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ABSTRACT
The objective of this study was to characterize non-wetting fluid in multi-phase
systems comprising a range of fluid and porous medium properties. Synchrotron X-ray
microtomography was used to obtain high-resolution, three-dimensional images of fluids
in natural porous media. Images were processed to obtain quantitative measurements of
fluid distribution, morphology, and interfacial area. Column-flooding experiments were
conducted with four enhanced-solubilization (ES) solutions to examine their impact on
entrapped organic liquid. Mobilization caused a change in organic-liquid morphology and
distribution for most experiments. The effect of ES-solution flooding on fluid-fluid
interfacial area was similar to that of water flooding. Organic-liquid mobilization was
observed at total trapping numbers that were smaller than expected. This was attributed to
pore-scale mobilization of blobs that were re-trapped prior to being eluted from the
column. Pore-scale mobilization was also observed during water-flooding experiments
for which trapping numbers varied over several orders of magnitude. Water-flooding and
surfactant-flooding experiments were compared to investigate the impact of interfacial
tension, viscosity, and fluid velocity on entrapped organic liquid. For similar total
trapping numbers, flooding at larger velocities appeared to have a greater effect on the
distribution of non-wetting blobs than lowering interfacial tension or increasing the
viscosity of the wetting fluid. The fluid-normalized interfacial area was generally
independent of the total trapping number. Finally, the impact of fluid type on the
interfacial area between different pairs of non-wetting fluids was investigated during
drainage and imbibition in four natural porous media. Interfacial areas were similar
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among all fluid pairs for a given porous medium. They were also similar for drainage and
imbibition conditions. The maximum specific interfacial area (A m) was determined to
quantify the magnitude of interfacial area associated with a given porous medium. The
value of Am was larger for the media with smaller median grain diameters. Therefore,
physical properties of the porous medium appear to have a greater influence on the
magnitude of specific total interfacial area for a given saturation than fluid properties or
wetting-phase history.
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CHAPTER I: INTRODUCTION
Research Problem
For decades, hazardous wastes in the United States were not strictly regulated.
Federal laws such as the Federal Water Pollution Control Act of 1948 placed restrictions
on chemical discharges to streams, lakes, and marine waters yet did not regulate on-site
disposals or transport of hazardous waste (Ortolano, 1997). During this period, it was
common for toxic industrial wastewaters to be discharged directly into unlined pits or
evaporation ponds located on site. Many dangerous chemicals were shipped in metal
drums to be stored at landfills and on private lands. There, they often corroded and
released their contents to the environment. During the 1970’s Congress began to take up
legislation aimed to strengthen federal regulations concerning hazardous wastes. In 1976,
Congress passed the Resource Conservation and Recovery Act (RCRA). This law gave
the Environmental Protection Agency (EPA) the authority to control the generation,
transportation, treatment, storage, and disposal of hazardous waste. The 1986
amendments to RCRA gave EPA further authority to address environmental hazards
associated with underground tanks storing dangerous substances (EPA, 2012).
While RCRA was intended to prevent hazardous waste releases to the
environment, thousands of sites across the United States were already affected by the
mishandling of toxic chemicals. To address this issue Congress passed the
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA)
in 1980 which authorized the EPA to clean up uncontrolled or abandoned hazardous
waste sites and respond to accidents, spills, and other emergency releases of hazardous
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substances (EPA, 2012). CERCLA gave the EPA authority to ensure that responsible
parties pay the costs of remediating sites contaminated with hazardous materials. The act
is also known as Superfund because of the fund that it created to help pay for the cleanup
of these sites. Historically, the fund was financed primarily by taxes on hazardous
substances and by a corporate environmental income tax. This provision of the law was
allowed to expire in 1995 and the majority of the Superfund appropriation now comes
from general Treasury revenues (Ramseur, 2008). However, the primary source of
funding for site remediation is intended to be provided by the parties responsible for the
contamination (Ortolano, 1997).
With a regulatory framework in place, attention has focused on the remediation of
sites across the United States that are contaminated by hazardous substances. A
potentially dangerous and frequently occurring source of pollution in the United States is
contamination by organic liquids. Particularly common pollutants are chlorinated
solvents such as tetrachloroethene (PCE) and trichloroethene (TCE). Their prevalence in
the environment is due, in part, to their extensive use in industries such as chemical
manufacturing, electronics, and dry cleaning. They have been used for decades because
of their effectiveness as cleaners, degreasers, and chemical solvents. Chlorinated solvents
are the primary contaminant of concern at 80% of Superfund sites and more than 3,000
Department of Defense sites (SERDP, 2006). In fact, the presence of these compounds is
usually considered the single most important factor constraining the risk assessment,
characterization, and cleanup of organic-contaminated sites (ITRC, 2002; NRC, 2005).
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Chlorinated solvents are part of a group of chemicals known as dense organic
immiscible liquids (DOILs). When DOILs are released into the subsurface, the liquid
mass moves vertically downward with gravity. As their name implies, these compounds
are denser than water. Therefore, upon reaching the water table they will continue to
migrate downward through the saturated subsurface until they encounter a confining
layer such as fine-grained soil or bedrock. The liquid may pool on top of the confining
layer or migrate laterally until it can move deeper in the subsurface. Except for the largest
volume releases, DOIL pooling is not frequently observed (ITRC, 2002). Instead, as the
solvent moves through the subsurface the liquid is trapped by capillary forces leaving
behind isolated organic-liquid bodies known as blobs. This trapped liquid is referred to as
a residual saturation. The distribution of entrapped DOIL in the subsurface is nonuniform and dependent upon properties of the sediment (ITRC 2002). The area in which
pure-phase contaminant is present and often where the contamination originally occurred
is known as the source zone.
DOIL trapped in the source zone remains immobile under typical subsurface
conditions. It will slowly dissolve into the surrounding groundwater or evaporate into the
soil air. Dissolved contaminant plumes in an aquifer can be several kilometers in length.
The rate of dissolution is limited by small aqueous solubilities and heterogeneity of the
subsurface. However, these compounds may pose a health risk even at very low aqueous
concentrations (<10 g/L). Additionally, chlorinated compounds tend to be very stable in
the environment and resist biodegradation. These properties combine to make chlorinated
solvents a long-term source of groundwater contamination.
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A number of remediation strategies have been employed in an effort to remove
DOIL contaminants from the subsurface. Some of the most common strategies include
pump and treat and soil vapor extraction. In the city of Tucson, Arizona, for example,
these methods have been employed at a majority of organic-liquid contaminated sites
(Table 1.) Figure 1 shows the estimated mass of organic liquid removed by pump and
treat operations from several sites that are being managed under Arizona’s Water Quality
Assurance Revolving Fund (WQARF), a state fund similar to Superfund.
Tucson is also home to a large federal Superfund site known as the Tucson
International Airport Area (TIAA). Contamination at TIAA was caused by industrial and
military activities that have occurred on-site since the 1940’s. Pump and treat operations
began at the site in 1987 and continue to the present. Figure 2 shows the mass of TCE
removed each year since groundwater pumping began. The TCE mass removed has
fluctuated somewhat as new systems have been added, but the mass removed has
generally decreased with time. However, after nearly 25 years of operation, groundwater
contamination persists. This illustrates an important limitation to strategies like pump and
treat and soil vapor extraction: these methods can be hampered by long cleanup times and
rarely restore the subsurface to background conditions (NRC, 2005). Without direct
remediation of the source zone, it is difficult to achieve remediation goals.
Several techniques have been developed to focus on source zone treatment. For
example, in-situ chemical oxidation (ISCO) uses strong chemical oxidizers injected
directly into the subsurface to transform contaminants into non-toxic byproducts.
Enhanced solubilization agents are used to increase mass-transfer of contaminants into
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the aqueous phase where they can be removed by groundwater pumping. Thermal-based
technologies such as electrical resistance heating and steam injection have also been used
to enhance mass transfer and displacement of contaminants in the subsurface.
Natural variations in hydrogeologic conditions lead to non-uniform distributions
of contaminants in the source zone. This complicates site characterization and often
makes complete contaminant mass removal virtually infeasible. Recent approaches have
focused instead on reducing the mass discharge (or mass flux) emanating from the source
zone because mass discharge is recognized as a primary risk driver at contaminated sites
(e.g. Freeze and McWhorter, 1997). A reduction in mass discharge can be achieved, for
example, by removing contamination from the most hydraulically accessible areas.
Understanding source zone dynamics is therefore an essential component to proper
assessment and cleanup of organic immiscible-liquid contaminated sites.
Predicting the volume of immiscible liquid present at the site can be useful for site
characterization. However, knowledge of fluid saturation alone is insufficient for the
accurate prediction of source zone dynamics. Is it essential to describe the distribution
and morphology of the immiscible fluid present in the subsurface which, in turn, reveals
critical information about fluid/fluid interfaces. At DOIL contaminated sites, organic
liquid is often present in both the saturated and vadose zones. The interfacial area
between air, water, and organic-liquid plays a key role in predicting contaminant fate and
transport in the subsurface.
The fluid/fluid interface controls mass and energy transfer by influencing
processes

such as

evaporation,

volatilization,

dissolution and

sorption

(e.g.
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Schwille,1988; Miller et al., 1990; Powers et al., 1991; Powers et al., 1994). For example,
contaminants have been shown to accumulate at the air/water interface (e.g. Brusseau et
al., 1997; Constanza and Brusseau, 2000). The organic-liquid/water interface influences
the degree of contact by chemical reagents during enhanced aquifer remediation,
mobilization and solubilization by surfactants or reagents, and the bioavailability of
contaminants. An improved understanding of fluid distribution and interfacial area will
aid in more accurate modeling of source zone dynamics to better assess risk and improve
remediation strategies (NRC, 2000).
Although knowledge of interfacial area is critical to the investigation of
contaminant fate and transport, its accurate prediction remains difficult. Many
contaminant transport models rely on a mass-transfer rate coefficient that implicitly
combines the effects of interfacial area and the reaction rate constant because interfacial
area is not known precisely (e.g. Powers et al., 1992; Zhang and Schwartz, 2000; Mayer
and Oostrom, 2005). To improve modeling efforts, it is useful to accurately measure
fluid/fluid interfacial areas for different fluid types, porous medium properties, and flow
conditions.
The current study uses X-ray microtomography to allow for the direct, threedimensional characterization of fluid distributions and fluid/fluid interfacial area in
natural porous media systems. The objectives of this study were: 1) To determine the
pore-scale impacts of enhanced-solubilization solutions on entrapped non-wetting fluid;
2) To describe changes in non-wetting fluid distribution, morphology, and interfacial area
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during mobilization; 3) To characterize fluid/fluid interfacial areas for different pairs of
wetting/non-wetting fluid pairs in natural porous media.
Review of the Literature
The measurement and prediction of fluid characteristics in multi-phase porous
media systems has been the focus of a number of scientific investigations because of its
importance to fields such as contaminant hydrogeology, petroleum engineering,
agriculture, material science, and more recently carbon sequestration. These
investigations have been conducted using a variety of methods and technologies with
different spatial and temporal resolutions, sample sizes, and system properties. Each
method has associated advantages and limitations that make it best suited for particular
applications. A brief review of common methods for pore-scale fluid characterization is
presented here with a focus on contaminant hydrogeology investigations. Synchrotron Xray microtomography, the method used in the present study, is reviewed in greater detail.
Pore-scale fluid flow modeling
A number of theoretical and computational approaches have been used to predict
fluid distributions and estimate fluid/fluid interfacial areas in porous media. These
methods are often based on physical or empirical models that make specific assumptions
about pore geometry (e.g. Powers et al., 1991; Cary, 1994; Reeves and Celia, 1996; Or
and Tuller, 1999; Oostrom et al., 2000; Dalla et al., 2002). Simulations of multiphase
fluid flow have been conducted to characterize immiscible liquid morphology, mass
transfer and interfacial area using network modeling (e.g. Coles et al., 1998a,b; Piri and
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Blunt, 2005; Raeesi and Piri, 2009; Joekar-Niasar et al., 2010; Bhattad et al., 2011) and
Lattice Boltzmann methods (e.g. Coles et al., 1998a,b; Arns et al., 2003; Prodanovic et
al., 2007; Schaap et al., 2007; Sukop et al., 2008; Porter et al., 2009; Boek and Venturoli,
2010). A number of models have used a thermodynamic approach to capillary pressuresaturation relationships to predict fluid/fluid interfacial areas (e.g. Hassanizadeh and
Gray, 1990; Hassanizadeh and Gray, 1993; Bradford and Leij, 1997; Joekar-Niasar and
Hassanizadeh, 2008; Schroth et al., 2008) Most theoretical models, however, remain
limited in their ability to fully capture three-dimensional pore-scale characteristics.
Tracer Tests
The interfacial tracer method is an experimental technique that can be used to
measure fluid/fluid interfacial area. The method is based on measurement of the
adsportion of an interfacial tracer (e.g. surfactant) to the fluid/fluid interface during its
displacement through a porous medium. The use of interfacial tracers is therefore an
indirect method for characterization of immiscible fluids. Interfacial area measurements
can be made using either gas-phase or aqueous-phase tracers. This method has been used
successfully to make measurements of both air/water interfaces (Karkare and Fort, 1996;
Kim et al., 1997; Brusseau et al., 1997; Anwar et al., 2000; Costanza-Robinson and
Brusseau, 2002; Peng and Brusseau, 2005; Brusseau et al., 2006; 2007) and organicliquid/water interfaces (Saripalli et. al., 1997; Saripalli et al., 1998; Kim et al., 1999;
Schaefer et al., 2000; Jain et al., 2003; Cho and Annable, 2005; Dobson et al., 2006;
Brusseau et al., 2008; Narter and Brusseau, 2010). Interfacial tracer tests can also be used
to characterize interfacial area at the field scale (e.g. Annable et al., 1998).
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As with any research tool, the limitations of the method should be considered
when using interfacial tracers. For example, aqueous-phase tracers may not fully capture
the interfacial area of non-wetting fluid that is isolated from bulk fluid flow at low
wetting-fluid saturations. Tracer mass transfer may also be rate limited in some cases.
Thus, tracer-test measurements are generally considered to represent apparent or effective
interfacial areas (e.g. Annable et al., 1998; Kim et al., 1999; Brusseau et al., 2008).
Additionally, tracer tests capture total interfacial area and are not well-suited for
measuring interfacial areas associated with specific domains such as capillary interfacial
area.
Blob Casting
Some of the first attempts to directly investigate pore-scale configuration of
immiscible fluids in porous media involved using water-immiscible fluids that can be
solidified within porous media. In-situ solidification of a fluid (e.g. styrene) can be
induced by changes in temperature or pressure or with gamma radiation. This method
allows for the direct examination of individual fluid blob morphology and blob-size
distributions in a range of media including glass beads (e.g. Mayer and Miller, 1992),
sands (e.g. Conrad et al., 1992; Powers et al., 1992), and consolidated media such as
sandstone (e.g. Chatzis et al., 1983). Though blob casting has been shown to produce
consistent estimation of fluid characteristics, the method has a number of limitations. For
example, Powers et al. (1992) showed that the polymerization process may lead to blob
shrinkage, potentially hindering accurate blob characterization. Additionally, interfacial
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area cannot be easily determined from blob casts and the method does not allow for the
study of dynamic processes such as immiscible displacement or dissolution.
Two-Dimensional Micromodels
Two-dimensional micromodels enable the direct visualization of pore-scale
characteristics in porous media systems. Examples of micromodel construction include
two pieces of etched glass, fused together (e.g. Morrow and Chatzis, 1982; Conrad et al.,
1992; Jia et al., 1999; Chatzis, 2011), etched silicon wafers (e.g. Chomsurin and Werth,
2003; Grate et al., 2010), silicate-coated acrylic structures (e.g. Chang et al., 2009a) and a
monolayer of glass beads held between two glass plates (e.g. Mayer and Miller, 1993;
Kennedy and Lennox, 1997). Micromodels facilitate the in-situ observation of fluid
distribution and processes such as displacement and dissolution. Their simplified
geometry makes them useful for investigation of the effects of porous medium
characteristics such as aspect ratio, pore size, and pore distribution. However, their twodimensional structure potentially limits their applicability to three-dimensional
characterizations.
Micromodels have been used to observe fluid distribution, morphology and
interfacial area at residual saturation and during immiscible displacement (e.g. Morrow
and Chatzis, 1982; Chatzis et al., 1983; Conrad et al., 1992; Mayer and Miller, 1993;
Jeong and Corapcioglu, 2003; Chen et al., 2007; Chang et al., 2009b; Cottin et al., 2010;
Grate et al., 2010; Chatzis, 2011). For example, Jeong and Corapcioglu (2003) found that
capillary number (a ratio of viscous forces to capillary forces) was the most important
factor to organic-liquid removal by surfactant foam flooding. Micromodels have also

22
been used to study immiscible fluid dissolution (e.g. Kennedy and Lennox, 1997; Jia et
al., 1999; Sahloul et al., 2002; Chomsurin and Werth, 2003). Chomsurin and Werth
(2003)

measured

organic-liquid/water

interfacial

areas

in

homogeneous

and

heterogeneous micromodels. They observed a linear relationship between interfacial area
and saturation. Blobs in the homogeneous porous medium were observed to have smaller
interfacial areas than blobs in the heterogeneous medium. Micromodels have also been
used to describe biological processes in porous media related to contaminant remediation
(e.g. Zhang et al., 2010).
Optical Imaging
Refractive-index matching has been used in a limited number of studies to
characterize fluids in porous media systems in three dimensions. Ng et al. (1978) used an
index-matched wetting fluid to photograph oil mobilization in a glass bead medium.
Laser-induced fluorescence (LIF) has been used more recently to achieve images with
resolutions as high as one micron. This technique uses optical-quality quartz media and
refractive-index matched fluids containing fluorescent dyes that are imaged using LIF.
This method has been used to characterize fluid distributions (Montemagno and Gray,
1995) and to measure processes such as immiscible displacement (Stöhr et al., 2003,
Ovdat and Berkowitz, 2006) and dissolution (Fontenot and Vigil, 2002). Advantages of
refractive-index matched LIF include high spatial resolutions and the ability to image
relatively large sample sizes. However, the necessity of transparent porous media and an
index-matched fluid limit the method’s applicability to natural systems.
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Magnetic Resonance Imaging
Magnetic resonance imaging has been used extensively in pore-scale contaminant
hydrogeology research to characterize both porous medium characteristics and to
investigate fluid saturation, fluid distribution and fluid/fluid interfacial area. Song (2000)
examined pore sizes in packed glass beads and sedimentary rock samples. Johns and
Gladden (1999; 2000; 2001) used MRI to resolve the morphology, distribution, and
interfacial area of individual organic liquid blobs during displacement and dissolution in
various glass bead media. Johns and Gladden (2000) showed that non-wetting/wetting
interfacial area increased linearly with increasing non-wetting phase saturation.
Interfacial area was larger for porous media with smaller median grain diameters.
Additionally, MRI can be used to measure water and solute flow paths and velocities
(e.g. Deurer et al., 2002; 2004). The technique has also been used to study colloid
transport (e.g. Baumann and Werth, 2005) and biological processes (e.g. Olson et al.,
2004) in porous media.
Werth et al. (2010) details many of the advantages and disadvantages of the MRI
method. For example, MRI can be used to differentiate chemical species of interest and
can be used to characterize the flow field with or without a tracer. In addition, the
technique offers spatial and temporal flexibility with resolutions as high as tens of
microns and the ability to capture transient effects on a time scale of seconds. However, a
primary limitation of the technique is that researchers must use porous materials that
contain low levels of ferromagnetic materials. Another potential limitation is the fact that
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image resolution generally scales with sample size. Finally, the required magnetic
resonance scanners can be costly and complex to maintain and operate.
X-ray microtomography
In recent years, X-ray computed microtomography has become an important tool
in contaminant hydrogeology research. This technique enables the three-dimensional,
non-destructive observation of porous media systems at high resolutions. X-ray
microtomography has gained acceptance, in part, due to a number of advantages over
other techniques. First, microtomography has a high spatial resolution on the order of 100
to several 1000 m for industrial sources and 1 to10 m for synchrotron sources. The
method is non-destructive, allowing a sample to be scanned repeatedly under different
conditions and monitored both spatially and temporally. Additionally, the highresolution, three-dimensional images allow fine details of a system such as interfacial
area to be determined quantitatively. X-ray microtomography can also be used to
distinguish between capillary and film interfacial area.
Standard (non-synchrotron) X-ray computed tomography (XRCT) has been used
for three decades in the study of hydrogeologic systems. This method uses medical or
industrial X-ray sources to image samples and typically produces images with resolutions
of 100-1000 m. XRCT has been used in the field of oil recovery (e.g. Wang et al., 1984;
Vinegar and Wellington, 1987; Hicks et al., 1992) and in contaminant hydrogeology
(e.g. Faguerlund et al., 2007; Goldstein et al., 2007). The typical resolutions limit the use
of this technique to observations such as fluid saturation and porous medium structure.
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However, high-resolution applications have been used as well (e.g. Karpyn and Piri,
2007; Karpyn et al., 2007; Setiawan et al., 2012).
Synchrotron X-ray microtomography (SMT) offers an alternative to the use of
industrial and medical devices. A detailed description of the SMT technique is provided
elsewhere (e.g. Wildenschild et al., 2002; Altman et al., 2005; Kaestner et al., 2008), a
summary is presented here. Synchrotron sources use large electromagnets to steer and
focus a beam of high-speed electrons. Electromagnetic radiation is emitted when the
electrons are decelerated. Like conventional X-ray devices this radiation is
polychromatic, yet it is of sufficient intensity that it can be decomposed into
monochromatic (single energy) radiation while maintaining sufficient photon flux for
tomographic application. The beam is decomposed using a monochrometer that allows
the user to tune the radiation to a specific energy level. A monochromatic beam has two
main advantages. First, the beam does not experience hardening, the preferential
adsorption of low energy photons that can result in image distortion. Second, specific
energies can be used to image a sample above and below the adsorption edge of an
element (the energy at which an element becomes highly attenuating). This is often done
to isolate a fluid of interest. For example, potassium iodide can be added to the aqueous
phase of a sample and an image captured just above and below the iodine adsorption
edge. The two images can be subtracted to isolate the aqueous phase for which the linear
attenuation was significantly different.
A primary advantage of synchrotron sources over conventional X-ray devices is
the high degree of spatial resolution. Devices such as industrial and medical scanners
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emit only a fraction of dissipated power as X-ray radiation, inhibiting their ability to
distinguish low-contrast features in an object. Conversely, the exceptionally high photon
flux of synchrotron sources enables the production of high-resolution images. Spatial
resolution for SMT is influenced by the size and type of detector, distance between the
source, object and detector, use of imaging optics, and signal to noise ratio.
Like all methods, the application of synchrotron X-ray microtomography has a
number of potential limitations. For example, fine-grained or consolidated media can
push the limits of SMT resolution. The size of the pore space controlling relevant
processes must be sufficiently large as to be resolved by the method (e.g. Altman et al.,
2005). Similarly, the resolution is insufficient to resolve microscopic surface roughness
that can contribute significantly to interfacial area (Brusseau et al., 2007; 2008; Narter
and Brusseau, 2010). Synchrotron radiation sources do not typically produce energies
greater than approximately 50 keV. This limits sample sizes to only a few centimeters to
ensure the X-rays can fully penetrate the sample. Additionally, the processes being
studied must be slow enough to allow for image acquisition. While image acquisition
times have decreased significantly in recent years, Altman et al. (2005) estimates the
minimum time for imaging using a Synchrotron source to be between 6-12 minutes
depending on the number of rotation increments. Finally, the use of the method relies on
sufficient differences in attenuation coefficient to distinguish phases of interest. When
materials have similar attenuation coefficients, a dopant must be used to enhance contrast
or sufficient concentrations chosen to allow for phase distinction. The choice of materials
may therefore be constrained in some cases.

27
Synchrotron X-ray microtomography has been used extensively to characterize
porous medium properties. Properties such as texture, porosity, pore-size distribution,
conductivity and permeability have been extracted from both consolidated and
unconsolidated media (e.g. Spanne et al., 1994; Lindquist et al., 1996; Arns et al., 2005;
Øren et al., 2007; Peth et al., 2008; Baker et al., 2012; Liu et al., 2012). Algorithms have
been created to extract physically representative three-dimensional pore networks from
high-resolution SMT data. These networks can be used to obtain information such as
pore-body size distribution, pore-throat size distribution, local void ratio and connectivity
(Lindquist and Venkatarangan, 1999; Al-Raoush and Willson, 2005a; Al-Raoush and
Alshibli, 2006; Al-Kharusi and Blunt, 2007). The pore-network data produced with SMT
has been used as input for pore-network modeling (e.g. Coles et al., 1998a,b; Bhattad et
al., 2011) and also to enhance Lattice-Boltzmann models (e.g. Coles et al., 1998a,b; Arns
et al., 2003; Prodanovic et al., 2007; Sukop et al., 2008; Boek and Venturoli, 2010)
Synchrotron X-ray microtomography can also be used to investigate fluids in
porous media systems. A number of investigations have used SMT to measure fluid
characteristics such as saturation, distribution, and morphology. Turner et al. (2004)
imaged residual wetting fluid in a glass bead pack during drainage and observed wetting
fluid trapped as pendular rings. Culligan et al. (2006) compared immiscible fluid
saturations and distributions for air-water and oil-water glass bead systems. Al-Raoush
and Willson (2005b) described the residual saturation of non-wetting fluid in an oil-wet
glass bead system by characterizing the morphology and distribution of individual nonwetting fluid blobs. They observed that the non-wetting phase was trapped primarily in
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the largest pore spaces, the pore bodies with the highest aspect ratios, and the pore bodies
with the highest coordination numbers.
The high-resolution of SMT allows for fluid characterization in natural media as
well. Wildenschild et al. (2005) described the distribution of air and water in sand during
water drainage. Residual organic-liquid distribution was compared for two natural sands
and a soil by Schnaar and Brusseau (2005). Organic-liquid blob morphology was
observed to vary greatly from small, spherical singlets to large, amorphous ganglia.
Schnaar and Brusseau (2006a) examined fluid morphology and distribution in two-phase
(organic-liquid, water) and three-phase (air, organic-liquid, water) systems. A significant
portion of the organic liquid in the three-phase systems was observed to exist as lenses
and films in contact with air. Al-Raoush (2009) described the effect of porous medium
wettability on characteristics of a residual non-wetting fluid in a sand. Dicarlo et al.
(2010) investigated the distribution of fluid in pores of two sands as a function of flux
during water infiltration. Individual blob characteristics have also been determined for
consolidated media (e.g. Prodanovic et al., 2006; 2007). Recently, the distribution of
entrapped carbon dioxide gas has been described (e.g. Zhou et al., 2010; Silin et al.,
2011; Wildenschild et al., 2011).
SMT has also been used as a tool to characterize the pore-scale dissolution of
immiscible organic liquid blobs within natural porous media. Schnaar and Brusseau
(2006b) described the change in morphology of TCE during dissolution in a well-sorted
sand. Changes in the measured aqueous-phase TCE concentrations correlated to changes
in the volume and number of blobs. Russo et al. (2009) characterized the morphology and
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distribution of TCE during dissolution in a poorly-sorted soil. They observed median
TCE blob volume to be smaller and smaller blobs composed a larger fraction of the
distribution than for dissolution in a well-sorted medium.
In addition to characterizing the morphology and distribution of fluids in porous
media, synchrotron X-ray microtomography has been used successfully to directly and
non-destructively measure fluid-fluid interfacial area. Unlike many other methods, SMT
can be used to distinguish between capillary-associated and total (capillary + film)
interfacial area. However, studies have shown interfacial area measurements obtained by
synchrotron X-ray microtomography to be significantly smaller than those obtained from
other methods such as tracer tests (Brusseau et al., 2006; 2007; 2008; 2010). Evidence
suggests that this is due to the inability of SMT measurements to account for the impact
of solid surface roughness on film-associated interfacial area (Brusseau et al., 2008;
Narter and Brusseau, 2010).
Several studies have measured fluid-fluid interfacial area for non-wetting fluid
distributions and individual non-wetting phase blobs in porous media. (Al-Raoush and
Willson, 2005b; Schnaar and Brusseau, 2005; Schnaar and Brusseau 2006a; Al-Raoush,
2009; Brusseau et al., 2009). The ability of SMT to non-destructively characterize fluids
also enables the measurement of interfacial areas for the same system under varying
conditions. Interfacial areas have been measured as a function of fluid saturation for airwater systems (Culligan et al., 2004; Brusseau et al., 2006; 2007; Culligan et al., 2006;
Constanza-Robinson et al., 2008) and organic-liquid/water systems (Culligan et al., 2006;
Prodanovic et al., 2006; Brusseau et al., 2009; Narter and Brusseau, 2010; Porter et al.,
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2010). These studies have generally observed that total interfacial area increases linearly
with decreasing water saturation. Capillary-associated interfacial area has been shown to
first increase then decrease as water saturation decreases.
Brusseau et al. (2009) observed a correlation between fluid-fluid interfacial area
and median grain diameter. Results showed that interfacial area was larger for porous
media with smaller median grain diameters. Wildenschild et al. (2012) showed
differences in non-wetting phase interfacial areas as a function of interfacial tension,
viscosity, and flow rate. Interfacial areas have also been measured as a function of
organic-liquid dissolution (Schnaar and Brusseau, 2006b; Russo et al., 2009). Schnaar
and Brusseau (2006b) observed a nearly linear relationship between volume-normalized
interfacial area and organic liquid volumetric fraction for both total and capillaryassociated interfacial area.
Synchrotron X-ray microtomography has also been used in a number of other
investigations related to contaminant hydrogeology. Altman et al. (2005) used SMT to
qualitatively image the adsorption of cesium on iron-bearing aggregate soil samples.
Gaillard et al. (2007) characterized the morphology of colloidal deposits in a glass-bead
pack after injecting an aqueous suspension of ZrO2 particles. Waske et al. (2012)
observed the distribution of silver-coated polystyrene colloid clusters in a glass-bead
pack. Armstrong and Wildenschild (2012) used SMT to evaluate pore-scale processes
during microbial-enhanced oil recovery.
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Summary
Over the past three decades, several theoretical, computational, and experimental
techniques have been developed to aid the characterization of fluids in multiphase porous
media systems. These techniques have allowed for the quantification of fluid distribution
and morphology as well as characterization of individual fluid blobs. Fluid/fluid
interfacial area has been described as a function of fluid saturation and porous medium
properties. Recent advances in techniques such as MRI and X-ray microtomography have
enabled the three-dimensional non-destructive characterization of porous media systems.
The synchrotron X-ray microtomography method, in particular, has seen a decrease in
image acquisition time and improved spatial resolution in recent years. These
developments have helped to advance the study of dynamic processes such as immiscible
fluid dissolution and displacement. They have also led to more detailed imaging of
complex natural porous media systems. Continued progress in these areas will enhance
modeling and prediction of critical processes that affect not only contaminant
remediation but fields such as enhanced oil recovery, agriculture, and carbon
sequestration.
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Explanation of Dissertation Format
This dissertation contains three manuscripts that have been prepared for
publication in peer-reviewed journals. The manuscripts included in Appendices A and B
are in preparation for submission; the manuscript included in Appendix C has been
submitted for review. I was responsible for the majority of the experimental work
presented herein. This work included experimental preparation and image acquisition
conducted at both Argonne National Laboratory (Argonne, IL) and Lawrence-Berkeley
National Laboratory (Berkeley, CA). I was also responsible for post-acquisition image
processing and data analysis. I am the primary author on the manuscripts included in
Appendices A and B. In preparation of the manuscript included in Appendix C, for which
I am a co-author, I was responsible for a significant portion of the experimental work and
data analysis.
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CHAPTER II: PRESENT STUDY
The methods, results, and conclusions of this study are presented in the papers
appended to this dissertation. The following is a summary of the most important findings
in this document.
Summary of Results
Column-flooding experiments were conducted to examine the impact of
enhanced-solubilization (ES) solutions on an entrapped organic immiscible liquid. ES
solutions were saturated with organic liquid prior to flooding to prevent solubilization of
the organic-liquid. Mobilization of the entrapped organic liquid was observed after
flooding for each ES solution. Mobilization is controlled by capillary, viscous, and
buoyancy forces, which have been described using a dimensionless total trapping
number. This parameter can be used to evaluate the potential for mobilization of an
entrapped non-wetting phase (e.g. Morrow and Songkran, 1981; Patel and Greaves, 1987;
Pennell et al., 1994; Dawson and Roberts, 1997). The total trapping number was defined
herein according to the definition of Pennell et al. (1996) as:
(1)
In the above equation NCa is the capillary number and NB is the Bond number defined as:

Here qw is Darcy velocity, w is dynamic viscosity, ow is the interfacial tension, k
is the intrinsic permeability of the medium, krw is the relative permeability of the aqueous
phase,  is the density difference between fluids, and  is the contact angle. NCa is the
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ratio of viscous to capillary forces while NB describes the effect of buoyancy forces. For
vertical flow in the direction of the buoyancy force, as was the case in these experiments
equation (1) reduces to:
(4)
Flooding with tween 80, SDS, and ethanol resulted in significant decreases in
organic-liquid saturation and subsequent changes to the organic-liquid distribution. This
is expected because flooding with these solutions was associated with large total trapping
numbers caused primarily by a decrease in organic-liquid/water interfacial tension.
HPCD flooding experiments, for which trapping numbers were lower than the other ES
solution floods, had a minimal effect on organic-liquid distribution. Organic-liquid
saturation also changed minimally following successive HPCD floods. However,
inspection of images showed that some organic-liquid blobs were mobilized after HPCD
flooding despite the fact that the total trapping number for these experiments was smaller
than 2 x 10-5, the threshold previously shown to initiate bulk mobilization of residual
dense organic immiscible fluid (e.g. Pennell et al., 1994; Pennell et al., 1996; Boving et
al., 1999; Boving and Brusseau, 2000; Li et al., 2007).
Studies of multi-phase flow in porous media with an entrapped non-wetting phase
have shown that heterogeneous velocity fields exist as a result of preferential flow paths,
even for an ideal porous medium such as spherical beads of a single diameter (Johns and
Gladden, 1999; Okamoto et al., 2001). In an effort to examine the effect of aqueous
velocity on the entrapped non-wetting fluid, two additional experiments were conducted
with SDS solutions that were injected at higher flow rates. After flooding, significant
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organic-liquid mobilization was observed. Many organic-liquid blobs became much
smaller and more spherical than those observed at lower pore-water velocities. These
results are consistent with previous studies that showed a decrease in blob length with
increasing capillary number (Mahers et al., 1981; Chatzis et al., 1983; Payatakas and
Dias, 1984; Wardlaw and McKellar, 1985; Mayer and Miller, 1991; Chatzis, 2011) and
bond number (Mayer and Miller, 1991)
Localized increases in velocities associated with preferential flow paths may have
caused non-wetting fluid mobilization even when the total trapping number, calculated
using the average pore-water velocity, was less than 2 x 10 -5. Locally mobilized organic
liquid may become re-trapped elsewhere in the porous medium (e.g. Wardlaw and
McKellar, 1985; Padgett and Hyden, 1999; Jeong and Corapcioglu, 2003). Organic liquid
that is re-trapped prior to being eluted from the column would not contribute to bulk
mobilization and therefore would not be accounted for through gravimetric or effluent
analysis. Therefore, the total trapping number threshold required for pore-scale
mobilization is likely lower than that observed for bulk mobilization in previous studies.
The interfacial area between the organic-liquid and aqueous phase was measured
prior to and following each ES-solution flood. The total PCE surface area was taken to be
the total fluid-fluid interfacial area. This is based on the assumption that all porousmedium grains are solvated by water. Specific fluid-fluid interfacial area (Anw, cm-1) was
then calculated as the ratio of total interfacial area to the volume of porous medium
comprising the imaged domain. In cases where fluid saturation varies, it is useful to use
fluid-normalized (or volume-normalized) interfacial area (Af) as Af = Anw/θn where θn is
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the volumetric non-wetting phase saturation. The choice of Af allows the study of the
effect of enhanced-solubilization solution introduction independent from the effects of
changing saturation within the column.
The magnitude of the change in fluid-normalized interfacial area varied among
the ES-flooding experiments but was generally small. Af remained less than 10% for
most experiments and did not exceed 17% for any of the experiments. The results suggest
that the presence of these enhanced-solubilization solutions does not have a significant
effect on fluid-fluid interfacial area when non-wetting fluid saturation is taken into
account. Specific non-wetting fluid interfacial area increased linearly with decreasing
wetting-phase saturation. This is consistent with prior theoretical and experimental
studies of the relationship between specific total interfacial area and saturation (e.g.,
Leverett, 1941; Johns and Gladden, 2000; Oostrom et al., 2001; Dalla et al., 2002; Peng
and Brusseau, 2005; Brusseau et al., 2006; 2009). The relationship between fluid
saturation and Anw for ES-solution flooding was equivalent to that for water
imbibition/drainage experiments.
Flooding experiments conducted with the surfactants tween 80 and SDS were
compared to water-flooding experiments to characterize organic-liquid mobilization as a
function of total trapping number. Total trapping numbers for these experiments varied
over several orders of magnitude. Organic-liquid saturation generally decreased with
increasing total trapping number for all aqueous floods. Mobilization of entrapped
organic liquid was observed for total trapping numbers as low as 1.2 x 10-5. This value is
slightly smaller than that previously shown to initiate bulk mobilization of residual non-
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wetting fluid and was attributed to pore-scale fluid mobilization. This finding is
consistent with the results of ES-solution flooding experiments.
Organic-liquid blob sizes in these experiments ranged over approximately six
orders of magnitude. Median blob volume was generally smaller after flooding and many
blobs became more spherical. For larger total trapping numbers, median blob volume
generally decreased as total trapping number increased. This observation agrees with
previous research as noted above. The number of distinct organic liquid blobs was also
measured following each column flood. The number of blobs generally increased with
increasing total trapping number.
Total fluid-normalized interfacial area did not change significantly for most
experiments. As mentioned previously, many blobs became smaller and more spherical
after flooding. Fluid-normalized interfacial area increases as blobs become smaller and
decreases as blobs become more spherical. This may explain the small magnitude of
change observed in fluid-normalized interfacial area. However, the fluid-normalized
interfacial area increased by more than 25% for a water-flooding experiment conducted at
the highest velocity, suggesting that high velocities may have a significant impact on
interfacial area. The increase in Af was likely caused by the separation of the non-wetting
fluid into much smaller blobs. Johns and Gladden (2000) also observed an increase in
interfacial area at higher aqueous-phase velocities.
Flooding with surfactant solutions lowered the interfacial tension significantly
compared to flooding with water. Surfactant flooding generally resulted in a decrease in
saturation and blob size at lower trapping numbers than were observed for water
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flooding. The tween-80 solution had a viscosity that was significantly higher than that of
the SDS solution with similar interfacial tension. However, there was not a significant
difference in the effect of tween-80-solution flooding on the morphology and distribution
of non-wetting fluid as compared to SDS-solution flooding. This suggests that higher
viscosity had minimal effect on the non-wetting fluid distribution.
For water flooding at sufficiently large total trapping numbers, the increase in the
number of non-wetting phase blobs was much larger than surfactant flooding at low
velocity but similar trapping numbers. SDS-solution flooding at high velocities resulted
in a larger increase in the number of blobs compared to both water flooding and lowvelocity surfactant flooding at similar trapping numbers. Thus, the combination of low
interfacial tension and high velocity caused a more significant effect on the non-wetting
phase distribution than high velocity alone.
Imbibition/drainage experiments were conducted in four different porous media
using different pairs of wetting and non-wetting fluids. Regardless of fluid type and
porous medium, the non-wetting phase was more interconnected under wetting-phase
drainage than imbibition, as would be expected. Consequently, the number of individual
non-wetting-phase blobs was significantly greater for imbibition conditions. Comparison
of data collected under primary wetting-phase drainage and secondary wetting-phase
imbibition conditions indicated no measurable differences in measured total interfacial
areas for any of the porous media. The similarity in interfacial areas despite differences in
configuration is associated with the fact that the largest bodies occurring under drainage
actually comprise a complex network of interconnected blobs whose combined total
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interfacial area is similar to the combined total under imbibition conditions (i.e., after a
majority of the individual blobs have separated).
The morphology of the non-wetting phase was similar for each of the fluid pairs
for a given porous medium. In general, the blobs tended to be more spherical at smaller
blob volumes (< 10-3 mm3), and increasingly deviate from spherical morphology at larger
volumes. This is consistent with previous studies of non-wetting-phase size and
morphology relationships (e.g., Johns and Gladden, 2000; Fontenot and Vigil, 2002;
Schnaar and Brusseau, 2005). Interfacial area was observed to increase linearly with
decreasing wetting-phase saturation for each of the fluid pairs for all media. The
relationship between total specific interfacial area and saturation was similar for all four
fluid pairs for a given porous medium. This indicates that fluid type had no measurable
impact on interfacial area for these systems. The porous media used for these experiments
encompass a range of geochemical surface properties. Thus, it appears that the respective
behaviors of the non-wetting and wetting fluids are similar under this range of
geochemical variability regardless of the specific identity of the fluids
For a given wetting-phase saturation, interfacial area was larger for the media
with smaller median grain diameters. The Anw-Sw function takes the generic form Anw =
Am(1-Sw), where Am is the maximum specific interfacial area. The Am serves as an index
for a given system, indicative of the magnitude of interfacial area associated with that
system (Brusseau et al., 2009). The maximum specific interfacial areas differed among
the porous media, with larger Am values associated with smaller median grain diameters,
consistent with prior results (e.g. Johns and Gladden, 2000; Brusseau et al., 2009). This
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behavior reflects the impact of grain size on pore size, which in turn constrains the size of
non-wetting-phase blobs (Brusseau et al., 2009). Thus, physical properties of the porous
medium appear to have a greater influence on the magnitude of specific total interfacial
area for a given saturation than fluid properties or wetting-phase history.
Implications
In the present study, non-wetting fluid morphology, distribution, and interfacial
area were characterized in multi-phase systems comprising a range of fluid and porous
medium properties. Synchrotron X-ray microtomography allowed for the direct
characterization of organic-liquid mobilization in a natural porous medium. Many
previous studies have relied on macroscopic measurements of bulk-mobilization such as
analyzing effluent or using a gravimetric approach. In the present study, pore-scale
mobilization was observed in aqueous-phase flooding experiments where the total
trapping number was smaller than that previously shown to initiate bulk mobilization of
residual non-wetting fluid. Therefore, the total trapping number threshold required for
pore-scale mobilization is likely smaller than that observed for bulk mobilization in
previous studies.
Synchrotron X-ray microtomography was also used to directly observe the effects
of aqueous-phase flooding as a function of interfacial tension, viscosity, and fluid
velocity. Flooding at larger velocities appeared to have a greater effect on the distribution
of non-wetting fluid blobs than lowering interfacial tension or increasing the viscosity of
the wetting fluid. The observations presented in this study will aid in the conceptual
understanding of non-wetting fluid behavior at larger scales and in field applications.
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Previous

studies

of

porous

media

systems

using

synchrotron

X-ray

microtomography have frequently focused on a single non-wetting/wetting fluid pair for
which water is often used as the wetting fluid. In contrast, the present study used several
different wetting and non-wetting fluids comprising a range of fluid properties. The
relationship between fluid saturation and organic-liquid specific surface area for flooding
with four enhanced-solubilization solutions was equivalent to that for organicliquid/water imbibition-drainage experiments. Similarly, the results of imbibitiondrainage experiments conducted with several different pairs of wetting and non-wetting
fluids showed that total interfacial areas were similar among all fluid pairs for a given
porous medium. This indicates that fluid type had no measurable impact on interfacial
area for these systems. Furthermore, physical properties of the porous medium appeared
to have a greater influence on the magnitude of specific total interfacial area for a given
saturation than fluid properties or wetting-phase history. These results suggest that
estimations of non-wetting/wetting interfacial area derived in previous studies (e.g.
Brusseau et al., 2009) might be applied to systems encompassing a broader range of
fluids.
Quantitative characterizations of non-wetting fluid morphology and interfacial
area, such as those provided herein, may also be useful for numerical modeling
investigations. Experimental measurements of fluid characteristics provided in this study
may serve as input for multi-phase flow and immiscible-fluid displacement modeling
efforts. Additionally, these data may be used to validate the results of numerical models.
The results of the current investigation will contribute to the improved prediction of non-
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wetting fluid morphology, distribution and interfacial area in porous media systems. This
has implications for a number of applications including contaminant hydrogeology,
petroleum engineering, agriculture, material science, and carbon sequestration.
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Table 1. Major organic-liquid contaminated sites in Tucson, Arizona. [P&T = Pump and Treat; SVE = Soil Vapor Extraction;
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Figure 1. Total TCE mass removed by pump-and-treat operations through 2010 at Water
Quality Assurance Revolving Fund (WQARF) sites in Tucson, Arizona.
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Figure 2. TCE mass removed each year by pump-and-treat operations at the Tucson
International Airport Area (TIAA) Superfund site in Tucson, Arizona.
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ABSTRACT
A primary objective when using enhanced-solubilization solutions is to increase
mass transfer of an entrapped non-wetting fluid into the aqueous phase in order to
achieve faster and more efficient mass removal from the subsurface. The rate of mass
transfer depends on the degree of contact between the aqueous and non-wetting phases,
and thus is dependent upon the interfacial area between the two phases. It is therefore
important to understand the impact of enhanced-solubilization solutions on the
configuration and distribution of the non-wetting phase. This was investigated using
synchrotron X-ray microtomography to examine entrapped organic liquid in a natural
porous medium

following

flooding with an enhanced-solubilization solution.

Polyoxyethylene Sorbitan Monooleate (tween 80), hydroxypropyl-β-cyclodextrin
(HPCD), sodium dodecyl sulfate (SDS), and ethanol were used as the solubilization
reagents. Tetrachloroethene (PCE) was used as the entrapped organic immiscible liquid.
Microtomography images were collected prior to and after successive floods with three
concentrations of each reagent solution. The results were compared to those obtained
from equivalent experiments conducted with water flooding. Inspection of images
indicated that mobilization caused a change in PCE morphology and distribution for all
reagents with the exception of HPCD, for which a lower trapping number was calculated
compared to the other experiments. Mobilization of organic liquid was observed at total
trapping numbers that were smaller than expected. This was attributed to pore-scale
mobilization of blobs that were re-trapped prior to being eluted from the column. The
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functional dependency of fluid-fluid interfacial area on fluid saturation for enhancedsolubilization solutions was similar to that for water.
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INTRODUCTION
The recovery of entrapped organic liquids from the subsurface is critical to the
fields of contaminant remediation and enhanced oil recovery. Recovery via either
displacement or mass transfer (e.g., dissolution) is typically constrained for standard
water flooding field applications. The use of enhanced recovery solutions, containing
reagents such as cosolvents, sufactants, and cyclodextrins, is one option available to
increase recovery.
A primary objective when using solutions designed to enhance aqueous solubility
(enhanced-solubilization solutions) is to increase non-wetting fluid mass transfer into the
aqueous phase in order to achieve faster and more efficient mass removal from the
subsurface. Bench-scale studies of enhanced-solubilization solutions have generally
focused their impact on mass flux (e.g. Pennell et al., 1994; Boving et al., 1999; Boving
and Brusseau, 2000; Schaerlaekens et al., 2000; Zhong et al., 2003; Carroll and Brusseau
et al., 2009; Tick and Rincon, 2009). A number of field-scale studies have also examined
mass-flux behavior under enhanced-solubilization flooding (e.g. Fountain et al., 1996;
Jawitz et al., 2000; Tick et al., 2003; Knox et al., 2005; Ramsburg et al., 2005; Childs et
al., 2006).
In addition to increasing mass transfer, enhanced-solubilization solutions can
cause the non-wetting fluid to be mobilized as a separate phase, often due to a decrease in
fluid-fluid interfacial tension. While this may be beneficial to applications such as
enhanced oil recovery, displacement of the non-wetting fluid during contaminant
remediation may cause contaminants to migrate to uncontaminated or less accessible
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areas of the subsurface. Mobilization is controlled by capillary, viscous, and buoyancy
forces, which have been described using a dimensionless trapping number to evaluate the
potential for mobilization of an entrapped non-wetting phase (e.g. Morrow and Songkran,
1981; Patel and Greaves, 1987; Pennell et al., 1994; Dawson and Roberts, 1997). Pennell
et al. (1996) defined total trapping number (NT) as:
(1)
In the above equation NCa is the capillary number and NB is the Bond number defined as:

Here qw is Darcy velocity, w is dynamic viscosity, ow is the interfacial tension, k
is the intrinsic permeability of the medium, krw is the relative permeability of the aqueous
phase,  is the density difference between fluids, and  is the contact angle. NCa is the
ratio of viscous to capillary forces while NB describes the effect of buoyancy forces. For
vertical flow in the direction of the buoyancy force, as was the case in these experiments
equation (1) reduces to:
(4)
Previous studies have suggested that the critical trapping number for displacement of a
dense organic liquid in a sandy porous medium is approximately 2 x 10 -5 (Pennell et al.,
1994; Pennell et al., 1996; Boving et al., 1999; Boving and Brusseau, 2000; Li et al.,
2007).
The interaction between an enhanced-solubilization solution and the non-wetting
phase depends on the degree of contact between the two phases, and thus is dependent
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upon the interfacial area between the two phases. It is therefore important to understand
the impact of enhanced-solubilization solutions on non-wetting fluid configuration and
distribution. Studies that have examined the effects of enhanced-solubilization solutions
on these physical properties of the non-wetting fluid have generally used idealized media
(e.g. spherical beads) or indirect methods of characterization. Ng et al. (1978)
photographed single non-wetting fluid blobs in an acrylic-bead medium to investigate the
relationship between blob morphology and capillary number during glycerol flooding. A
study by Wardlaw and McKellar (1985) examined the effect of surfactant flooding on
turpentine-blob-size distributions using photographs of a glass-bead system. Cho and
Annable (2005) characterized the impact of alcohol flooding on PCE morphology and
interfacial area using interfacial partitioning tracer techniques.
Synchrotron X-ray microtomography has proven useful for the non-destructive,
direct measurement of organic-liquid surface area and volume at the pore-scale (e.g., AlRaoush and Willson, 2005; Schnaar and Brusseau, 2005; Culligan et al., 2006; Schnaar
and Brusseau, 2006a,b; Prodanovic et al., 2006; Brusseau et al., 2006; 2007; 2008; 2009,
Narter and Brusseau, 2010). Synchrotron sources can be used to obtain high quality
images with resolutions in the order of 1-10 m. In this study, synchrotron X-ray
microtomography was used to examine the impact of enhanced-solubilization solutions
on organic-liquid morphology, mobilization, and fluid-fluid interfacial area in a natural
porous medium.

66
MATERIALS AND METHODS
Experimental Setup
A commercially available natural sand (Accusand Unimin Inc.) was used for this
study. The sand was well-sorted (uniformity coefficient equal to 1), with a median grain
diameter of 0.35 mm. Two surfactants, Polyoxyethylene Sorbitan Monooleate (tween 80)
and Sodium Dodecyl Sulfate (SDS), the complexing agent hydroxypropyl-β-cyclodextrin
(HPCD), and the cosolvent ethanol were used as solubilization agents and water was used
for a control. Tetrachloroethene (PCE) was used as the model organic immiscible liquid.
The PCE was doped with iodobenzene (8% by volume) to enhance contrast and allow for
image subtraction. Solutions were mixed with deionized water and pure-phase PCE and
then left in contact with the pure-phase PCE for a minimum of several days to obtain a
PCE-saturated mixture. This was done to prevent solubilization of PCE during flooding.
The interfacial tension between PCE and each enhanced-solubilization (ES) solution was
measured using a Fisher Scientific semi-automatic tensiometer employing the du Noüy
ring method (Table 1).
The sand was dry-packed into thin-walled, X-ray transparent columns constructed
of aluminum, with aluminum fittings. The majority of columns used in this study were
4.4 cm long, with an outer diameter of 0.64 cm and an inner diameter of 0.58 cm. To
examine the potential impact of sample size, a subset of experiments was conducted in
larger diameter columns that were 6.5 cm long, with an outer diameter of 1.25 cm and an
inner diameter of 1.2 cm. Polypropylene porous frits (10-μm pores) were placed on both
ends of the column to promote uniform flow and retain the porous medium. A residual
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saturation of organic liquid was established in the columns following previously
established procedures (e.g. Schnaar and Brusseau, 2006a,b).
Columns were sealed and taken to the synchrotron facility where they were
imaged prior to flooding with a particular enhanced-solubilization solution. After this,
each column was taken out of the imaging hutch and flooded with approximately two
pore volumes (~1.0 ml or 5.0 ml) of a specific solution at a given concentration using a
gas-tight syringe and syringe pump. Flooding was conducted at a Darcy velocity of
approximately 19 cm/hr, the same velocity used to create the residual organic-liquid
saturation. A total of three floods were conducted for each experiment and an image set
was collected after each flood. Each successive flood used a concentration of the
enhanced-solubilization solution that was twice that of the previous flood (Table 1).
Solution concentrations were chosen to coincide with the range of concentrations
typically used in applications.
Synchroton X-ray Microtomography Imaging
Synchrotron X-ray microtomography imaging was conducted at the GSECARS
BM-13D beamline at the Advanced Photon Source (APS), Argonne National Laboratory,
outside of Chicago, IL and at beamline 8.3.2 at the Advanced Light Source (ALS) at
Lawrence Berkeley National Lab in Berkeley, CA. Imaging was conducted at APS by
directing the monochromatic X-ray beam through the column, perpendicular to the
longitudinal axis. The transmitted X-rays were converted to visible light with a
single-crystal scintillator, and projected onto a mirror at a 45° incline to the incoming
beam. A photograph of the image on the mirror was then captured with a high-resolution
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CCD camera attached to a microscope objective (5x). This image represents a
depth-integrated grayscale map of the linear attenuation of the X-ray beam as it passed
through the column. After an image was collected, the column was rotated 0.5º and the
image-acquisition process was repeated. A total of 720 two-dimensional images of each
sample were collected in this manner. The image resolution (pixel size) was
approximately 10 μm. The length of the imaged zone was approximately 5 mm. The set
of two-dimensional images collected for a given scan was preprocessed and reconstructed
with algorithms developed by Rivers (2003) to build a single three-dimensional image
file from the two-dimensional images. Data were collected sequentially below and above
the iodine K-edge (33.169 and 33.269 keV) to specifically resolve the organic liquid.
The image-capture procedure at ALS is very similar with a few notable
differences. A detailed description of the procedure for collecting images at the
Advanced Light Source beamline 8.3.2 can be found at the beamline 8.3.2 website or
Kinney et al. (1994). Images were taken at 0.5° increments over a 180° angular range to
obtain 360 depth-integrated images. The spatial resolution of the resulting images was
8.8m/pixel. Vertical beam size was approximately 1mm, so six sets of images, called
tiles, were taken during each scan. The tiles were “stitched” together to form a single,
continuous image set using a program developed at the ALS. A second program,
Octopus, was used to preprocess and reconstruct the three-dimensional sample.
All images were collected from the centers of the columns, thus minimizing the
potential influence of end effects. Results reported in prior studies indicate that REV
requirements were met for image volumes of approximately 30-50 mm3 (Culligan et al.,
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2004; Brusseau et al., 2008: Costanza-Robinson et. al., 2011). The volumes of the imaged
zones were larger than the minimum for all data sets.
Data Processing
Additional image processing and extraction of quantitative information were
conducted with the software package Blob3D, which was specifically developed for highresolution X-ray microtomography data (Ketcham, 2005). An array of binary images was
created using a global threshold wherein voxels considered to be organic liquid were
assigned a grayscale of 255 (white) and all others were assigned a grayscale of 0 (black).
Contiguous voxels assigned as organic liquid were identified and combined to form
three-dimensional units (blobs). Once data processing was complete, quantitative
information was generated for each individual organic-liquid blob. Blob volume was
calculated as the total volume of all the voxels contained within a blob. The effective
resolution with respect to blob volume was approximately 10 -5 mm3. Surface area was
calculated from the isosurface connecting voxels of the selected grayscale value in the
binarized image. Surface areas calculated in this way may be overestimated somewhat
due to the pixilation of the fluid surfaces.
Because images do not capture the entire length of the porous medium, some
organic-liquid blobs have only a fraction of their volume within the imaged zone. These
blobs have an artificial flat face at either the top or bottom of the imaged zone. The flat
faces represent a “cutoff” surface area that must be subtracted from the total surface area
measurement. The methods used have been tested and employed successfully in prior
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research (Schnaar and Brusseau, 2005; 2006a,b; Brusseau et al., 2006; 2007; 2008;
2009).
The total PCE surface area was taken to be the total fluid-fluid interfacial area.
This is based on the assumption that all porous-medium grains are solvated by water.
Specific fluid-fluid interfacial area (Anw, cm-1) was then calculated as the ratio of total
interfacial area to the volume of porous medium comprising the imaged domain. In cases
where fluid saturation varies, it is useful to use fluid-normalized (or volume-normalized)
interfacial area (Af) as Af = Anw/θn where θn is the volumetric non-wetting phase
saturation. The choice of Af allows the study of the effect of enhanced-solubilization
solution introduction independent from the effects of changing saturation within the
column.
RESULTS AND DISCUSSION
Results
Each image in Figure 1 represents a two-dimensional slice of the column in the xy plane. Inspection of the images reveals that the three phases; organic liquid, aqueous
solution, and porous medium grains are well defined and distinguishable. Organic liquid
is distributed throughout the scanned interval with no apparent preferential accumulation
along the column walls. Images on the left in Figure 1 (column i) show each sample with
a residual saturation of PCE, prior to the introduction of the enhanced-solubilization
solution. Residual organic-liquid saturations ranged from approximately 11-39%. Images
on the right (column ii) show the same x-y slice of the columns after three consecutive
enhanced-solubilization-solution floods of increasing concentration.
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Columns that were flooded with deionized water showed excellent replication. As
described previously, the experimental setup required that columns be taken out of the
imaging hutch after each scan to be flooded. Furthermore, each image set was processed
independently to examine fluid morphology and distribution. Inspection of image sets
revealed that successive floods with DI water did not significantly affect the
configuration of the organic liquid (Figure 1A). In addition, there was minimal variation
of the organic liquid surface areas and volumes for each of the four columns (Table 2).
This indicates that the laboratory methods and processing techniques used in this study
are robust. These data provide a baseline that can be used to evaluate the effects of
flooding with enhanced-solubilization solutions.
Figure 1B shows the results of flooding with the surfactant tween 80. It is clear
from inspection of the two images (Bi and Bii) that there was movement of the organic
liquid within the pore network. In addition, the volume and morphology of some of the
organic-liquid blobs were different after flooding. The results of the six experiments
conducted with tween 80 as the flooding reagent are summarized in Table 2. The
experiments showed a reduction in PCE saturation within the imaged domain of between
17-40%. One experiment was conducted without PCE dissolved in the aqueous solution.
The reduction in PCE saturation for this experiment was similar to that of the other
experiments. This suggests that the majority of the reduction in saturation was caused by
mobilization.
The initial fluid-normalized interfacial area (Af) and the mean change in fluidnormalized interfacial area (Af) are reported in Table 2 for all experiments. For the

72
tween-80-solution flooding experiments, the magnitude of Af varied among the
experiments but was generally small, not exceeding 10%. The experiment conducted with
no PCE in the aqueous solution yielded similar results.
The change in PCE saturation was variable for the SDS-solution-flooding
experiments. For two experiments (SDS1 and SDS3), the change in PCE saturation was
greater than 30%. For the other two experiments (SDS2 and SDS4), the change in PCE
saturation was less than 5%. Inspection of the images showed that the distribution and
morphology changed considerably for many PCE blobs in all four experiments. Figure
1C shows the results of an SDS flooding experiment. Following the three consecutive
SDS floods, the configuration of NAPL blobs was changed considerably. For all
experiments, the magnitude of Af increased with increasing solution concentration.
However, the total change in Af after the three consecutive floods varied among
experiments, ranging from -17% to 10%.
For the ethanol experiments, saturations decreased by at least 20% in most
experiments. For ethanol experiment 3, a slight increase in organic-liquid saturation was
observed. Inspection of the images showed that the organic-liquid distribution in this
experiment changed considerably after ethanol introduction, despite the small change in
Sn. In most ethanol experiments, blob and ganglia size were greatly reduced throughout
the imaged volume (Figure 1D). Fluid-normalized interfacial area was not significantly
affected in any of the experiments, changing by less than 5%.
Figure 1 (Eii) shows that after HPCD flooding there was some evidence of
mobilization as a few previously connected blobs were separated. The majority of the
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PCE distribution, though, was not significantly affected. All experiments wherein the
HPCD solution was saturated with PCE prior to injection resulted in little or no change in
PCE saturation. The average magnitude of change in interfacial area again varied
between experiments but remained less than 10% for all experiments and all HPCD
solution concentrations. HPCD experiment 3 showed an increase in PCE saturation yet
images showed little change to the organic-liquid distribution and the number of organic
liquid blobs was nearly identical. An HPCD experiment conducted without a PCEsaturated aqueous solution showed a decrease in saturation due to solubilization. Fluidnormalized interfacial area for this experiment changed by less than 10%.
The relationship between total specific PCE-water interfacial area (Anw) and
wetting-fluid saturation (Sw) for ES-solution flooding is presented in Figure 2. Anw
decreased linearly with increasing wetting-fluid saturation, consistent with the results of
previous studies (e.g. Brusseau et al., 2006; 2007; 2009; Narter and Brusseau, 2010;
Porter et al., 2010). The figure also includes data from experiments in which sequential
drainage and imbibition steps were conducted to obtain Anw measurements at various
water saturations. It is clear from the figure that the Anw-Sw relationship is similar for
both water/organic-liquid and ES-solution/organic-liquid systems. This suggests that the
morphology of the organic-liquid blobs in the presence of ES solutions is similar to that
of blobs in contact with water.
Discussion
As described previously, the two processes that act to remove the entrapped nonwetting phase during enhanced-solubilization solution flooding are solubilization and
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mobilization. Solubilization was minimal because most ES solutions used in this study
were saturated with PCE prior to injection. Thus, mobilization was the primary cause of
mass removal in this study. Table 1 shows the measured reduction in interfacial tension
caused by each of the solutions and the calculated total trapping number (NT). For all
experiments, the bond number was larger than the capillary number, suggesting a greater
influence of buoyancy forces versus viscous forces. This agrees with observations from
Pennell et al. (1996) for sands of a similar median grain diameter.
As noted previously, studies have shown that a trapping number greater than
approximately 2 x 10 -5 is required for mobilization of dense organic immiscible liquid in
sandy porous media (Pennell et al., 1994; Pennell et al., 1996; Boving et al., 1999;
Boving and Brusseau, 2000; Li et al., 2007). The only solution for which a total trapping
number of 2 x 10-5 was not achieved for any of the solution concentrations was HPCD.
This is in agreement with the small calculated changes in PCE saturation for the HPCD
experiments. However, images from HPCD flooding experiments did show some changes
in the PCE configuration, suggesting that some degree of mobilization did occur. For
each of the other enhanced-solubilization solutions, the distribution of blobs was altered
and PCE saturation was reduced in the majority of experiments. This is consistent with
total trapping numbers that exceeded 2 x 10-5 for these solutions.
As discussed above, there was variation observed in the magnitudes of Sn and
Af among the individual experiments for each ES solution. In an attempt to discover the
cause of the variation, a number of variables were examined. With regard to imaging
procedures, each image set was processed in a consistent manner using well-established
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procedures. Additionally, water-flooded columns showed excellent replication. It is
therefore unlikely that image collection or processing procedures contributed
significantly to the observed variation in results.
For a given ES solution, each experiment was conducted by injecting the same
volume and solution concentrations and used the same injection rate. Residual organicliquid saturations were also established in a consistent manner. Nevertheless, residual
PCE saturations varied between 11% and 39%. Individual columns showed some
variation in porosity, however, no correlation was found to exist between porosity and
residual PCE saturation. Instead, it is likely that differences in the pore-scale features of
the porous medium pack influenced the residual saturation.
The possibility that initial (residual) non-wetting fluid saturation may have
affected the degree of change in non-wetting fluid morphology and distribution was
explored. No correlation was found between the initial PCE saturation and Sn. Figure 3
summarizes the change in fluid-normalized interfacial area as a function of initial nonwetting fluid saturation for each of the enhanced-solubilization solution flooding
experiments. There does not appear to be a strong correlation between the two variables.
This suggests that the initial non-wetting fluid saturation did not have a significant effect
on the magnitude of Af. The Af values reported herein (Table 2) are similar to those
reported for organic-liquid/water experiments conducted in the same porous medium by
Brusseau et al. (2009).
Given the relatively small sample size required by synchrotron X-ray
microtomography, a representative elementary volume analysis should be considered.
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Brusseau et al. (2008) found that, for the same porous medium, porosity, and volumetric
organic-liquid content, organic-liquid surface-area-to-volume ratio exhibited minimal
change for volumes greater than 30 mm3. Additional studies have shown similar results
(Culligan et al., 2004; Constanza-Robinson et al., 2011). All imaged volumes in the
current study were greater than 30 mm3. One experiment (Table 2; SDS experiment 4)
was conducted using a larger diameter column. The imaged volume for this column was
nearly five times larger than those associated with the columns used in the other
experiments. Results from the three SDS floods conducted in this column were not
significantly different from those conducted with the smaller-diameter columns,
providing further evidence that REV requirements were met for all experiments.
For SDS and ethanol flooding experiments, organic-liquid saturation in some
columns changed only slightly yet images showed significant changes to morphology and
distribution of organic-liquid blobs. Because only a subsample of the entire porous
medium in each column was imaged in this study it is possible that organic liquid being
displaced from the imaged zone was replaced with organic liquid from elsewhere in the
column. Evidence of such redistribution of PCE was seen in some experiments in which
organic-liquid saturation in the imaged zone increased.
Studies of multi-phase flow in porous media with an entrapped non-wetting phase
have shown that pore-scale heterogeneities in porous medium properties and non-wetting
fluid distribution can cause flow-bypassing that may result in non-uniform contact
between the advective phase and the entrapped non-wetting fluid (e.g. Imhoff et al.,
1995; Jeong and Corapcioglu, 2003). Thus, the degree of mobilization may be influenced
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by differences in the initial porous medium pack and organic-liquid distribution. In
addition, studies have shown that heterogeneous velocity fields exist as a result of
preferential flow paths even for an ideal porous medium such as spherical beads of a
single diameter (Johns and Gladden, 1999; Okamoto et al., 2001). Localized wettingfluid velocities may therefore be higher or lower than the average pore-water velocity.
In an effort to examine the effect of higher aqueous velocities on the entrapped
non-wetting fluid, two additional experiments were conducted using a 10% SDS solution.
One of these experiments was conducted using a small-diameter (0.58 cm) column while
the other used a column with a diameter of 1.2 cm. Flow rates for these experiments were
approximately 10 and 3.5 times greater respectively than those used for the other
experiments. Both of these experiments resulted in a significant change to the organicliquid morphology and distribution (Figure 4A, B). Many organic-liquid blobs became
much smaller and more spherical than was observed at lower pore-water velocities. These
results are consistent with previous studies that showed a decrease in blob length with
increasing capillary number (Mahers et al., 1981; Chatzis et al., 1983; Payatakas and
Dias, 1984; Wardlaw and McKellar, 1985; Mayer and Miller, 1991; Chatzis, 2011) and
bond number (Mayer and Miller, 1991). Changes in fluid-normalized interfacial area in
both experiments were measureable but remained less than ten percent. Water flooding at
the same flow rate did not significantly affect the organic-liquid distribution (Figure 4C).
The results of ES-solution-flooding at high flow rates confirm that increases in
wetting-fluid velocity have the potential to enhance the effect of ES solutions on nonwetting-fluid distribution and morphology. Thus, column-specific variations in the
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velocity fields among experiments may have contributed to differences in the impact of
ES solution flooding. In addition, localized increases in wetting-fluid velocity may have
caused non-wetting fluid mobilization even when the total trapping number, calculated
using the average pore-water velocity, was less than 2 x 10-5. This may explain
mobilization observed in experiments with lower-than-expected values of NT.
As described previously, images showed that some mobilized organic liquid was
re-trapped within the imaged zone. Jeong and Corapcioglu (2003) observed similar
behavior in a glass micromodel. Thus localized pore-scale mobilization, such as that
observed in images of HPCD flooding, might not contribute to bulk mobilization as
measured by monitoring the column effluent. Many mobilization studies have measured
changes in organic-liquid saturation within a column by analyzing effluent samples or
using a gravimetric approach. In such cases, changes in saturation are averaged over the
entire porous medium. These studies therefore would not account for pore-scale changes
in fluid distribution and morphology such as those observed herein.
CONCLUSIONS
Synchrotron X-ray microtomography was used to measure fluid-fluid interfacial
area before and after flooding with increasing concentrations of four enhancedsolubilization solutions. The results were compared to those obtained from equivalent
experiments conducted with water flooding. Solubilization was kept to a minimum by
saturating each solution with PCE prior to injection. All of the solutions caused more
than a fifty percent reduction in interfacial tension between the organic liquid and the
aqueous phase.
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For experiments with sufficiently large total trapping numbers, mobilization
caused significant changes to non-wetting fluid distributions. However, mobilization was
also observed in HPCD-flooding experiments in which NT was smaller than that
previously shown to initiate bulk mobilization of residual non-wetting fluid. Local
variations in velocity likely caused pore-scale mobilization of non-wetting fluid that may
have become re-trapped elsewhere in the porous medium. Non-wetting fluid that is retrapped would not contribute to bulk mobilization and therefore would not be accounted
for through gravimetric or effluent analysis. Thus, the total trapping number threshold
required for pore-scale mobilization is likely smaller than that observed for bulk
mobilization in previous studies.
The magnitude of the change in fluid-normalized interfacial area varied among
the experiments but was generally small. Af remained less than 10% for most
experiments and did not exceed 17% for any of the experiments. Observed variation in
magnitudes of Af may be attributed to pore-specific velocity differences and flowbypassing influenced by pore-scale properties of the porous medium. The results suggest
that the presence of these enhanced-solubilization solutions does not have a significant
effect on fluid-fluid interfacial area when non-wetting fluid saturation is taken into
account.
Specific non-wetting fluid interfacial area increased linearly with decreasing
wetting-phase saturation during ES-solution flooding. The relationship between fluid
saturation and Anw for ES-solution flooding was equivalent to that for water
imbibition/drainage experiments. These results may have implications for mathematical
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models conceived to describe organic liquid mass-flux in the subsurface. Many models
rely on a mass-transfer coefficient that implicitly includes the effects of interfacial area
because interfacial area is not known a priori. Thus a simple method for estimating
interfacial areas during enhanced-solubilization solution flooding would be helpful.
These results suggest that estimations of interfacial area derived for water flooding (e.g.
Brusseau et al., 2009) might be applied to enhanced-solubilization solution systems.
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Table 1. Interfacial tension () and total trapping number for reagent solutions.
ESA solution

 (dyn/cm)

NCa

NB

NT

Water1

47

1.12E-06

3.36E-06

4.48E-06

80% eOH
40% eOH
20% eOH

2.49
11.03
12.91

2.28E-05
4.97E-06
4.17E-06

7.25E-05
1.62E-05
1.31E-05

9.53E-05
2.12E-05
1.72E-05

20% HPCD
10% HPCD
5% HPCD

19.45
20.7
22.01

1.00E-05
7.14E-06
5.99E-06

7.40E-06
7.31E-06
7.04E-06

1.74E-05
1.44E-05
1.30E-05

10% SDS
5% SDS
2.5% SDS

3.94
4.02
4.34

2.68E-05
1.31E-05
1.22E-05

3.93E-05
3.89E-05
3.62E-05

6.61E-05
5.20E-05
4.84E-05

8.32
8.79
9.75

2.22E-04
1.08E-04
4.87E-05

1.88E-05
1.79E-05
1.62E-05

2.41E-04
1.26E-04
6.49E-05

8% tween
4% tween
2% tween
1

 measurement from Pennell et al.
(1996)
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Table 2. Results of flooding with enhanced solubilization agents.
reagent Experiment

n1

% Initial
Sn

% Final
Sn

Initial
2
Af

Average %
3
Af (CI)

water
water
water
water
water

1
2
3
4
5

4
2
2
2
2

21.5
20.3
9.8
20.2
21.2

21.3
20.1
9.8
20.4
21.0

231
261
318
234
225

0.7 (0.3)
-0.6 (-)
0 (-)
-0.7 (-)
-3.2 (-)

tween
tween
tween
tween
tween
tweena

1
2
3
4
5
6

3
3
3
3
3
3

16.1
19.1
39.1
26.9
24.8
12.5

13.5
15.1
15.7
11.0
16.8
9.8

230
236
235
235
218
215

-1.1 (1.2)
-6.8 (3.7)
1.0 (1.8)
2.9 (6.6)
-3.5 (1.0)
-7.9 (1.9)

SDS
SDS
SDS
SDS

1
2
3
4

3
1
3
3

11.4
18.6
33.9
16.5

6.7
17.7
17.1
16.0

212
224
247
232

-16.8 (4.1)
10.5 (-)
-3.9 (5.6)
-1.3 (4.5)

eOH
eOH
eOH
eOH

1
2
3
4

3
3
3
3

25.6
35.0
17.8
22.2

11.7
20.4
18.0
17.2

246
220
222
234

-0.3 (4.1)
1.1 (3.2)
-0.4 (8.1)
-4.1 (4.7)

HPCD
HPCD
HPCD
HPCD
HPCD a

1
2
3
4
5

3
3
3
3
3

11.6
16.7
17.3
23.2
25.8

11.6
17.6
20.2
23.5
23.5

196
233
232
224
218

2.1 (3.5)
-2.4 (9.9)
6.0 (0.9)
-8.9 (11.8)
-8.5 (4.0)

1

The number of successive reagent injections into the column. 2 Af is defined as fluid
normalized non-wetting/wetting interfacial area (organic-liquid surface area/total
organic-liquid volume). 3The average of the change from the initial A f for each of the n
injections (CI = 95% confidence interval) a The aqueous solution was not saturated
with PCE.
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Figure Captions
Figure 1. Imaged columns are shown (i) prior to and (ii) after flooding with a given
reagent; (A) water, (B) tween 80, (C) SDS, (D) ethanol, and (E) HPCD. In the images,
solid grains are visible in gray, PCE is white, and the aqueous phase is black.

Figure 2. Specific total fluid-fluid interfacial area (Anw) as a function of wetting-phase
saturation (Sw).

Figure 3. The average change in fluid-normalized interfacial area (Af) for each column
as a function of initial organic-liquid saturation (Sni).

Figure 4. Images are shown (i) prior to and (ii) after flooding with a given reagent at high
velocity; (A) SDS (10% by wt.) in a large-diameter column, (B) SDS (10% by wt.) in a
small-diameter column, and (C) de-ionized water.
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ABSTRACT
This study used synchrotron X-ray microtomography to directly quantify
characteristics of the non-wetting phase in a natural porous medium while varying the
total trapping number by more than three orders of magnitude. The total trapping number
was varied by changing the velocity and viscosity of the aqueous phase as well as the
interfacial tension between fluid phases. Tetrachloroethene (PCE) was used as the model
non-wetting fluid. Water and aqueous solutions of two surfactants, Polyoxyethylene
Sorbitan Monooleate (tween 80) and sodium dodecyl sulfate (SDS), were used as the
displacing aqueous phase. Mobilization of the entrapped non-wetting phase was observed
in most experiments for trapping numbers greater than approximately 1.2 x 10 -5. The
median volume of non-wetting phase blobs generally decreased while the number of
individual non-wetting phase blobs increased with increasing trapping number. For
similar total trapping numbers, flooding at larger velocities appeared to have a greater
effect on the distribution of non-wetting blobs than lowering interfacial tension or
increasing the viscosity of the wetting fluid. Finally, the fluid-normalized intefacial area
was generally independent of the total trapping number.
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INTRODUCTION
The potential diplacement of a non-wetting fluid during immisicble multiplephase flow in porous media is of particular concern in many applications. For example,
the goal of carbon sequestration is to deliver and permanently trap the non-wetting phase
(carbon dioxide) within a porous-medium matrix. At contaminated hazardous waste sites
and during enhanced oil recovery, a primary objective is to achieve complete recovery of
an entrapped non-wetting phase (e.g. oil).
Two processes that govern fluid behavior in multi-phase systems are inter-phase
mass transfer (e.g., dissolution) and immisicible displacement. These processes are
mediated by the pore-scale configuration of the fluids and their distribution within the
porous medium. In turn, the pore-scale configuration and distribution of a non-wetting
fluid in a multiphase porous media system are controlled by capillary, viscous, and
gravity forces. The magnitudes of these forces are dependent on the properties of both the
wetting and non-wetting fluids, properties of the porous medium, and the velocity of the
advective phase. These properties are often combined into dimensionless variables such
as the capillary number (NCa) and the bond number (NB), which can be defined as:

Here qw is Darcy velocity, w is dynamic viscosity, ow is the interfacial tension, k is the
intrinsic permeability of the medium, krw is the relative permeability of the aqueous
phase, is the density difference between fluids, and is the contact angle. The
capillary number is the ratio of viscous forces to capillary forces while the bond number
represents the effect of buoyancy forces as the ratio of gravity to capillary forces.
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These two dimensionless parameters can be combined to evaluate the potential for
mobilization of the entrapped non-wetting phase (e.g., Morrow and Songkran, 1981;
Patel and Greaves, 1987; Pennell et al., 1994; Pennell et al., 1996; Dawson and Roberts,
1997). For example, Pennell et al. (1996) defined a total trapping number (NT) as:
(3)
For vertical flow in the direction of the buoyancy force, equation (3) reduces to:
(4)

A number of investigations have been conducted to determine the degree of nonwetting fluid mobilization under varying capillary number, bond number, or trapping
number. Mobilization is often characterized at the macroscopic scale by monitoring the
change in non-wetting phase saturation within a porous medium (e.g. Taber, 1969;
Foster, 1973; Abrams, 1975; Pennell et al., 1993; 1994; 1996; Johns and Gladden, 1998;
Fu and Imhoff, 2002; Duffield et al., 2003; Jeong, 2005; Chatzis, 2011). It is also useful
to characterize non-wetting fluid configuration during immiscible multiple-phase fluid
flow. Ovdat and Berkowitz (2006) found considerable variation in non-wetting fluid
displacement patterns under gravity drainage. Two-dimensional micromodels have been
used to observe non-wetting fluid configuration as a function of increasing capillary
number (Jeong et al., 2000; Jeong and Corapcioglu, 2003; Chatzis, 2011). Johns and
Gladden (2000; 2001) measured non-wetting fluid interfacial area during displacement in
various glass bead media. A number of investigations have characterized changes in blob
size and distribution as a function of increasing capillary and bond number using
mathematical modeling (Mahers et al., 1981; Payatakas and Dias, 1984; Lowry and
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Miller, 1995; Amili and Yorstos, 2006), blob casting (Chatzis et al., 1983; Chatzis and
Morrow, 1984; Powers et al., 1992), and visualization (Wardlaw and McKellar, 1985;
Mayer and Miller, 1993) methods.
Many studies have been limited by the techniques used to quantify non-wetting
fluid characteristics, making it difficult to obtain direct measurements of parameters such
as interfacial area. Studies that rely on macroscopic observations of displacement such as
gravimetric or effluent analysis cannot account for pore-scale fluid variations. Because
local mobilization may occur without elution from the column, these studies may
undercharacterize mobilization.
Recent

advances

in

imaging

techniques

such

as

synchrotron

X-ray

microtomography have allowed for the non-destructive, in-situ measurement of porescale fluid properties in porous media systems (e.g. Al-Raoush and Willson, 2005;
Schnaar and Brusseau, 2005; Culligan et al., 2006; Prodanovic et al., 2006; Schnaar and
Brusseau 2006a,b; Brusseau et al., 2008; Al-Raoush, 2009; Brusseau et al., 2009; Narter
and Brusseau, 2010). Brusseau and colleagues (all pertinent) have used the technique to
examine the effect of porous-medium properties on characteristics of residual nonwetting fluid bodies and fluid-fluid interfacial area. Al-Raoush (2009) described the
effect of porous medium wettability on characteristics of a residual non-wetting fluid.
Culligan et al. (2006) observed a difference in residual saturations for two fluid pairs that
was attributed to differences in interfacial tension. Wildenschild et al. (2011) showed
non-wetting fluid interfacial area to be influenced by interfacial tension, viscosity, and
flow rate for initial and residual saturations of carbon dioxide in a glass bead pack.
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The current study used synchrotron X-ray microtomography to characterize
mobilization of a non-wetting fluid as a function of increasing total trapping number in a
natural porous medium. The technique was used to directly quantify the effects of
mobilization on non-wetting fluid distribution and morphology. Total trapping number
was varied over several orders of magnitude by changing both viscous and capillary
forces.
MATERIALS AND METHODS
Materials
A commercially available natural sand (Accusand Unimin Inc.) was used for this
study. The sand was well-sorted (uniformity coefficient equal to 1), with a median grain
diameter of 0.35 mm. Water and two surfactants, Polyoxyethylene Sorbitan Monooleate
(tween 80) and Sodium Dodecyl Sulfate (SDS), were used as the wetting-phase.
Tetrachloroethene (PCE) was used as the model organic immiscible liquid. The PCE was
doped with iodobenzene (8% by volume) to enhance contrast and allow for image
subtraction. The water and surfactant solutions were mixed with pure-phase PCE and
then left in contact with the pure-phase PCE for several days to obtain a PCE-saturated
mixture. This was done to prevent solubilization of the organic liquid during flooding.
The interfacial tension between PCE and each enhanced-solubilization solution was
measured using a Fisher Scientific semi-automatic tensiometer employing the du Noüy
ring method (Table 1).

99
Methods
The sand was packed under a head of water into thin-walled, X-ray transparent
columns constructed of aluminum, with aluminum fittings. The majority of columns used
in this study were 4.4 cm long, with an outer diameter of 0.64 cm and an inner diameter
of 0.58 cm. To examine the potential impact of sample size, selected experiments were
conducted with larger-diameter columns that were 6.5 cm long, with an outer diameter of
1.25 cm and an inner diameter of 1.2 cm. Polypropylene porous frits (10-μm pores) were
placed on both ends of the column to promote uniform flow and retain the porous
medium.
For water displacement experiments, the equivalent of approximately two pore
volumes (~1.0 ml or 5.0 ml) of PCE were injected upward through the water-saturated
column at a Darcy velocity of 4.5 cm/hr using a syringe pump. Columns were sealed and
taken to the synchrotron facility where they were imaged prior to water flooding. PCE
saturations (Sn) ranged from 0.55 to 0.67 following water drainage. For water
displacement experiments, PCE-saturated water was injected downward through the
column at low velocities such that trapping numbers ranged between approximately 2 x
10-7 and 3 x 10-7. An image was captured and the resulting non-wetting fluid saturation
was considered to be the initial saturation (S ni) for these experiments. Columns were
subsequently flooded with PCE-saturated water at incrementally increasing flow rates.
Images were captured immediately following each aqueous-phase flood.
For surfactant displacement experiments, a residual saturation of organic liquid
was established in the columns following previously established procedures (e.g. Schnaar
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and Brusseau, 2005). The equivalent of 2.5 pore-volumes of PCE was injected upward
through the water-saturated column at a Darcy velocity of 4.5 cm/hr using a syringe
pump. PCE-saturated water was then injected downward through the column at a Darcy
velocity of approximately 19 cm/hr. The total trapping number for these water floods was
approximately 1.2 x 10 -6. Columns were sealed and taken to the synchrotron facility
where they were imaged prior to flooding with a particular enhanced-solubilization
solution. This was considered the initial non-wetting fluid saturation (Sni) for the
surfactant experiments.
After the initial images were captured, each column was taken out of the imaging
hutch and flooded with approximately two pore volumes of a specific solution at a given
concentration using a gas-tight syringe and syringe pump. Each flood was conducted at a
Darcy velocity of approximately 19 cm/hr. A total of three floods were conducted for
each reagent and an image set was collected after each flood. Each successive flood used
a concentration of the enhanced-solubilization solution that was twice that of the previous
flood. Both surfactants decreased the interfacial tension considerably for all solution
concentrations (Table 1).
Effluent samples were not collected due to the difficulty in capturing and
quantifying the small volumes of organic liquid that were eluted. Gravimetric analysis
was not performed because organic liquid trapped in frits and in the column ends makes
such analysis uncertain. Images were captured only from a portion of the column due to
the time constraints associated with working at a national laboratory. Therefore, a
complete mass-balance was not performed.
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Synchroton X-ray Microtomography Imaging
Synchrotron X-ray microtomography imaging was conducted at the GSECARS
BM-13D beamline at the Advanced Photon Source (APS), Argonne National Laboratory,
IL and at beamline 8.3.2 at the Advanced Light Source (ALS) at Lawrence Berkeley
National Lab in Berkeley, CA.

Imaging was conducted at APS by directing the

monochromatic X-ray beam through the column, perpendicular to the longitudinal axis.
The transmitted X-rays were converted to visible light with a single-crystal scintillator,
and projected onto a mirror at a 45° incline to the incoming beam. A photograph of the
image on the mirror was then captured with a high resolution CCD-camera attached to a
microscope objective (5x). This image represents a depth-integrated grayscale map of the
linear attenuation of the X-ray beam as it passed through the column. After an image was
collected, the column was rotated 0.5º and the image-acquisition process was repeated. A
total of 720 two-dimensional images of each sample were collected in this manner. The
image resolution (pixel size) was approximately 10 μm. The length of the imaged zone
was approximately 5 mm. The set of two-dimensional images collected for a given scan
were preprocessed and reconstructed with algorithms developed by Rivers (2003) to
build a single three-dimensional image file from the two-dimensional images. Data were
collected sequentially below and above the iodine K-edge (33.169 and 33.269 keV) to
specifically resolve the organic liquid.
All images were collected from the centers of the columns, thus minimizing the
potential influence of end effects. Analysis of the data sets indicated that REV
requirements were met for image volumes of approximately 30-50 mm3. These results are

102
similar to those reported in prior studies (Culligan et al., 2004; Brusseau et al., 2008;
Costanza-Robinson et al., 2011). The volumes of the imaged zones were larger than the
minimum for all data sets.
Data Analysis
Additional image processing and extraction of quantitative information were
conducted with the software package Blob3D, which was specifically developed for high
resolution X-ray microtomography data (Ketcham, 2005). This technique has been
described in detail elsewhere (e.g. Schnaar and Brusseau, 2005). Once data processing
was complete, quantitative information was generated for each individual organic-liquid
blob. Blob volume was calculated as the total volume of all the voxels contained within a
blob. The effective resolution with respect to blob volume was approximately 10 -5 mm3.
Surface area was calculated from the isosurface connecting voxels of the selected
grayscale value in the binarized image. Surface areas calculated in this way may be
overestimated slightly due to the pixilation of the fluid surfaces. The methods used have
been tested and employed successfully in prior research (Schnaar and Brusseau, 2005;
2006a,b; Brusseau et al., 2006; 2007; 2008; 2009).
The total surface area of the PCE was taken to be the total non-wetting/wetting
interfacial area. This is based on the assumption that all porous-medium grains are
solvated by water. Specific non-wetting/wetting interfacial area (Anw, cm-1) was then
calculated as the ratio of total interfacial area to the volume of porous medium
comprising the imaged domain. In cases where fluid saturation varies among experiments
or systems, it is useful to characterize the fluid-normalized (or volume-normalized)
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interfacial area (Af) as Af = Anw/θn where θn is the volumetric non-wetting phase
saturation.
RESULTS AND DISCUSSION
Results
Inspection of the images revealed that the three phases; organic liquid, aqueous
solution, and porous-medium grains, were well defined and distinguishable. Organic
liquid was distributed throughout the scanned interval with no apparent preferential
accumulation along the column walls. For water-flooding experiments, the first flood
displaced 63-78% of the PCE phase and resulted in initial non-wetting saturations (Sni) of
between 0.15 and 0.21. The Sni for the surfactant-flooding experiments ranged from
approximately 0.11 to 0.34, with the majority between 0.16 and 0.19.
Figure 1 shows the normalized non-wetting fluid saturation (Sn/Sni) as a function
of the total trapping number. As flow rates were incrementally increased, water flooding
with NT as high as 8.0 x 10-7 changed organic liquid saturations by no more than one
percent from Sni. When NT was increased to 2.0 x 10-6, a change in PCE saturation was
observed in some of the columns. However, Sn/Sni changed by less than ten percent for all
data sets. Inspection of images showed that the morphology and distribution of PCE
changed minimally compared to floods at total trapping numbers that were an order of
magnitude lower. The Sn for water flooding at NT = 2.0 x 10-6 ranged from 0.15 to 0.20,
similar to the residual non-wetting saturations produced at similar total trapping numbers
for surfactant-flooding experiments.
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When total trapping numbers for both water-flooding and surfactant-flooding
experiments were increased to 1.2 x 10-5 and beyond, values of Sn/Si for several of the
experiments began to deviate significantly from one, indicating that organic liquid was
mobilized. This value is slightly smaller than reported in previous studies that have
shown the critical NT for mobilization of dense organic immiscible liquid in sandy soil to
be approximately 2 x 10-5 (Pennell et al., 1994; Pennell et al., 1996; Boving et al., 1999;
Boving and Brusseau, 2000; Li et al., 2007). The magnitude of the change in organicliquid saturation was not uniform for all experiments. While Sn decreased in several
experiments, organic-liquid saturation for others showed little change and the saturation
increased for two experiments. This was likely caused by the fact that only a subset of
each porous medium was imaged. Changes in organic liquid distribution elsewhere in the
column were therefore not accounted for. Additionally, some organic liquid likely
migrated into the imaged zone from other areas of the column. Previous studies have
suggested that large ganglia are the first to be mobilized and often break into smaller
blobs that become trapped by capillary forces in other regions of the porous medium
(Wardlaw and McKellar, 1985; Padgett and Hyden, 1999; Jeong and Corapcioglu, 2003).
This phenomenon was observed in the current study for many image sets wherein PCE
blobs became trapped in pores that had been occupied only by the aqueous phase prior to
flooding.
The normalized median blob volume is plotted against total trapping number in
Figure 2. Normalized median blob volume was calculated as the median volume of the
non-wetting fluid blobs in a particular image set normalized by the median volume of the
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non-wetting fluid blobs comprising the initial saturation (S ni) for that experiment. Blob
volume did not show a significant trend for NT values below 1.2 x 10-6. For larger values
of NT, median blob volume generally decreased as NT increased. This observation agrees
with several previous studies that showed a decrease in blob length with increasing
capillary number (Mahers et al., 1981; Payatakas and Dias, 1984; Chatzis et al., 1983;
Chatzis and Morrow, 1984; Wardlaw and McKellar, 1985; Mayer and Miller, 1991;
Chatzis, 2011) and bond number (Mayer and Miller, 1991).
The normalized number of distinct organic liquid blobs is plotted as a function of
total trapping number in Figure 3. The normalized number of blobs was calculated as the
number of distinct blobs in an image set normalized by the total number of blobs present
initially for that experiment. The number of blobs remained relatively unchanged for NT
values that were less than 1.2 x 10-6. For NT greater than this value, the number of blobs
generally increased with increasing NT. The relative number of blobs increased much
more rapidly for experiments with higher velocities.
Further evidence of the effect of increasing velocity on blob morphology was
observed in two surfactant experiments, SDS2 and SDS4 (Figure 1-3). These experiments
were conducted under the same conditions as other surfactant experiments but the
aqueous phase was injected at a higher velocity. The column used for SDS experiment 2
was first subjected to three consecutive floods of increasing SDS concentration. The
column was then flooded again with a 10% SDS solution at a velocity 10 times faster
than the prior floods. SDS experiment 4 was conducted by flooding a column containing
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a PCE residual saturation with 2.5% SDS solution at a velocity 3.5 times faster than the
other SDS flooding experiments.
SDS flooding at higher velocities resulted in total trapping numbers of 2.8 x 10 -4
and 4.4 x 10-5 and caused a significant change in PCE morphology and distribution
relative to the other SDS experiments. For example, median blob volume decreased
compared to SDS solution flooding at lower velocities. Additionally, the increase in the
number of organic liquid blobs following these two flooding experiments was
approximately 4-5 times larger than that for flooding with SDS solution at lower
velocities.
A representative cumulative distribution of blob frequency versus volume is
shown in Figure 4 for each displacing aqueous fluid. Cumulative distributions are shown
for the initial and final floods for each experiment. Initial blob distributions are similar
for the three experiments shown. Blob sizes ranged over approximately six orders of
magnitude. Median blob volume was smaller after flooding for each of the experiments.
Fluid-normalized interfacial areas were calculated for each individual nonwetting-phase blob and plotted as a function of blob volume for a representative data set
of each flooding agent (Figure 5). The results of the initial and final floods for each
experiment are shown. The final Af values for most blobs in the three experiments were
closer to the line representing a perfect sphere, indicating an increase in sphericity. Many
blobs in the three experiments also became smaller after flooding, as described
previously. Smaller blob volumes would lead to an increase in fluid-normalized
interfacial area, while more spherical blobs would cause A f to decrease.
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Total fluid-normalized interfacial area is plotted against total trapping number in
Figure 6. Af did not change significantly for most experiments. This may be a result of
the offsetting effects of decreasing blob volume and increasing sphericity as noted above.
However, the fluid-normalized interfacial area increased by more than 25% for the waterflooding experiment conducted at the highest velocity, suggesting that high velocities
may have a significant impact on interfacial area. The increase in A f was likely caused by
the separation of the non-wetting fluid into smaller blobs. Johns and Gladden (2000) also
observed an increase in fluid-fluid interfacial area with higher aqueous-phase velocity
that they attributed to smaller non-wetting fluid blobs. Surfactant flooding experiments
conducted at high velocities showed an increase in Af of between 7-8 percent.
Discussion
Similar total trapping numbers can be achieved through various combinations of
viscous, capillary, and buoyancy forces. Therefore, it is useful to examine the effects of
the individual components of NT. The properties of the three reagents used herein allow
for a comparison of the effects of interfacial tension, viscosity, and velocity on nonwetting-fluid distribution.
Flooding with surfactant solutions significantly lowered the interfacial tension
between PCE and the aqueous phase compared to flooding with water. Surfactant
flooding at “low” velocity (~19 cm/hr) generally decreased blob size yet the relative
number of blobs did not change significantly. Non-wetting fluid saturation also decreased
in most experiments. This suggests that mobilized fractions of non-wetting fluid blobs
were sufficiently small so that capillary forces were overcome and the mobilized non-
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wetting fluid was displaced entirely from the imaged zone. Surfactant flooding generally
resulted in a decrease in saturation and blob size at lower trapping numbers than were
observed for water flooding.
The tween-80 solution had a viscosity that was significantly higher than that of
the SDS solution with similar interfacial tension. This resulted in larger trapping numbers
than SDS flooding experiments conducted at the same velocity. However, there was not a
significant difference in the effect of tween-80 flooding on the number of blobs or blob
size as compared to SDS solution flooding. This suggests that higher viscosity had
minimal effect on the non-wetting fluid distribution.
Water-flooding experiments were conducted to investigate the effect of increasing
velocity on non-wetting phase distributions. Velocities in these experiments varied over
nearly six orders of magnitude. For sufficiently large NT, increasing velocity caused a
decrease in blob size and a corresponding increase in the number of blobs. Non-wetting
phase saturation did not change appreciably for most water experiments. This suggests
that the separated blobs were too large for capillary forces to be overcome by flooding. A
drop in non-wetting phase saturation in a few water experiments (e.g., Water4, Figure 1)
indicates that sufficiently large velocities were able to remove non-wetting fluid from the
system. At larger values of NT the increase in the number of non-wetting phase blobs was
much larger than surfactant flooding at low velocity but similar trapping numbers.
SDS-solution flooding at high velocities resulted in a significant decrease in blob
size as well as a large increase in the number of non-wetting phase blobs. Therefore,
unlike surfactant flooding at low velocities, many separated blobs remained trapped in
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the medium. These experiments resulted in a larger increase in the number of blobs
compared to both water flooding and low-velocity surfactant flooding at similar trapping
numbers. Thus, the combination of low interfacial tension and high velocity caused a
more significant effect on the non-wetting phase distribution than high velocity alone.
CONCLUSIONS
The purpose of this work was to directly characterize non-wetting fluid
mobilization in a natural porous medium as a function of increasing total trapping
number. Mobilization of residually trapped PCE was observed in most columns for total
trapping numbers of approximately 1.2 x 10 -5. This value was slightly lower than the
value reported in previous studies. Macroscopic measurements of non-wetting fluid
displacement are unable to account for local mobilization that results in the redistribution
of non-wetting fluid within the porous medium rather than complete displacement from
the medium. This may have caused previous studies to undercharacterize mobilization.
Synchrotron X-ray microtomography has the distinct advantage of allowing for the direct,
pore-scale visualization of fluid changes within the porous medium.
Non-wetting-fluid blob size generally decreased with increasing NT while the
number of distinct blobs increased. For similar values of N T, the number of non-wetting
fluid blobs was found to be greater for floods with higher velocity and greater still for
floods with high velocity and low interfacial tension. Despite changes in non-wetting
fluid morphology and distribution, fluid-normalized interfacial area was not significantly
changed for most experiments. This was attributed to the offsetting effects of blobs
becoming smaller and more spherical. The use of synchrotron X-ray microtomography
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uniquely allowed for the direct measurement of pore-scale non-wetting-fluid mobilization
for a wide range of total trapping numbers. The results of this study may have
implications for the improved prediction of non-wetting fluid behavior during multiphase flow in porous media systems.
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Table 1. Flooding agent properties [ = interfacial tension,  = viscosity,  =
density]
Flooding Agent

 (dyn/cm)

 (P)

(g/cm3)

Water1

47


0.0091


0.997

3.94
4.02
4.34

0.02
0.01
0.01

1.012
1.006
1.003

8.32
8.79
9.75

0.35
0.18
0.09

1.0048
1.0024
1.0012

10% SDS
5% SDS
2.5% SDS
8% tween 80
4% tween 80
2% tween 80
1

Measurements take from Pennell et al. (1996)
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Figure Captions
Figure 1. Normalized non-wetting fluid saturation (Sn/Si) as a function of total trapping
number (NT).
Figure 2. Normalized median blob volume as a function of total trapping number (N T).
Figure 3. Normalized number of distinct non-wetting fluid blobs as a function of total
trapping number (NT).
Figure 4. Cumulative distribution of the number of non-wetting fluid blobs of a given
volume for (a) a water-flooding experiment, (b) an SDS-solution-flooding experiment,
and (c) a tween-80-solution flooding experiment.
Figure 5. Fluid-normalized interfacial area versus volume for each individual non-wetting
phase blob for (a) a water-flooding experiment, (b) an SDS-solution-flooding experiment,
and (c) a tween-80-solution flooding experiment. Solid lines represent the fluidnormalized interfacial area for a perfect sphere of equivalent volume.
Figure 6. Fluid-normalized total interfacial area (Af) as a function of total trapping
number (NT).
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ABSTRACT
The objective of this study was to examine the impact of fluid type on the
interfacial area between different pairs of non-wetting and wetting fluids in natural
porous media. Synchrotron X-ray microtomography was used to obtain high-resolution,
three-dimensional images of multi-phase porous media systems. Four porous media,
comprising a range of physical and geochemical properties, were used in the study. The
four pairs of non-wetting/wetting fluids used were dense-organic-liquid/water, lightorganic-liquid/water, air/organic-liquid, and air/water. Images were obtained over a broad
range of wetting-phase saturation and for both wetting-phase drainage and imbibition
conditions. The results showed that for each fluid pair, the total (capillary + film)
interfacial area increased linearly with decreasing wetting-fluid saturation. Interfacial
areas were similar among all fluid pairs for a given porous medium. They were also
similar for drainage and imbibition conditions. The maximum specific interfacial area
(Am) was determined to quantify the magnitude of interfacial area associated with a given
porous medium. The value of Am was larger for the media with smaller median grain
diameters. Physical properties of the porous medium appear to have a greater influence
on the magnitude of specific total interfacial area for a given saturation than fluid
properties or wetting-phase history.
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INTRODUCTION
The pore-scale distribution and morphology of immiscible fluids mediate
fundamental mass transport behavior in porous-media systems. Hence, the configuration
of immiscible fluids residing in porous media is of interest to many fields, including
contaminant hydrology, soil science, and petroleum engineering. One aspect of particular
interest is the influence of fluid and porous-medium properties on the interfacial area
between non-wetting and wetting fluids. Recent advances in imaging methods have
allowed pore-scale investigations of fluid configuration and interfacial area in porous
media, as discussed in a recent review (1).
Methods such as magnetic resonance imaging and synchrotron X-ray computed
microtomography have been used to characterize the morphology and interfacial area of
fluids in porous media, including air/water systems (2-6), organic-liquid/water systems
(7-19), and three-phase systems containing organic liquid, water, and air (20). This
research has, for example, demonstrated the impact of physical properties of the porous
medium (e.g., grain size) and of fluid saturation on interfacial area. To date, however, the
impact of fluid properties on interfacial area has not been investigated to a significant
extent using advanced imaging methods.
The objective of this study is to examine the impact of fluid type on the interfacial
area between different pairs of non-wetting and wetting fluids in natural porous media.
Synchrotron X-ray microtomography is used to obtain high-resolution, three-dimensional
images of multi-phase porous media systems. Four porous media, comprising a range of
physical and geochemical properties, are used in the study. Measurements are conducted
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for

dense-organic-liquid/water,

light-organic-liquid/water,

air/organic-liquid,

and

air/water systems. Images are obtained over a broad range of wetting-phase saturation
and for both wetting-phase drainage and imbibition conditions.
MATERIALS AND METHODS
Materials
Tetrachloroethene and hexadecane were the organic liquids used in this study. All
chemicals were reagent grade (Sigma-Aldrich, Co.). To enhance image contrast, the
organic liquids were doped with either iodobenzene or 2-iodopropane (10% by volume).
For the air-water systems, the aqueous phase was doped with potassium iodide or cesium
chloride. The selected dopants were chosen to exhibit minimal partitioning to non-target
fluids. The interfacial tensions of the fluid pairs, with and without dopant, were measured
with a ring tensiomat (Fischer Co.) following standard procedures. Values of the
interfacial tension for each fluid pair are presented in Table 1. The dopant had
insignificant impact on interfacial tension. Based on these results, the presence of the
dopant compounds is not expected to significantly influence the phase-distribution
behavior of our systems. Comparison of configurations and interfacial areas obtained for
systems with and without the dopant present confirmed that the dopants had minimal
impact.
Four porous media were used in this study. One is a well-sorted, commercially
available quartz sand (45/50 Accusand) with minimal organic carbon and metal oxides.
The other three are soils with different median grain sizes, organic-carbon contents, and
metal-oxide contents. The first is a soil (Eustis) collected in Gainesville, Florida. The

128
second is a soil (Vinton) collected from the West Campus Agricultural Center in Tucson,
Arizona. The third (Mt. Lemmon) is a soil collected from Pima County, Arizona.
Relevant properties of the porous media are presented in Table 2. The Eustis soil is
composed primarily of quartz, and has a moderate organic-carbon content and a low
metal-oxide content. The Vinton soil is comprised of quartz (~54%), with significant
amounts of potassium-feldspar and plagioclase, and has high metal-oxide content and
relatively low organic carbon. Mt. Lemmon soil is comprised primarily of quartz, has
high silt and clay sized fractions, and a high organic-carbon content. It is anticipated that
surface wetting properties may vary among the four media given their differences in
geochemical properties.
Methods
The porous media were dry-packed into thin-walled, X-ray transparent columns
constructed of aluminum. A small subset of the columns used for the air-water
experiments were constructed of acrylic. The aluminum columns were 4.4 cm long, with
an outer diameter of 0.64 cm and an inner diameter of 0.58 cm. The acrylic columns were
5 cm long, with an outer diameter of 0.7 cm and an inner diameter of 0.5 cm.
Polypropylene frits (10-μm pores) were placed on both ends of the column to promote
uniform flow and retain the porous media. The porosities and bulk densities of the
columns were determined gravimetrically (Table 2). These values are similar to those
obtained for larger columns packed with the same media.
After packing, the columns were saturated for several days by pumping the
wetting fluid into the bottom of the vertically oriented column with a single-piston HPLC
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pump (Acuflow Series II). The packed columns were imaged prior to use to ensure
complete saturation. Images were then collected during multiple, sequential wettingphase drainage and imbibition events for a single column. Drainage and imbibition steps
were conducted in a manner to maintain stable displacement conditions. For the organicliquid/water systems, wetting-phase drainage was initiated by injecting organic liquid
into the bottom (tetrachloroethene) or top (hexadecane) of the column at a Darcy velocity
of approximately 5 cm/hr using a syringe pump (Sage). Wetting-phase imbibition was
initiated by pumping an aqueous solution saturated with the target organic compound and
the dopant into the top (displacing tetrachloroethene) or bottom (displacing hexadecane)
of the column. For the air/water systems, drainage was initiated by injecting air at the top
of the column and imbibition was initiated by injecting water into the bottom of the
column. For the air/organic-liquid systems, air was injected into the top of the column
and organic liquid was injected into the bottom of the columns. The capillary number for
these displacements was approximately 10 -6.
Synchrotron X-Ray Microtomography and Data Processing
Imaging was conducted at the GeoSoilEnviroCARS (GSECARS) BM-13D
beamline at the Advanced Photon Source, Argonne National Laboratory, IL. Imaging was
conducted by directing the monochromatic X-ray beam through the column,
perpendicular to the longitudinal axis. The transmitted X-rays were converted to visible
light with a single-crystal scintillator, and projected onto a mirror inclined 45º to the
incoming beam. A photograph of the image on the mirror was then taken with a high
resolution CCD-camera attached to a microscope objective (5x). This image represents a
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depth-integrated grayscale map of the linear attenuation of the X-ray beam as it passed
through the column. After an image was collected, the column was rotated 0.25º and the
image-acquisition process was repeated. A total of 720 two-dimensional images of each
sample were collected in this manner through a 180° rotation. Additionally, several
backfield projections, or images of the beam without any sample present, were collected
during each set of scans. The image resolution (pixel size) was approximately 10-11 μm.
The length of the imaged zone was approximately 5 mm. The images were collected from
the centers of the columns, thus minimizing the potential influence of end effects. Prior
analysis indicated that REV requirements were met for image volumes of approximately
30-50 mm3, depending on the porous medium. These results are similar to those reported
in prior studies (2,16,17). The volumes of the imaged zones were larger than the
minimum for all data sets.
The synchrotron beam was tuned to specific incident energies to take advantage
of the X-ray absorption K-edge of the doping compounds. The K-edge refers to the X-ray
energy at which the absorption of the beam by that element increases dramatically. For
example, the absorption of the beam by the iodine-doped organic liquid is significantly
greater at an energy slightly above the iodine K-edge compared to its absorption below
the iodine K-edge. However, the absorption of the beam by other constituents of the
matrix (e.g., porous media solids) remains essentially unchanged. For the organicliquid/water systems, data were collected sequentially below and above the iodine K-edge
(33.169 and 33.269 keV) to specifically resolve the organic liquid. For the air/water and
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air/organic-liquid systems, images were collected below and above the cesium or iodine
K-edge to resolve the aqueous solution or organic liquid.
The set of two-dimensional images collected for a given scan were preprocessed
and reconstructed with algorithms developed by Rivers (21). Preprocessing of the twodimensional images removes artifacts and adjusts for the backfield projections.
Reconstruction is used to convert the series of two-dimensional images into a single
three-dimensional image file that comprises the attenuation (grayscale) of the X-ray beam
in discrete locations (voxels), thus presenting the internal distribution of the attenuation.
Reconstructed three-dimensional images acquired with incident energy below the iodine
K-edge were subtracted from the corresponding images obtained from above the iodine
K-edge to produce images wherein only voxels comprising the target phase display
grayscale values different from the background. Use of subtracted image files simplifies
data processing, ensures that voxels comprising the target phase are successfully
separated from the surrounding matrix, and eliminates artifacts associated with highly
attenuating components of the porous media, such as metal oxides.
Additional image data processing and extraction of quantitative information were
conducted with the software package Blob3D, which was specifically developed for high
resolution X-ray microtomography data (22). A global thresholding technique was used
whereby the average grayscale value of each phase was used to determine the threshold
for a given image set. This was done to create an array of binary images wherein voxels
considered for example to be organic liquid were assigned a grayscale of 255 (white) and
all others were assigned a grayscale of 0 (black). Contiguous voxels assigned as organic
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liquid were then identified and combined to form three-dimensional units (blobs). Once
data processing was complete, quantitative information was generated for each individual
organic-liquid blob. Blob volume was calculated as the total volume of all the voxels
contained within a blob. The effective resolution with respect to blob volume was
approximately 10-5 mm3. Surface area was calculated from the isosurface connecting the
selected grayscale value (e.g., 127) in the binarized image. The methods used have been
tested and employed successfully in prior research (5,14-17,19).
Fluid-fluid interfacial area is comprised of two components, area associated with
capillary domains (e.g., menisci) and area associated with non-wetting fluid in contact
with films of wetting fluid. This study will focus on total interfacial area. This is done in
part for consistency with the other primary method for measuring interfacial areas, the
interfacial partitioning tracer test method, which provides measures of total interfacial
area. The total surface area of the non-wetting phase was used to determine total nonwetting/wetting interfacial area. The specific total non-wetting/wetting interfacial area
(Anw, cm-1) was then calculated by dividing total interfacial area by the volume of porous
medium comprising the imaged domain. It is important to note that interfacial areas
measured with synchrotron X-ray microtomography do not include area associated with
microscopic surface heterogeneities (e.g., surface roughness), as discussed previously
(3,5,16).
RESULTS AND DISCUSSION
Two-dimensional thin section images for each fluid pair under imbibition
conditions are shown for the Accusand and Vinton media in Figures 1 and 2,
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respectively. The thin sections were obtained for columns at similar non-wetting phase
saturations. Inspection of the reconstructed thin sections shows that the separate phases
are very well distinguished. Also shown are false-color overlays of the binary images
acquired individually for each fluid during image processing. Comparison of the thinsection images and the false-color overlays reveals that the spatial distributions of the
separate phases were successfully characterized.
The images presented in Figures 1 and 2 illustrate visually that the range of nonwetting-phase blob sizes is greater for the porous medium with a broader grain-size
distribution (Vinton), regardless of the fluid pair present. The non-wetting-phase blobs in
the Vinton soil are clearly more ramified and interconnected. Additionally, it can be seen
that the Vinton soil has a greater proportion of smaller blobs than does the Accusand. The
configuration and size distribution of non-wetting-phase blobs appears to be qualitatively
similar for all fluid pairs for a given porous medium.
For each fluid pair of a given porous medium, the non-wetting-phase is more
interconnected under wetting-phase drainage than imbibition, as would be expected
(compare Figures 1 and 3 for an example). In all cases, greater than ~90% of the total
non-wetting-phase volume is comprised of a single, interconnected body under drainage
conditions. As a result, the number of individual non-wetting-phase blobs is significantly
greater for imbibition conditions.
The morphology of the non-wetting-phase blobs was quantified by plotting
surface areas of each blob, normalized by individual blob volume (i.e., surface-area-tovolume ratio), as a function of blob volume. An example of the resulting morphological
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profile is presented in Figure 4. The surface-area-to-volume ratio of a perfect sphere is
represented by the solid line in the figure.
Inspection of the figure reveals that the morphological profiles are similar for
each of the fluid pairs for a given porous medium. In general, the blobs tend to be more
spherical at smaller blob volumes (< 10-3 mm3), and increasingly deviate from spherical
morphology at larger volumes. This is consistent with previous studies of non-wettingphase size and morphology relationships (e.g., 8,11,14). For each of the systems, the
surface area-to-volume ratio of the blobs is relatively constant for blob volumes greater
than 10-1 mm3. As blob volume increases, the blobs become increasingly ramified, which
increases their surface area-to-volume ratios. However, this is offset by the decrease in
surface area-to-volume ratio associated with the increased size.
The specific total fluid/fluid interfacial areas for each pair of non-wetting/wetting
fluids for the four porous media are presented in Figures 5-7. Interfacial area is observed
to increase linearly with decreasing wetting phase saturation for each of the fluid pairs for
all media. This is consistent with prior theoretical and experimental studies of the
relationship between specific total interfacial area and saturation. The A nw-Sw function
takes the generic form Anw = Am(1-Sw), where Am is the maximum specific interfacial
area. The Am, which is equivalent to interfacial area normalized by non-wetting fluid
volume, serves as an index for a given system, indicative of the magnitude of interfacial
area associated with that system (17).
The largest number of data sets was collected for the dense-organic-liquid/water
systems for Eustis and Vinton media. These data can be used to evaluate the
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measurement variability of interfacial area. Inspection of Figures 5 and 6 shows a
relatively small degree of variability among the six individual data sets collected for the
dense-organic-liquid/water systems. This variability appears in part to be related to
variations in column packing and saturation.
The relationship between total specific interfacial area and saturation is similar for
all four fluid pairs for a given porous medium (Figures 5-7). This indicates that fluid type
has no measurable impact on interfacial area for these systems. This is consistent with the
similarity in morphological profiles observed for the various fluid pairs, as illustrated in
Figure 4. As noted above, the porous media encompass a range of geochemical surface
properties. Thus, it appears that the respective behaviors of the non-wetting and wetting
fluids are similar under this range of geochemical variability regardless of the specific
identity of the fluids.
The impact of wettability on fluid configuration is well recognized, as is the
potential significance of fractional wettability systems. Of the porous media used in this
study, Mt. Lemmon soil, with 10% organic carbon, is likely to have the greatest potential
to have a significant fraction of non-water-wetting surfaces. Given the patchy spatial
distribution of the soil organic matter, this soil may be roughly approximated as a 0.1
fractional non-water-wetting system. The results of prior research have shown that the
presence of relatively small fractions of non-water-wetting surfaces does not greatly
influence overall fluid configuration (e.g, Al-Raoush (18), and references cited therein).
The results observed herein are consistent with these prior observations.
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Comparison of the data presented in Figures 5-7 shows that, for a given wettingphase saturation, interfacial area is larger for the media with smaller median grain
diameters. Similarly, the maximum specific interfacial areas differ among the porous
media (Table 2), with larger Am values associated with smaller median grain diameters,
consistent with prior results (17). This behavior reflects the impact of grain size on pore
size, which in turn constrains the size of non-wetting phase blobs.
Comparison of data collected under primary wetting-phase drainage and
secondary wetting-phase imbibition conditions indicates no measurable differences in
measured total interfacial areas for any of the porous media, as illustrated in Figure 8.
Conversely, the non-wetting phase had significantly different configurations under
wetting-phase drainage and imbibition, as discussed above, wherein drainage consisted of
a fewer number of larger blobs and imbibition consisted of a larger number of smaller
blobs. The similarity in interfacial areas despite differences in configuration is associated
with the fact that the largest bodies occurring under drainage actually comprise a
complex network of interconnected blobs whose combined total interfacial area is similar
to the combined total under imbibition conditions (i.e., after a majority of the individual
blobs have separated). It should be noted that the present analysis is focused on total
interfacial area, whereas differences in capillary-associated interfacial areas under
drainage vs imbibition conditions have been observed (e.g., 2,5).
The results discussed above indicate that non-wetting/wetting fluid configuration
and interfacial areas are similar irrespective of the specific fluid pair for the porous media
examined. Properties of the porous medium (grain diameter) thus appear to have a greater
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influence on the magnitude of specific total interfacial area for a given saturation than
fluid properties for the dominantly water-wetting media employed. Such a condition
enhances the translatability of observations and parameter measurements among systems
comprising different fluid pairs, and for example, may simplify mathematical modeling
of fluid behavior.
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Table 1. Interfacial Tension of Fluid Pairs1

Fluid Pair

Interfacial Tension

95% CI

(dyn/cm)

1

Air/Water

74.9

74.3-75.4

Air/Water + 6% CsCl

74.9

73.9-75.9

Air/Water + 13% KI

74.3

72.1-76.6

PCE/Air

35.6

35.1-36.1

PCE+IOB/Air

36.1

35.1-37.1

PCE/Water

46.2

43.6-48.8

PCE+IOB/Water

42.6

41.9-43.3

CsCl: cesium chloride; KI: potassium iodide; IOB: iodobenzene; IOP: 2-Iodopropane;

PCE: tetrachloroethene

c

1.0
1.3

96

97.5

60

Eustis

Vinton

Mt.
Lemmon
16

1.2

3.0

0

Clay
%

10

0.06

0.38

0.04

Organic
Carbon
Content
%

1.17

1.52

1.69

1.7

Bulk
Density
(g/cm3)

0.48

0.40

0.36

0.36

Porosity

0.11

0.23

0.27

0.35

Median
Grain
Diameter
d50 (mm)

23

2.4

2.3

1.0

Uniformity
Coefficient
(d60/d10)a

84 ± 4
151 ± 4
152 ± 7
321 ± 14

142 ± 9
156 ± 10
245 ± 16

Am is the maximum specific interfacial area, as defined in the text.

Geometric specific solid surface area, calculated as [6(1 - n)/d50], where n is porosity.

Am (cm-1)c

108 ± 9

Solid SA
(cm-1)b

Uniformity coefficient (d60/d10), di is the ith percent of grains by mass that are smaller than a given sieve size.

b

a

0

100

Sand

24

Silt
%

Sand
%

Porous
Medium

Table 2. Porous Medium Properties
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Figure Captions
1. Thin section images in the plane perpendicular to the longitudinal axis of the column
for Accusand, with a) air/water, b) organic-liquid/water, and c) air/organic liquid, all
under secondary wetting-phase imbibition. False-color overlays of the binary images
obtained for each fluid are shown: air is black, organic liquid is red, and the aqueous
phase is blue.

2. Thin section images in the plane perpendicular to the longitudinal axis of the column
for Vinton, with a) air/water, b) organic-liquid/water, and c) air/organic liquid, all under
secondary wetting-phase imbibition. False-color overlays of the binary images obtained
for each fluid are shown: air is black, organic liquid is red, and the aqueous phase is blue.

3. Thin section images in the plane perpendicular to the longitudinal axis of the column
for Accusand, with a) air/water and b) organic-liquid/water, both under primary wettingphase drainage. False-color overlays of the binary images obtained for each fluid are
shown: air is black, organic liquid is red, and the aqueous phase is blue.

4. Volume-normalized surface area versus volume for each individual nonwetting-phase
blob for Accusand: a) air/water under water drainage, b) air/water under water imbibition,
c) organic liquid/water under water drainage, d) organic/liquid water under water
imbibition and e) air/organic liquid under organic-liquid imbibition.
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5. Non-wetting/wetting fluid interfacial area as a function of wetting-phase saturation for
the Eustis porous medium. DW = dense-organic-liquid/water, LW = light-organicliquid/water, DA = dense-organic-liquid/air, and AW = air/water. Data are for primary
wetting-phase drainage only.

6. Non-wetting/wetting fluid interfacial area as a function of wetting-phase saturation for
the Vinton porous medium. DW = dense-organic-liquid/water, LW = light-organicliquid/water, DA = dense-organic-liquid/air, and AW = air/water. Data are for primary
wetting-phase drainage only.

7. Non-wetting/wetting fluid interfacial area as a function of wetting-phase saturation for
the Sand and Mt. Lemmon (ML) porous media. DW = dense-organic-liquid/water and
AW = air/water. Data are for primary wetting-phase drainage only. Data for individual
columns are aggregated.

8. Non-wetting/wetting fluid interfacial area as a function of wetting-phase saturation for
the Vinton porous medium. Comparison of data measured under primary wetting-phase
drainage and secondary wetting-phase imbibition.
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APPENDIX D

OVERVIEW OF SYNCHROTRON X-RAY MICROTOMOGRAPHY IMAGE
ACQUISITION AND ANALYSIS
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Experimental setup
Porous media were packed into thin-walled aluminum columns. Most columns
used in this study were 4.4 cm long with an inner diameter of approximately 0.58 cm.
Columns with larger diameters were used in a few experiments and had an inner diameter
of approximately 1.2 cm and were 6.5 cm long. A small subset of columns was
constructed of plastic having an inner diaeter of 0.5 cm and length of 3.3 cm.
Polypropylene porous frits (10-m pores) were placed on both ends of the column to
promote uniform flow and retain the porous medium. Organic liquids were doped with
either iodobenzene or 2-iodopropane (8-10% by volume) to enhance contrast and allow
for image subtraction. For air-water experiments, the aqueous phase was doped with
potassium iodide (12-13% by weight). In a few experiments, both the organic liquid and
the aqueous phase were doped. In such cases, the aqueous phase was doped with cesium
chloride (6% by weight). Dopants were chosen to minimize the effect on properties such
as non-wetting/wetting interfacial tension (Table 1, Appendix C). Fluids were injected
using a gas-tight syringe and syringe pump. Additional details concerning the
experimental procedures are presented in Appendices A-C.
Image Acquisition
Synchrotron X-ray microtomography imaging was conducted at the GSECARS
BM-13D beamline at the Advanced Photon Source (APS), Argonne National Laboratory,
IL. A small subset of columns was imaged at beamline 8.3.2 at the Advanced Light
Source (ALS) at Lawrence Berkeley National Lab in Berkeley, CA. Images were
collected between August 2005 and July 2011 with the majority of images collected after
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2009. Spatial resolutions varied slightly with each imaging trip and ranged from
approximately 9-12 m/pixel. Details of sychrotron X-ray microtomography image
aquisition are reviewed elswhere (e.g. Wildenschild, 2002; Altman et al., 2005; Kaestner
et al., 2008), a summary is presented here.
Imaging was conducted at the Advanced Photon Source by directing the
monochromatic X-ray beam through the column, perpendicular to the longitudinal axis.
The transmitted X-rays were converted to visible light with a single-crystal scintillator,
and projected onto a mirror at a 45° incline to the incoming beam. A photograph of the
image on the mirror was then captured with a high resolution CCD-camera attached to a
microscope objective (5x). This image represents a depth-integrated grayscale map of the
linear attenuation of the X-ray beam as it passed through the column. After an image was
collected, the column was rotated 0.5º and the image-acquisition process was repeated. A
total of 720 two-dimensional images of each sample were collected in this manner. The
image resolution (pixel size) was approximately 10 μm. The vertical field of view was
approximately 5 mm.
The synchrotron beam was tuned to specific incident energies to take advantage
of the X-ray absorption K-edge of the doping compounds. The K-edge refers to the X-ray
energy at which the absorption of the beam by that element increases dramatically. For
example, the absorption of the beam by the iodine-doped organic liquid is significantly
greater at an energy slightly above the iodine K-edge compared to its absorption below
the iodine Kedge. However, the absorption of the beam by other constituents of the
matrix (e.g., porous media solids) remains essentially unchanged. Images of the columns

156
were collected sequentially below and above the iodine K-edge (33.169 and 33.269 keV)
to specifically resolve the organic liquid. For selected experiments, the column was also
scanned above the cesium K-edge (36.085 keV) to resolve the aqueous phase, which in
these cases was doped with CsCl.
The image-capture procedure at the Advanced Light Source is very similar with a
few notable differences. A detailed description of the procedure for collecting images at
the Advanced Light Source can be found at the beamline 8.3.2 website (ALS 2012) or in
the work of Kinney et al. (1994). Images were captured at 0.5° increments over a 180°
angular range to obtain 360 depth-integrated images. The spatial resolution of the
resulting images was 8.8m/pixel. Vertical beam size was approximately 1mm, so six
sets of images, called tiles, were taken during each scan. The tiles were “stitched”
together to form a single, continuous image set using a program developed at the ALS.
The result of a single scan at either facility is a collection of two-dimensional
depth-integrated images. These images are reconstructed using facility-specific software
(Rivers, 2003; ALS, 2012) to build a three-dimensional representation of the imaged
volume. After reconstruction, the data can be visualized as two-dimensional “slices” of
the porous medium in either the x-y (perpendicular to the longitudinal (rotational) axis of
the column) or x-z (parallel to the rotational axis of the column) direction (Figure 1).
Each image slice has a thickness equivalent to the spatial resolution obtained during
imaging. Because each slice represents a finite thickness of material, the pixels in the
image are referred to as volume elements, or voxels.
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Image Processing and Analysis
Prior to image analysis, images captured using incident energies that were below
the adsorption K-edge of the particular dopant were subtracted from images captured
above the adsorption K-edge. Subtraction produces a new image wherein only voxels that
contain the iodine-doped fluid have significantly large grayscale values (Figure 2). The
use of a subtracted image array simplifies data processing, ensures that voxels containing
the fluid of interest are successfully separated from the surrounding matrix, and
eliminates artifacts associated with high X-ray attenuating components of the porous
media, such as metal oxides. Additional data processing and extraction of quantitative
information were conducted with the software package Blob3D, a program developed to
analyze high-resolution X-ray computed tomography images (Ketcham, 2005).
Detailed descriptions of the image processing procedure are presented elsewhere
(Schnaar, 2006; Narter, 2008); a summary of the primary steps is presented here. Prior to
image analysis, a median smoothing filter was applied in an effort to reduce image noise
while altering the geometry of the images as little as possible. This filter substitutes the
grayscale value of a given voxel with a new value equal to the median value of
surrounding cells. The median value was determined from a cube with an edge length of
three voxels, centered on the original voxel. This filter was applied twice to each set of
images. Schnaar (2006) showed that the impact of median smoothing on volumetric nonwetting fluid content (nw) and surface area in a sand was not significant.
Next, images were segmented to identify the voxels that constitute the phase of
interest. Segmentation was performed by calculating a threshold, defined as the midpoint
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between the average grayscale of the target-phase and that of the surrounding matrix. The
average grayscale value of a particular phase was determined by averaging grayscale
values from several locations throughout the scanned image. A single, global threshold
was then applied to the entire image. Voxels comprising the phase of interest are assigned
a value of 255 (white). All other voxels are assigned a value of 0 (black). The result of
image segmentation is a stack of binary image files representing each slice of the threedimensional porous medium (Figure 2). Previous work using the same image analysis
methods has shown that values of nw and surface area are relatively insensitive to small
deviations in threshold value (Schnaar, 2006; Narter, 2008). Narter (2008) showed that
the volume of the non-wetting phase changed by less than 4% and the specific interfacial
area changed by less than 1% over a range of ten grayscale values centered on the
“correct” value determined using the procedure outlined above. Deviations larger than a
few grayscale values from the “correct” threshold are unlikely because the resulting
binary images become visibly distorted outside of a range of only a few grayscale values.
Because images do not capture the entire length of the porous medium, fluid blobs
that extend outside the imaged zone have an artificial flat face at the top and/or bottom of
the three-dimensional image. These flat faces represent a “cutoff” surface area that was
subtracted from the total surface area measurement. Blobs with volumes less than 5 x 10-4
mm3 that contacted the ends of the imaged zone were assumed to be a small portion of a
blob, the majority of which is located outside the imaged zone. The unnatural geometry
of these blobs complicated surface area calculations and they were discounted when
totaling non-wetting phase surface area and volume for most image sets.
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The binary image files were processed in Blob3d to extract quantitative
information such as non-wetting fluid volume and surface area. The volume of each set
of contiguous voxels (e.g. fluid blobs), was determined individually. Volume was
calculated as the total volume of the voxels comprising the fluid blob. The effective
resolution with respect to blob volume was approximately 10 -5 mm3. The surface area of
each fluid blob was calculated from the isosurface connecting contiguous voxels
(Ketcham, 2011). Isosurfaces were generated by Blob3D using a marching cubes
algorithm (Richard Ketcham, The University of Texas at

Austin, personal

communication, 2012). The marching cubes algorithm (e.g. Lorensen and Cline, 1987)
creates a cube consisting of eight neighbor voxels at the surface of a blob. The algorithm
determines how the surface intersects this cube and then “marches” to the next cube. The
final result is a polygonal mesh made of triangles that comprise the isosurface
surrounding the voxels of each blob. The surfaces of the triangles are summed to obtain
the total surface area (Richard Ketcham, The University of Texas at Austin, personal
communication, 2012). Surface areas calculated in this way may be overestimated
slightly due to the pixilation of the fluid surfaces (Ketcham, 2011). Narter (2008)
calculated the surface area of individual spherical glass beads using this method (Figure
3). The pixilated surface produced by the finite image resolution is apparent in the figure.
The surface area of each bead calculated by Blob3D was approximately 10% larger than
the geometrically-calculated surface area.
The porous media used in this study were saturated with the wetting-fluid prior to
the introduction of the non-wetting fluid. These porous media are generally considered to
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be strongly water-wetting. It is therefore assumed that porous-medium surfaces were
solvated by the wetting fluid at all times. Thus, a thin film of wetting fluid would exist
between the solid surface and the non-wetting fluid, even at extremely low water
saturations (e.g. Nitao and Bear, 1996; Tuller et al., 1999; Bachmann and van der Ploeg,
2002). Based on this assumption, total PCE surface area was taken to be the total fluidfluid interfacial area. Specific total fluid-fluid interfacial area (Anw, cm-1) was then
calculated as the ratio of total interfacial area to the volume of porous medium
comprising the imaged domain.
Surface Area Measurements
Specific

total

interfacial

areas

calculated

using

synchrotron

X-ray

microtomography have consistently been shown to increase linearly with decreasing
wetting-fluid saturation (Brusseau et al., 2006; 2007; 2009; Narter and Brusseau, 2010;
Porter et al., 2010; Appendix A-C). This is in agreement with prior theoretical and
experimental studies of the relationship between specific total interfacial area and fluid
saturation (e.g., Leverett, 1941; Johns and Gladden, 2000; Oostrom et al., 2001; Dalla et
al., 2002). Measurements of Anw using gas-phase and aqueous-phase interfacial
partitioning tracer tests have been shown to be significantly larger than those obtained
using synchrotron X-ray microtomography (Brusseau et al., 2006; 2007; 2008; 2010).
This disparity increases as water saturation decreases. The results of gas-phase tracer
tests suggest a non-linear relationship between Anw and water saturation, with Anw
increasing much more rapidly as water saturation approaches zero (e.g. Peng and
Brusseau, 2005; Brusseau et al., 2006; 2007).
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The difference in specific interfacial area measurements between the methods has
been attributed to the specific domains being measured. Total fluid-fluid interfacial area
is generally composed of capillary and film domains. The capillary domain consists of
interfaces associated with bulk wetting fluid (e.g., menisci, pendular rings) whereas the
film domain consists of interfaces associated with films of the wetting fluid solvating the
surfaces of the solids. It is well-known that surfaces of natural porous media are typically
rough, rather than smooth, due to microscopic surface heterogeneities. The nature and
magnitude of film-associated interfacial area is dependent on the properties of the solid
surfaces as well as the amount of wetting fluid present (e.g. Phillip, 1978; Israelachvilli,
2011). For very thin films (i.e. only a few molecules thick), the surface of the film will
closely reflect the topology of the solid surface. Therefore, the interface between the nonwetting fluid and the wetting-fluid film will also reflect this topology. As a result, the
magnitude of non-wetting/wetting interfacial area should approach the solid specific
surface area as wetting-fluid saturation approaches zero. Conversely, when the wettingfluid saturation is increased, films become thicker and their reflection of the solid
surfaces will be diminished to the point where the non-wetting/wetting fluid-fluid
interfaces are smooth.
Aqueous phase tracer test measurements are limited at low water saturations
because some non-wetting fluid may be isolated from the remaining pore sequences
through which the tracer solution can flow. For gas-phase tracer tests, which are thought
to provide some measure of the non-wetting/wetting interface associated with
microscopic surface area, Anw has been shown to approach the N2/BET-measured solid

162
specific surface area (e.g. Peng and Brusseau, 2005; Brusseau et al., 2006; 2007). The
N2/BET method accounts for the contributions of microscopic surface heterogeneities to
solid specific surface area. Conversely, surface areas measured using synchrotron X-ray
microtomography are much lower than the N2/BET-measured solid specific surface area.
Microtomography measurements have been shown instead to approach the solid specific
surface area calculated based on a geometric representation of the porous medium as
consisting of perfectly smooth spheres (i.e. no surface heterogeneities) (Brusseau et al.,
2006; 2007; 2009, Narter and Brusseau, 2010). Because much of the microscopic surface
heterogeneity occurs on a scale smaller than the resolutions achieved by synchrotron Xray microtomography (~10 m), it follows that this method would not account for the
surfaces areas associated with solid surface roughness.
Narter and Brusseau (2010) measured non-wetting/wetting interfacial areas using
aqueous-phase partitioning tracer tests and synchrotron X-ray microtomography for a
glass-bead porous medium with no measureable surface roughness. They found that, in
the absence of surface roughness, the two methods provided essentially identical
measurements of interfacial area. Additionally, extrapolated values of interfacial area at
zero water saturation for both methods were similar to the N 2/BET-measured solid
specific surface area, the solid specific surface areas measured directly from
microtomography images, and the geometrically-calculated solid specific surface area
using the assumption of perfectly smooth spheres. These results support the hypothesis
that the observed disparities between measurement methods are due to the impact of solid
surface roughness.
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Potential Impact of Sample Columns
The use of synchrotron X-ray microtomography limits sample sizes to ensure that
the X-rays fully penetrate the sample. In addition, imaging large volumes of a porous
medium at high resolutions is time consuming and often impractical because access to
synchrotron facilities is limited and data volumes can be quite large. Thus, the impact of
imaged volume on quantitative measurements obtained using this method should be
considered. Previous studies have demonstrated that imaged volumes greater than
approximately 30 mm3 constitute a representative elementary volume for volumetric nonwetting fluid content and non-wetting fluid surface area (Culligan et al., 2004; Schnaar,
2006; Brusseau et al., 2008; Narter and Brusseau, 2010; Constanza-Robinson et. al.,
2011). All imaged volumes in the current study were greater than 30 mm3. The majority
of imaged volumes were between approximately 100-150 mm3.
Columns of two different sizes were used to quantify potential impacts of sample
size. Figure 4 shows a residual organic-liquid saturation in a well-sorted natural sand in a
small-diameter (0.58 cm) column and a large-diameter (1.2 cm) column. The imaged
volume of the large-diameter columns was approximately four times that of the smalldiameter columns. Organic-liquid saturations and specific interfacial areas measured in
the large-diameter columns were similar to those measured in the small-diameter
columns (Table 1). This supports the conclusion that REVs were met for all samples used
in this study.
All images were captured from the centers of columns to limit any potential end
effects. However, it is possible that the column walls may have affected the non-wetting
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fluid distribution. Visual inspection of the images showed that non-wetting fluid was
distributed evenly throughout the column with no apparent preferential accumulation
along the column walls. A quantitative analysis was carried out using an image of a
uniform glass-bead medium. A three-dimensional rectangular solid was extracted from
the center of the image such that the porous medium adjacent to the column walls was
removed. The specific total interfacial area calculated using the rectangular solid (35.5
cm-1) was nearly identical to that measured using the entire image (35.3 cm-1), providing
further evidence that the impact of the column walls on fluid distribution was minimal.
Summary
The techniques used for image acquisition in this study have been used
successfully in a several previous studies. The image processing and image analysis
methods have been shown to be consistent and reproducible. Measurements of specific
total interfacial area included in this study and in previous studies using synchrotron Xray microtomography are similar to the results of prior theoretical and experimental
research. Differences between interfacial area measurements observed between
synchrotron X-ray microtomography and

tracer

tests

are

attributed to

the

microtomography method’s inability to resolve microscopic surface heterogeneities.
Finally, the impact of the choice of sample columns was shown to be minimal. It can
therefore be concluded that the experimental techniques used in this study are robust.
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Table 1. Properties of selected sample columns containing residual organic-liquid
saturations in a well-sorted natural porous medium.

Sample
Small 1
Small 2
Small 3
Small 4
Small 5
Large 1
Large 2

Non-Wetting Fluid Specific Interfacial
Imaged
3 Porosity
Saturation - Sn
Area - Anw (1/cm)
Volume (mm )
127
139
151
127
149
605
606

0.34
0.38
0.40
0.34
0.37
0.40
0.35

18.6
16.7
19.1
17.6
16.1
19.1
16.5

13.1
14.8
17.9
13.9
13.9
17.9
13.5
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Figure 1. Slices of the porous medium in the x-y (perpendicular to the longitudinal
(rotational) axis of the column) [left] and x-z (parallel to the rotational axis of the
column) [right] direction. In these images, the solid phase is gray, the aqueous phase is
black, and the doped organic-liquid is white (images were captured above the iodine Kedge).
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A

B

C

D

Figure 2. Images from the various steps of image processing: A. Reconstructed image; B.
Subtracted image; C. Segmented imaged; D. Individual blob from separation step.
[reproduced from Narter (2008)]
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Figure 3. An individual glass bead was isolated from the solid matrix in order to
determine its volume and surface area. [reproduced from Narter (2008)]
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A

B

Figure 4. Images of an organic-liquid residual saturation in a well-sorted natural sand in
(A) a small-diameter (0.58 cm) column and (B) a large-diameter (1.2 cm) column.

