in the sample axial direction and
resolve interfacial architecture at the micron resolution. A key benefit to using CMT to image
biofilm in porous media is that no limitation to direct surface access or visualization depth
exists, as in the case of CLSM. Additionally, refractive index matching of the porous medium
is not required since attenuation and optical transparency are not significant issues
associated with the presented method. As a result, biofilms within their natural

environments (e.g. soil and rock) can potentially be imaged in situ.

The key limitations to the method include 1) x-ray exposure associated with CMT imaging is
expected to kill or severely retard microbial growth; 2) silver is a biocide and, for this reason,
must be added to sample specimens immediately prior to imaging; 3) the ability to visualize
biofilm is dependent on the extent of silver coverage on the biofilm surface; 4) the presented
method, at this point, is limited in utility to imaging changes to the macropore structure of
the porous medium, as a result the internal porosity of the biofilm is not imaged using this
method. The effect of x-ray exposure as well as the introduction of silver microspheres is
expected to have a negative impact on biofilm growth. As a result, the imaging of biofilm
using the presented method should be considered the terminal step for particular
specimens. The quality of coverage by silver particles on the surface of the biofilm is key to
successful use of the presented method. Since the silver addition occurs immediately prior to
imaging, surface attachment will be limited to biofilm surfaces exposed to flow channels
through the micro-model or porous medium column. Dead end pores containing biofilm have
the potential to be interpreted as fluid space if silver particles do not come into contact with
the biofilm. Regions that are occluded from flow also have the potential to be attributed to

biofilm if the region is surrounded by silver coated biofilm. Since the method relies on the
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deposition of silver coated microspheres on the biofilm surface, the method is limited to
providing insight into changes in macropore morphology external to the biofilm, however,
the ability to acquire quantitative experimental data detailing the changes in macropore
morphology can potentially provide insight into biofilm associated changes in porous media

hydrodynamics as well as solute transport.

To our knowledge, this is the first successful attempt using high resolution CMT to image
three-dimensional biofilms in situ within intact porous media. Both spatial distribution of
biofilm and change in porosity are important parameters for investigating the impact of
biofilm on porous media hydrodynamics, and on the mass transport and reaction processes
that occur during bioremediation. Admittedly, we present one working approach for applying
a contrast agent to biofilm for imaging using CMT. The method is potentially applicable using
microspheres coated in a variety of elements; however, additional research into the efficacy

of other contrast agents as well as the effect of varying particle size and density is ongoing.
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