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ABSTRACT

The objective oftiis study was to characterize nametting fluid in multiphase
systems comprising a range of fluid and porous medium properties. Synchretegn X
microtomography was used to obtain kigisolution, threelimensional images of fluids
in natural porous medi Images were processed to obtain quantitative measurements of
fluid distribution, morphology, and interfacial area. Coluflttoding experiments we
conducted with four enhancelubilization (ES) solutions to examine their impact on
entrapped organidquid. Mobilization caused a change in orgaligeiid morphology and
distribution for most experiments. The effect of-&3ution flooding on fluiefluid
interfacial area was similao that of water flooding. Organiguid mobilization was
observed at tal trapping numbers #h were smaller than expectddis was attributed to
porescale mobilization of blobs that were-trapped prior to being eluted from the
column. Porescale mobilization was also observed during wéterding experiments
for whichtrapping numbers varied aveeveral orders of magnitudé/aterflooding and
surfactantflooding experiments were compared to investigate the impacttefacial
tension, viscosity, and fluid velocitpn entrapped organic liquid. For similar total
trapping numbers, flooding at larger velocities appeared to have a greater effect on the
distribution of norwetting blobs than lowering interfacial tension or increasing the
viscosity of the wetting fluid. The fluidnormalized intefacial area was generally
independent of the total trapping number. Finally, the impact of fluid type on the
interfacial area between different pairs of nwetting fluids was investigated during

drainage and imbibition in four natural porous media. Interfacial areas were similar



amoryg all fluid pairs for a given porous medium. They were also similar for drainage and
imbibition conditions. The maximum specific interfacial area,)(Avas determined to
guantify the magnitude of interfacial area associated with a given porous medium. The
value of A, 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 proparties

wetting-phase history.



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 discirges to streams, lakes, and marine waters yet did not reguatie on
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
evaporatio 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
legislationaimed 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 cortrel generation,
transportatio, treatment, storage, and disposal of hazardous wdadte. 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 prevertazardous 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 iawmtit(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



substances (EPA, 2012). CERCLA gave the EPA authority to ensure thahside
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 paycieathsp
of these sites. Histarally, the fund was financed primarily byxes 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 nhow comes
from generalTreasuryrevenues (Ramseur, 2008). However, the prinsoyrce 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 aomtaminated 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 (PCH)tanhloroethene (TCE). Their prevalence in
the environment is due, in part, to their extensive use in industries suzitecal
manufacturing electronics, and dry cleaning. They have been used for decades because
of their effectiveness as cleanersgdeasers, and chemical solver@$lorinated solvents
are the primary contaminant of concern at 80% of Superfund sites andhanra,000
Department of Defemssites (SERDP, 2006)n fact, the presencef these compounds
usually considered the singlaost important factor constraining the risk assessment,

characterization, and cleanup of orgacdémtaminated sitedTRC, 2002; NRC, 200b



Chlorinated solventare part of a group athemicals known as dense organic
immiscible liquids (DOILs). When DOWK are released intthe subsurface, the liquid
mass moves vertically downward with gravifys their name implies, these compounds
are denser than watefherefore, upon reaching the water tattley will continue to
migrate downward through the saturategbsurface until thegncountera confining
layer such as fingrained soil or bedrockihe liquid may pool on top of the confining
layer or migrate laterally until it can move deeper in the subsurfaxcepEfor the largest
volume releases, DOIL pooling not frequently observed (ITRC, 200R)stead, as the
solvent moves through the subsurface the liquid is trapped by capillary feesaisg
behind isolated organiiquid bodies known as blobsThis trapped liquid iseferred toas
a residual saturatio The distribution of entrapped DOIin the subsurfaces non
uniform and dependent upon properties ofsadiment(ITRC 2002). The area in which
purephase contaminant is present and often where the contaminatjorally occurred
is knownas the sowe zone.

DOIL trapped in the source zone remains immobile under typical subsurface
conditions.It will slowly dissolve ino the surrounding groundwater or evaporate into the
soil air. Dissolved contaminant plumes in an aquifan be several kilometers liength.

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 (<16g/L). Additionally, chlorinated compounds tend to be very stable in

the environment and resist biodegradation. These properties combine to make chlorinated

solvents a longerm source of groundwater contamination.



A number of remediation strategies haweb 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 majoritygeénazliquid contaminated sites
(Table 1.) Figure 1 shows the estimated mass of organic liquid removed by pump and
treat operations from several sites that a
Assurance Revolving Fund (WQARF), a state fund lsimo 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 activitiesthat have occurredesi t e si nce t he atloferatbidss . Puri
began at the site in 1987 and continue to the present. Figure 2 shows the mass of TCE
removedeach year since groundwater pumping began. The TCE mass removed has
fluctuated somewhat as new systems have been addedhébmtass removed has
gererally decreased with timélowever, 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 tieasuand
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
exampe, insitu chemical oxidation (ISCO) uses strong chemical oxidizers injected
directly into the subsurface to transform contaminants into-towio byproducts.

Enhanced solubilization agertse used to increase matsnsfer of contaminants into



the aqueos phase where they can be removed by groundwater pumping. THizseal
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 variatims in hydrogeologic conditions lead to remiform 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 ondacing the mass discharge (or mass flux) emanating from the source
zone because mass discharge is recogragea primary risk driver at contaminated sites
(e.g. Freeze and McWhorter, 1994 reduction in mass discharge can be achieved, for
example, by mmoving contamination from the most hydraulically accessible areas.
Understanding @aurce zone dynamics is therefore an essential componeptofger
assessment and cleanup of organic immisdigléd contaminated sites

Predicting the volume of immisciblguid 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 immiddle 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, armrganicliquid 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 sorggan



Schwile,1988; Miller et al., 1990; Powers et al., 1991; Powers et al., 1B84pxample,
contaminants have been shown to accumulate at the airiwegdace (e.g. Brusseaat

al, 1997; Constanza and Brussea000). The organitiquid/water interface inflances

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 interfacialvéiea

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 iptied remains difficult. Many
contaminant transport models rely onnasstransfer rate coefficient that implicitly
combines the effestof interfacial area and the reaction rate constant because interfacial
area is not known precise(g.g. Powers et al.1992;Zhang and Schwartz, 200Btayer
and Oostrom, 2005 To improve modeling efforts, it is useful to accurately measure
fluid/fluid interfacial areador different fluid types, porous medium propertiaad flow
conditions.

The current study uses-pay microtomography to allow for the directhree
dimensionalcharacterization of fluid distributions and fluid/fluid interfacial area in
natural porous media systems. The objectives of this study were: 1) To determine the
porescale impacts of enhancedluwilization solutions on entrapped naretting fluid;

2) To describe changes in naretting fluid distribution, morphology, and interfacial area



during mobilization; 3) To characterize fluid/fluid interfacial areas for different pairs of

wetting/nonwetting fluid pairs in natural porous media.

Review of the Literature

The measurement and prediction of fluid characteristics in 4phdise porous
media systems has been the focus of a number of scientific investigations because of its
importance to fields suchas 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 resolutiprsample sizes, and system properties. Each
method has associated advantages and limitations that miadést isuited for particular
applications A brief review of common methods for peseale fluid characterization is
presented here with a focus on @mntnant hydrogeology investigatiordynchrotron X

ray microtomographythe 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., 1€4ry, 1994; Reeves and Celia, 1998;
ard Tuller, 1999; Oostrom et al., 200@alla et al.,2002. Simulations of multiphase
fluid flow have been conducted to characterize immiscible liquid morphology, mass

transfer andnterfacial area using networkodeling (e.g. Coles et al., 1998a,b; Pirdan



Blunt, 2005; Raeesi and Piri, 2009; Joeklasar 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; Spket al., 2008; Porter et al., 20@0ek and Venturlb,

2010). A number of models have used a thermodynamic approach to capillary pressure
saturation relationships to predict fluid/fluid interfacial areas (e.g. Hassanizadeh and
Gray, 1990; Hassanizadeh and Gray, 1993; Bradford and Leij, I188KarNiasar and
Hassanizadeh, 2008; Schroth et al., 200®st theoretical models, however, remain

limited in their ability to fully capture thredimensioml porescale characteristics.

Tracer Tests

The interfacial tracer methodks an experimental tbaique 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 atietftracers is therefore an
indirect method for charagaieation of immiscible fluidsinterfacial area measurements
can be made using either galsase or aqueoyshase tracers. This method has been used
successfully to make measurements of both airfwaterfaces (Karkare and Fort, 1996;
Kim et al.,, 1997; Brusseau et al., 1997; Anwar et al., 2000; CosRwolzimsonand
Brusseau, 2002; Peng and Brusseau, 2005; Brusseau et al., 2006; 2007) and organic
liquid/water interfacesSaripalli et. al., 1997Saipalli et al., 1998; Kim et al., 1999;
Schaefer et al., 2000; Jain et al., 20080 and Annable2005; Dobson et al., 2006;
Brusseau et al., 2008; Narter and Brusseau, 20i@rfacial tracer tests can also be used

to characterize interfacial area a¢ tireld scale (e.g. Annable et al., 1998).



As with any research toothe limitations of the method should be considered
when using interfacial tracers. For example, aqughase tracers may not fully capture
the interfacial area of newetting fluid thatis isolated from bulk fluid flow at low
wetting-fluid saturations. Tracer mass transfer may also be rate limited in some cases.
Thus, tracetest measurements are generally considered to represent apparent or effective
interfacial areage.g. Annable etla 1998; Kim et al,, 1999; Brusseau et al., 2008).
Additionally, tracer tests capture total interfacial area and are notswedd for
measuring interfacial areas associated with specific domainsasucépillary interfacial

area.

Blob Casting

Some ofthe first attempts to directly investigate paaale configuration of
immiscible fluids in porous media involved using watamiscible fluids that can be
solidified within porous media. igitu solidification of a fluid (e.g. styrene) can be
induced bychanges in temperature or pressure or with gamma radiation. This method
allows for the direct examination of individual fluid blob morphology and isiab
distributions in a range of media including glass beads [ayer and Miller, 1992),
sands (e.g. @rad et al.,, 1992Powers et al., 1992), and consolidated media such as
sandstone (e.g. Chatzis et al., 1P8&hough blob casting has been shown to produce
consistent estimation of fluid characteristics, the method has a number of limitations. For
exampe, Powers et al. (1992) showed that the polymerization process may lead to blob

shrinkage, potentially hindering accurate blob characterization. Additionally, interfacial



area cannot be easily determined from blob casts and the method does not all@wv for th

study of dynamic processes such as immiscible displacement olutias.

Two-Dimensional Micromodels

Two-dimensional micromodels enable the direct visualization of -poate
characteristics in porous media systems. Examples of micromodel constrncliode
two pieces of etched glass, fused together {@agrow and Chatzis1982 Conrad et al.,
1992; Jia et al., 199%hatzis, 201}, etched silicon wafers (e.g. Chomsurin and Werth,
2003; Grate et al., 2010), silicateated acrylic strctures (e.gChang et al., 2009and a
monolayer of glass beads held between two glass plates (e.g. Mayer and Miller, 1993;
Kennedy and Lennox, 1997). Micromodels facilitate thesiin observation of fluid
distribution and processes such as displacement and dissoldtheir simplified
geometry makes them useful for investigation of the effects of porous medium
characteristics such as aspect ratio, pore size, and pore distribution. Havewvewyo-
dimensional structure potentially limits their applicability toredadimensional
characterizations.

Micromodels have been used to observe fluid distribution, morphology and
interfacial area at residual saturation and during immiscible displacemenM(@argw
and Chatzis, 1982; Chatzis et al., 1983; Conrad et al2;1d8yer and Miller, 1993;
Jeong and Corapcioglu, 2003hen et al., 2007; Chang et al., 2B08ottin et al., 2010;
Grate et al., 201Chatzis, 2011 For example, Jeong and Corapcioglu (2003) found that
capillary number (a ratio of viscous forces to itapy forces) was the most important

factor to organidiquid removal by surfactant foam flooding. Micromodels have also



been used to study immiscible fluid dissolution (e.g. Kennedy and Lennox, 1997; Jia et
al., 1999; Sahloul et al., 2002; Chomsurin af@rth, 2003). Chomsurin and Werth
(2003 measured organiquid/water interfacial areas in homogeneous and
heterogeneous micromodels. They observed a linear relationship between interfacial area
and saturation. Blobs in the homogeneous porous mediumobsegved to have smaller
interfacial areas than Wis in the heterogeneous mediumicMmodels havelso been

used to describe biological processes in porous media related to contaminaitieme

(e.g. Zhang et al., 20).0

Optical Imaging

Refractiveindex 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
indexmatched wetting fluid to photograph oil mobilization in a glass bead medium.
Laserinduced fluoresaace (LIF) has been used more recently to achieve images with
resolutions as high as one micron. This technique uses eguably quartz media and
refractiveindex matched fluids containing fluorescent dyes that are imaged using LIF.
This method has beawmsed to characterize fluid distributions (Montemagno and Gray,
1995) and to measure processes such as immiscible displacenigmt €iSal., 2003,
Ovdat and Berkowitz, 2006) and dissolution (Fontenot and Vigil, 2002). Advantages of
refractiveindex matchd LIF include high spatial resolutions and the ability to image

relatively large sample sizes. However, the necessity of transparent porous meatia and

indexmat ched fluid |Iimit the methodds applica



Magnetic Resonance Imaging

Magnetic resonance imaging has been used extensively wsgaleecontaminant
hydrogeology research to characterize both porous medium characteristics and to
investigate fluid saturation, fluid distribution and fluid/fluid interfacial area. Song (2000)
exanined pore sizes in packed glass beads and sedimentary rock saloptes.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 medidohns and Gladden (2000) showed that-wetting/wetting
interfacial area increased linearly with increasing -n@tting 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)hd technique haslso been used to study colloid
transport(e.g. Baumann and Werth, 2005) anidlogical processes (e.g. Ofs@t al.,

2004) in porousnedia.

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 additien
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 poraigsials that

contain low levels of ferromagnetic materiadother potential limitation is the fact that



image resolution generally scales with sample size. Finally, the required magnetic

resonance scanners can be costly ampdex to maintain and opee.

X-ray microtomography

In recent years, Xay computed microtomography has become an important tool
in contaminant hydrogeology research. This technique enables theditmegsional,
nondestructive observation of porous media systesbshigh resolutins. Xray
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 1000m for industrial sources and 1 toX@n for synchrotrorsources. The
method is nofdestructive, allowing a sample to be scanned repeatedly under different
conditions and monitored both spatially and temporally. Additionally, the - high
resolution, threelimensional images allow fine details of a system suchtasfacial
area to be determined quantitativelX-ray microbmography can also be used to
distinguish between capillary and film interfacial area.

Standard (nossynchrotron) Xray computed tomography (XRCT) has been used
for three decades in théudy of hydrogeologic systemd& his method uses medical or
industrial Xray sources to image samples and typically produces images with resolutions
of 1001000//m. XRCT has been used in the field of oil recovery (e.g. Wang et al., 1984;
Vinegar and Wellington, 198 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.



However, highresdution applications have been used as well (e.g. Karpyn and Piri,
2007; Karpyn et al., 200Betiawaret al., 2012).

Synchrotron Xray microtomography (SMT) offers an alternative to the use of
industrial and medical deviceA.detailed description of th8MT 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 highpeed electrons. Electromagnetadiation is emitted when the
electrons are decelerated. Like conventionalra)X devices this radiation is
polychromatic, yet it is of sufficient intensity that it can be decomposed into
monochromatic (single energy) radiation while maintaining sufficidmitgn 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, fiwenped
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). Tkesidane
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 phdseHdhevlinear
attenuation was significantly different.

A primary advantage of synchrotron sources over conventiofralyXevices is

the high degree of spatial resolution. Devices such as industrial and medical scanners



emit only a fraction of dissipadepower as Xay radiation, inhibiting their ability to
distinguish lowcontrast features in an object. Conversely, the exceptionally high photon
flux of synchrotron sources enables the production of-hégblution images. Spatial
resolution for SMT is ifluenced 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 synchrotrorray microtomography has a
number of potential limitations. df example, finggrained 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 nfetgoéitman et al.,

2005) Similarly, the resolutions insufficient to resolve microscopic surface roughness
that can contribute significantly to interfatarea (Brusseau et al., 20@Q08; Narter

and Brusseau2010. Synchrotron radiation sources do not typically produce energies
greater than approxirtely 50 keV. This limits sample sizes to only a few centimeters to
ensure the Xays canfully penetrate the sample. Additionallyhe processes being
studied must below enough to allow for imagacquisition. While image acquisition
times have decreasegignificantly in recent years, Altman et al. (2005) estimates the
minimum time for imaging using a Synchrotron source to be betweEh iBinutes
depending on the number of rotation increments. Finally, the use of the method relies on
sufficient differencesn 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 herefore be constrained in some cases.



Synchrotron Xray microtomography has been used extensively to characterize
porous medium properties. Properties such as texture, porositysiperdistribution,
conductivity and permeability have been extractedmf both consolidated and
unconsolidated media (e.g. Spanne et al., 1994, Lindquist, 4986; Arns et al., 2005;
@ren et al., 2007; Peth et al., 2008; Baker et al., 2012; Liu et al., 2012). Algorithms have
been created to extract physically repres@rgatreedimensionalpore networks from
high-resolution SMT data. These networks can be used to obtain information such as
porebody size distribution, pordroat size distribution, local void ratio and connectivity
(Lindquist and Venkatarangan, 1999;-Raoush and Willson, 2085 Al-Raoush and
Alshibli, 2006; AlKharusi and Blunt, 2007). The penetwork data produced with SMT
has been used as input for poetwork modeling (e.g. Coles et al., 1998a,b; Bhattad et
al., 2011) and also to enhance Latiit@tzmann models (e.g. Coles et al., 1998a,b; Arns
et al., D03; Prodanovic et al., 2007; Syket al., 2008; Boek and Venturg2010)

Synchrotron Xray microtomography can also be used to investigate fluids in
porous media systems. A number of investmadi 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 dt €006) compared immiscible fluid
saturations and distributions for -a#ater and o#water glass bead systems.-Raoush
and Willson (2005b) described the residual saturation ofwetting fluid in an oHwet
glass bead system by characterizing thepmology and distribution of individual nen

wetting fluid blobs. They observed that the mneetting phase was trapped primarily in



the largest pore spaces, the pore bodies with the highest aspect ratios, and the pore bodies
with the highest coordination nurers.

The highresolution 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 orgadfiquid distribution was compared for two tnaal sands
and a soil by Schnaar and Brusseau (2005). Ordigpicl blob morphology was
observed to vary greatly from smafipherical singlets to large, amorphous ganglia.
Schnaar and Brusseau (2006a) examined fluid morphology and distribution-phase
(organieliquid, water) and threphase (air, organitiquid, water) systems. A significant
portion of the organic liquid in the thrgdase systems was observed to exist as lenses
and films in contact with airAl-Raoush (2009) described the effectpofous medium
wettability on characteristics of a residual awetting fluid in a sandDicarlo et al.
(2010) investigated the distribution of fluid in pores of two sands as a function of flux
during water infiltration.Individual blob characteristics hawvalso been determined for
consolidated medige.g. Prodanovic et al., 2006; 200Recently, the distribution of
entrapped carbon dioxide gas has beescrileed (e.gZhou et al.,, 2010Silin et al.,
2011;Wildenschild et al., 201m).

SMT has also been @d as a tool to characterize the pscale dissolution of
immiscible organic liquid blobs within natural porous media. Schnaar and Brusseau
(2006b) described the change in morphology of TCE during dissolution in -@avedd
sand. Changes in the measueggieougphase TCE concentrations correlated to changes

in the volume and number of blobBusso et al. (2009) characterized the morphology and



distribution of TCE during dissolution in a poowprted soil. They observed median
TCE blob volume to be smell and smaller blobs composed a larger fraction of the
distribution than for dissolution in a wedbrted medium.

In addition to characterizing the morphology and distribution of fluids in porous
media, synchrotron Xay microtomography has been used ssgstully to directly and
non-destructively measure flutluid interfacial area. Unlike many other methods, SMT
can be used to distinguish between capisgociated and total (capillary + film)
interfacial area. However, studies have shown interfacga emeasurements obtained by
synchrotron Xray 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 sueaments to account for the impact
of solid surface roughness on filassociated interfacial area (Brusseau et al., 2008;
Narter and Brusseau, 2010).

Several studies have measured fiflidd interfacial area for nometting fluid
distributions and indidual nonwetting phase blobs in porous media.-@doush and
Willson, 200%; Schnaar and Brussea2005; Schnaar and Brusseau 2008aRaoush,
2009;Brusseau et al., 20D9The ability of SMT to notdestructively characterize fluids
also enables the measement of interfacial areas for the same system under varying
conditions. Interfacial areas have been measured as a function of fluid saturation for air
water systems (Culligan et.,.a2004; Brusseau et al., 2008)07; Culligan et al.2006;
Constanz&Robinsonet al.,2008) and organitiquid/water systems (Culligan et a2006;

Prodanovic et al., 2006; Brusseau et al., 2009; Narter and Brusseau, 2010; Porter et al.,



2010). These studies have generally observed that total interfacial area increadgs linea
with decreasing water saturation. Capill@gsociated interfacial area has been shown to
first increase then decrease as water saturation decreases.

Brusseau et a[2009) observed a correlation between fitiidd interfacial area
and median grainidmeter. Results showed that interfacial area was larger for porous
media with smaller median grain diameteMlildenschild et al. (2012)showed
differences innonwetting phase interfacial areas a function of interfacial tension,
viscosity, and flow ree. Interfacial areas have also been measured as a function of
organicliquid dissolution (Schnaar and Brusseau, 2006b; Russo et al.,, 2009). Schnaar
and Brusseau (2006b) observed a nearly linear relationship between \radumedized
interfacial area and rganic liquid volumetric fractionfor both total and capillary
associated interfacial area.

Synchrotron Xray microtomographyhas also been used ira number ofother
investigations related to contaminant hydrogeology. Altman et al. (2005) used SMT to
gualtatively image the adsorption of cesium on Hogaring aggregate soil samples.
Galillard et al. (2007) characterized the morphology of colloidal deposits in abglads
pack after injecting an aqueous suspension of,Zp@rticles. Waske et al. (2012)
observed the distribution of silvezoated polystyrene colloid clusters in a glassd
pack. Armstrong and Wildenschild (2012) used SMT to evaluate-quale processes

during nicrobiatenhanced oil recovery.



Summary

Over the past three decades, sevembrdtical, 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 chamzation 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-azgl iXicrotomography have
enabled the thredimensional notdestructive characterization of porous media systems.
The synchrotron Xay microtomography method, in particular, has seen a decrease in
image acquisition time and improved spatial resolution in recent years. These
developments have helped to advancestbdy 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 proses that affect not only contaminant
remediation but fields such as enhanced oil recovery, agriculture, and carbon

sequestration.
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CHAPTER II: PRESENT STUDY

The methods, results, and conclusions of this study are presentedpaptrs
appended to this dissertation. The following is a summary of the most important findings

in this document.

Summary of Results

Columnflooding experinents were condied to examine the impact of
enhancegsolubilization (ES) solutions on an entrapped organic immiscible liquask
solutions were saturated with organic liquid prior to flooding to prevent solubilization of
the organidiquid. Mobilization o the entrappedorganic liquid was observed after
flooding for each ES solutionMobilization is controlled by capillary, viscous, and
buoyancy forces, which have been described using a dimensidokdgrapping
number This parameter can be usta evduate the potential for mobilization of an
entrapped nowvetting phase (e.g. Morrow and Songkra®81; Patel and Greavekd87;
Pennell et al., 1994; Dawson and Rohet897) The total trapping number was defined

herein according tde definition of Panell et al.(1996) as:
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In the above equationdylis the capillary number andsNs the Bond numér defined as:
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Hereq, is Darcy velocity,m, is dynamic viscositysow is the interfacial tensiork
is the intrinsic permeabiyf of the mediumk., is the relative permeability of the aqueous

phase,D ris the density difference between fluids, ap the contact angle. d\is the



ratio of viscous to capillary forces whilesMlescribes the effect of buoyancy forces. For
verticalflow in the direction of the buoyancy force, as was the case in these experiments
equation (1yeduces to

6 o 08 (4)

Flooding with tween80, SDS, and ethanol resulted in significalecreases in
organicliquid saturation andubsequenthanges to the orgariicjuid distribution. This
is expected becaudieoding with these solutions was associated with large ti@pfing
numbers caused primarily by @ecrease inorganicliquid/water interfacial tension.
HPCD floodingexperimentsfor which trapping numbers were lower than the other ES
solution floods,had a minimal effect on organiiqquid distribution. Organidiquid
saturation also changed minimally following successMBCD floods. However,
inspection of images showed that some orgégidd blobs were mobilizeafter HPM®
flooding despite the fact théte total trapping number for these experiments was smaller
than2 x 10° the thresholdpreviously shown to initiate bulk mdklization of residual
dense organic immiscibliguid (e.g. Pennell et al., 1994; Pennell et al., 1996; Boving et
al., 1999; Boving and Brusseau, 2000; Li et al., 2007).

Studies of multphase flow in porous media with an entrapped-wetting phase
have iown 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 d{dotaterand
Gladden 1999; Okamoto et g12001). In an effort to examine the effect ajueos
velocity on the entrapped nemetting fluid, two additional experiments were conducted

with SDS solutions that were injected at higllew rates After flooding, significant



organicliquid mobilization was observed. &y organieliquid blobs became much
smaller and more spherical th#mseobserved at lower poreater 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
Dias 1984; Wardlaw and McKellar, 1985; Mayer and Miller, 19€hatzis, 201 and

bond number (Mayer and Miller, 1991)

Localized increases in velocities associated with preferential flow pathtamay
cause nonwetting fluid mobilization even whethe total trapping number, calculated
using the average peweater velocity, was less than 2 x10.ocally mobilized organic
liquid may become rrapped elsewhere in the porous mediung.(@Vardlaw and
McKellar, 1985; Padgett and Hyden, 1999; Jeong@mdhpcioglu, 208). Organic liquid
that is retrappedprior to being eluted from the colunwiould not contribute to bulk
mobilization and therefore would not be accounted for through gravimetric or effluent
analysis. Therefore, the total trapping numbereshold required for porscale
mobilization is likelylower than that observed for bulk mobilization in previous studies.

The interfacial area between the orgdigcid and aqueous phase was measured
prior to and following each ESolution flood The toal PCE surface area was taken to be
the total fluidfluid interfacial area. This is based on the assumption that all porous
medium grains are solvated by wat®pecific fluidfluid interfacial area (A, cm') was
then calculated as the ratio of totalerfaicial 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 volumaormalized) interfacial area (fas A=A/ dvhenrnise d



the volumetric nofwetting phasesaturation. The choice of;Allows the study of the
effect of enhancedolubilization solution introduction independent from the effects of
changing saturation within the column.

The magnitude of the change in fluirmalized interfacial areaaried among
the ESflooding experiments but was generally sm&A; remained less than 10% for
most eperiments and did not exceed% 7or any of the experiments. The results suggest
that the presence of these enhamseldbilization solutions does not have a significant
effect on fluidfluid interfacial area when newetting fluid saturation is taken into
account.Specific noawetting fluid interfacial areancreasedlinearly with decreasing
wettingphase saturationThis is consistent with prior theoretical and experimental
studies of the relationghibetween specific total interfacial area and saturation (e.g.,
Leverett, 1941; Johns and Gladd@000; Oostrom et al., 2001; Dalla et al., 2002; Peng
and Brusseau, 2005; Brusseau et a006; 2009).The relationship between fluid
saturation and 4, for ESsolution flooding was equivalent to that for water
imbibition/drainage experiments.

Flooding experiments condted with the surfactants twed® and SDS were
compared to watdtooding expeiments to characterize orgasiquid mobilizationas a
function of total trapping numbeilotal trapping numberfor these experiments varied
over several orders of magnitud®@rganicliquid saturation generally decreased with
increasing total trapping numbdor all aqueous floodsMobilization of entrapped
organicliquid wasobserved for total trapping numbexrs low asl.2 x 10°. Thisvalueis

slightly smaller than thapreviouslyshown to initiate bulk mobilization of residual ron



wetting fluid and was attributed to peseale fluid mobilization. This findings
consistent with the results of ES®lution flooding experiments.

Organicliquid blob sizesin these experimentsanged over approximately six
orders of magnitude. Median blob volume was generally smaller after floadthghany
blobs became more sphmal For largertotal trapping numbersmedian blob volume
generally decreased astal trapping numbemcreased. This observation agrees with
previous research as noted ahoVhe number of distinct organic liquid blobs was also
measured following eachotumn flood. The number of blobs generally increased with
increasing total trapping number.

Total fluid-normalized interfacial area did not change significantly for most
experimentsAs mentioned previouslymany blobs became smaller and more spherical
after flooding. Fluidnormalized interfacial area increases as blobs become smaller and
decreases as blobs become more spherical. This may explain the small magnitude of
change observed in fluidormalized interfacial area. However, the fhmdrmalized
interfacial area increased by more than 25% for a wigdeding experiment conducted at
the highest velocity, suggesting that high velocities may have a significant impact on
interfacial area. The increase inwas likely caused by the separation of the-netting
fluid into much smaller blobs. Johns and Gladden (2000) also observed an increase in
interfacial area at higher aqueepisase velocities.

Flooding with surfactant solutions lowered the interfacial tension significantly
compared to flooding with wat. Surfactant flooding generally resulted in a decrease in

saturation and blob size at lower trapping numbers than were observed for water



flooding. The tweerB0 solution had a viscosity that was significantly higher than that of
the SDS solution with siffar interfacial tension. However, there was not a significant
difference in the effect of tweeB0-solutionflooding on the morphology and distribution
of nonwetting fluid as compared to SB®lution flooding. This suggests that higher
viscosity had minnal effect on the newetting fluid distribution.

For water flooding at sufficiently large total trapping nunsbire increase in the
number of norwetting phase blobs was much larger than surfactant flooding at low
velocity but similar trapping numberSDSsolution flooding at high velocities 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 veliby caused a more significant effect on the maeiting
phase distribution than high velocity alone.

Imbibition/drainage experiments were conducted in four different porous media
using different pairs of wetting and nevetting fluids. Regardless of fiditype and
porous mediumthe nonwetting phasewas more interconnected under wettiphase
drainage than imbibitignas would be expecte@onsequentlythe number of individual
nonwettingphase blobs was significantly greater for imbibition conditi@@mparison
of data collected undeprimary wettingphasedrainageand secondary wettiAghase
imbibition conditions indicatesho measurable differences in measured total interfacial
areas fomany of the porous medid@he similarity in interfacial areas gute 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 imloibitonditions (i.e., after a
majority of the individual blobs have separated).

The morphology of the nomvetting phase wasimilar for each of the fluid pairs
for a given porous mediunin general, the blobs teedto be more spherical at sn&ll
blob volimes (< 10 mm?), and increasingly deviate from spherical morphology at larger
volumes. This is consistent with previous studies of-wettingphase size and
morphology relationships (e.g., Johns and Gladden, 2000; Fontenot and Vigil, 2002;
Schnaar and Bisseau, 2005)lnterfacial area wsaobserved to increase linearly with
decreasing wettinghase saturation for each of the fluid pairs &r media. The
relationship between total specifiatérfacial area and saturationsvsimilar for allfour
fluid pairs for a given porous mediurithis indicates that fluid type hatb measurable
impact on interfacial area for these systefige porous mediased for these experiments
encompass a range of geochemical surface propértias, it appears that the respeet
behaviors of the noewetting and wetting fluids are similar under this range of
geochemical variability regardless of the specific identity of the fluids

For a given wettingphase saturation, interfacial areas larger for the media
with smaller media grain diametersThe A.,-S, function takes the generic form,f\=
Am(1-S,), where A, is the maximum specific interfacial area. Thgservesas an index
for a given system, indicative of the magnitude of interfacial area associated with that
system (Bruseau et al., 20091 he maximum specific interfacial areas difdramong
the porous media, with largerAvalues associated with smaller median grain diameters,

consistent with prior results (e.g. Johns and Gladden, ZR@3seau et al2009). This



behavior reflects the impact of grain size on pore size, which in turn constrains the size of
nonwettingphase blobs (Brusseau et al., 2009)us, fysical poperties of the porous
medium appear to have a greater influence on the magnitude of specifiotetalkial

area for a given saturation than fluid properties or weftingse history.

Implications

In the present study, nemetting fluid morphology, distribution, and interfacial
area were characterized in mygtiase systems comprising a range ofdfland porous
medium properties. Synchrotron -rdy microtomography allowed for the direct
characterization of organiuid mobilization in a natural porous medium. Many
previous studies have relied on macroscopic measurements ahbblkzation such as
analyzing effluent or using a gravimetric approach. In the present studysqadee
mobilization was observed in aqueequsase flooding experiments where the total
trapping number was smaller than that previously shown to initiate bulk mobilization of
resdual nonwetting fluid. Therefore, the total trapping number threshold required for
porescale mobilization is likely smaller than that observed for bulk mobilization in
previous studies.

Synchrotron Xray microtomography was also used to directly olesé¢ne effects
of aqueougphase 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 nonwetting fluid blobs than lowering interfacial tension iacreasing the viscosity of
the wetting fluid. The observations presented in this study will aid in the conceptual

understanding of newetting fluid behavior at larger scales and in field applications.



Previous studies of porous media systems using sgtion X-ray
microtomography have frequently focused on a singleweiting/wetting fluid pair for
which water is often used as the wetting fluid. In contrast, the present study used several
different wetting and ncewetting fluids comprising a range oluid properties. The
relationship between fluid saturation and orgdigjaid specific surface area for flooding
with four enhancedolubilization solutions was equivalent to that for organic
liquid/water imbibitiondrainage experiments. Similarlyhe resilts of imbibition
drainage experiments conducted with several different pairs of wetting andetiimy
fluids showed that total interfacial areas were similar among all fluid pairs for a given
porous medium. Tik indicates that fluid type haglb measurale impact on interfacial
area for these systems. Furthermore, physical properties of the porous medium appeared
to have a greatenfluence on the magnitude of specific total interfacial area for a given
saturation than fluid properties or wettippase Istory These results suggest that
estimations of nonvetting/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 naetting 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 mubihase flow and immisble-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 ef non



wetting fluid morphology, distribution andterfacial area in porous media systems. This
has implications for a number of applications includicgntaminant hydrogeology,

petroleum engineering, agriculture, material science, and carbon sequestration.



Table 1. Major organieliquid contaminatedaites in Tucson, Arizona. T = Pump and Treat; SVE = Soil Vapor Extraction;

MPE = Multi-phase Extraction] Informatiomasobtained from Arizona Department of Environmental Quality.

Historical Primary Pump Remediation
. L Site Primary Groundwater | Contamination | Remedial and .
Site Contamination . S Strategies
Management | Cantaminants of Concern Detected Activities Treat
Type " . Used
Initiated | Initiated
Los Reales/Harrison Landfil WQARF PCE; TCE 1988 1999 1999 | P&T, SVE
Rd.Landfill
BroadwavPantano PCE; TCE; Vinyl Chlorid
way Landfill WQARF cis1,2;DCE; Methylene 1987 2000 2003 P&T, SVE
Landfill :
Chloride
Miracle Mile Undetermined WQARF TCE; 1-DCE; Chromium 1983 2006 2006 P&T
Shannon Rd Landfil WQARr | PCE: TCE; HICE; Vinyl 1993 1996 1997 P&T
Chloride; Benzene
7th StArizona Ave. Dry Cleaning WQARF PCE, TCE, IXE 1992 2006 N/A SVE
ParkEuclid Dry Cleaning WQARF PCE, TCE, IXE 1990 1993 N/A SVE, MPE
ElCamino del Cerro Landfil WOQARF | PCE: TCE; HNCE; Vinyl 1993 1999 2009 P&T
Chloride; Benzene
Tucson Innl. Airport | Industrial/Military | Superfund TCE; PCE.; chlqroform; 1981 1987 1987 P&T
chromium;1,4 dioxane
. - Department BTEX, Petroleum
Davis Monthon AFB Military of Defense hydrocarbons, PCE, TC 1982 1995 N/A SVE
Silverbell Landfil Landfil WOARF | TCE; PCES1.2:DCE; 1083 1999 N/A SVE
Vinyl Chloride
22nd St. Union Pacifi¢ Pipeline Failure Voluntary Petroleum Hydrocarbons 1992 1998 N/A SVEMPE
Kinder Morgan Pipeline Failure Voluntary Petroleum Hydrocarbons 2003 2003 N/A SVE
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Figure 1. Total TCE nass removed by purgndtreat operations through 2010 at Water

Quiality Assurance Revolving Fund (WQARF) sites in Tucson, Arizona.
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Figure 2. TCE mass removed each year by puampttreat operations at the Tucson

International Airport Area (TIAA) Superfunsite in Tucson, Arizona.
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ABSTRACT

A primary objectivewhen using enhancesblubilization solutions is to increase
mass transfer of an entrapped oetting fluid into the aguemuphase 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 avettirgnphases,
and thus is dependent upon the interfacial area between thehbgesp It is therefore
important to understand the impact of enharseldbilization solutions on the
configuration and distribution of the nevetting phaseThis was investigated using
synchrotron Xray microtomography to examine entrapped organic ligui@ natural
porous medium following flooding with an enhanegmdubilization solution.
Polyoxyethylene Sorbitan Monooleat¢tween 80), hydroxypropytb-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 floodihgspection of images
indicated that mobilization caused a change in PCE morphology and distribution for all
reagents with the exception of HPCr which alower trapping number was calculated
comparedo the other experimentdlobilization of organic liquid was observed at total
trapping numbers that were smaller than expected. This was attributed tscplere

mobilization of blobs that were #teapped prior to being eluted from the column. The



functional dependency of fluifluid interfacial area on fluid saturatioier enhanced

solubilization solutions was similar to that foater.



INTRODUCTION

The recovery of entrapped organic liquids from the subsurface is critical to the
fields of contaminant reediation 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
reagentssuch as cosolves, sufactants, and cyclodextrins, one option available to
increase recovery.

A primary objective when usingplutions designed to enhance aqueous solubility
(enhancegsolubilization solutions)s to increase newetting fluid mass transfer into the
agleous phase in order to achieve faster and more efficient mass removal from the
subsurface. Benescale studiesof enhancedolubilization solutionshave generally
focused theiimpact on masflux (e.g. Pennell et al., 1994; Boving et, d1999; Boving
andBrusseau, 2000; Schaerlaekensl., 2000; Zhong et al., 20038arroll and Brusseau
et al., 2009; Tick and Rincon, 2009). A number of fistihle studies have also examined
massflux behavior under enhancewlubilization flooding (e.g. Fountain et al996;
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, enhassmdbilization solutions can
cause the nowetting fluid to be mobilized as a separate phatenalue to a decrease in
fluid-fluid interfacial tension. While this may be beneficial to applications such as
enhanced oil recovery, displacement of the -metting fluid during contaminant

remediation may cause contaminants to migrat@rtcontaminatecdr less accessible



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 rartting phase(e.g. Morrow and Songkran,

1981; Patel and Greavel987; Pennell et al., 1994; Dawson and Rob&887).Pennell

et al.(1996 defined total trapping number {Nas:

0 0 0 ¢cO 0 OBl D
In the above equationdyis the capillary number andsNs the Bonchumber defined as:

n . Y Q0
-~ 7 - % 7 7 o
” (L) 8 l ” w 5 I —

Hereqy is Darcy velocity,/m, is dynamic viscositysow is the interfacial tensiork
is the intrinsic permdality of the mediumk., is the relative permeability of the aqueous
phase,D ris the density difference between fluids, ap the contact angle.d\is the
ratio of viscous to capillary forces whilesNlescribes the effect of buoyancy forces. For
vertical flow in the direction of the buoyancy force, as was the case in these experiments
equation (1yeduces to

0 9 0 8 (4)

Previous studies have suggested that the critical trappintber for displacement of a
dense organic liquid in a sandy porous medium is approximately 2 xPehnell et al.,
1994; Pennell et al., 1996; Boving et al., 1999; Boving and Brusseau, 2000; Li et al.,
2007).

The interaction between an enhansedubiization solution and the newetting

phase depends on the degree of contact between the two phases, and thus is dependent



upon the interfacial area between the two phases. It is therefore important to understand
the impact of enhancesblubilization solubns on norwetting fluid configuration and
distribution. Studies that have examined the effects of enhesadedilization solutions

on these physical properties of the neetting fluid have generally used idealized media
(e.g. spherical beads) or indite methods of learacterization. Ng et al. (19y8
photographed single nemetting fluid blobs in an acrylibead medium to investigate the
relationship between blob morphology and capillary number during glycerol flooding. A
study by Wardlaw and McKellar 9B5) examined the effect of surfant flooding on
turpentineblob-size distributions using photographs of a glsad system. Cho and
Annable (2005) characterized the impact of alcohol flooding on PCE morphology and
interfacial area using interfacial pgioning tracer techniques.

Synchrotron Xray microtomography has proven useful for the-destructive,
direct measurement of orgafiquid surface area and volume at the pscale (e.g., Al
Raoush and Willsgr2005; Schnaar and Brusse&005; Culligan et al.,2006; Schnaar
and Brussea2006a,b; Prodanovic et al., 2006; Brussetal., 2006; 2007; 2002009,
Narter and Brussea2010). Synchrotron sources can be used to obtain high quality
images with resolutions in the order ofl@ mm. In this sudy, synchrotron Xay
microtomography was used to examine the impaanbianceeolubilization solutions
on organieliquid morphology, mobilization, anéluid-fluid interfacial area in a natural

porous medium.



MATERIALS AND METHOD S
Experimental Setup

A commercially available natural sand (Accusand Unimin Inc.) was used for this
study. The sand was wedbrted (uniformity coefficient equal to 1), with a median grain
diameter of 0.35 mm. Two surfactan®lyoxyethyleneSorbitanMonooleategtween 80)
ard Sodium Dodecyl Sulfate (SDS), the complexing adudtroxypropyib-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 iodobenze@ by volumé to enhance contrast and allow for
image subtractionSolutions were mixed with deionized water and ppinase PCE and
then left in contact with the pughase PCE for a minimum of several days to obtain a
PCEsaturated mixture. This was done to prevent solubilization of PCE during flooding.
The interfacial tension between PCE and each enhauledilization (ES) solution was
measured using a Fisher Scientific semiomatic tensiometer employing the duiijo
ring method (Table 1).

The sand was drgacked into thirwalled, 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 0.6&m and an inner dimeter 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 porousf(fGe m por es) were pl ac

ends of the column to promote uniform flow and retain the porous medium. A residual



saturation of organic liquid was established in the columns following previously
established procedures (e.g. Schnaar and Brusseawa,BY06

Columns were sealed and taken to the synchrotron facility where they were
imaged prior to flooding with a particular enhansedubilization 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
gastight syringe and syringe pump. Flooding was conducted at a Darcy velocity of
approximately 19 cm/hr, the same velocity used to create the residual drgaicic
sauration. 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
enhancegsolubilization solution that was twice that of the previous flood (Table 1).
Sdution concentrations were chosen to coincide with the range of concentrations

typically used in applications.

Synchroton X-ray Microtomography Imaging

Synchrotron Xray microtomography imaging was conducted at @&ECARS
BM-13D beamline at the Advancdehoton Source (APSRArgonne National Laboratory,
outside of ChicagolL and at beamline 8.3.2 at the Advanced Light Source (ALS) at
Lawrence Berkeley National Lab in Berkeley, CAmaging was conducted at APS by
directing the monochromatic -Kay beam ttough the column, perpendicular to the
longitudinal axis. The transmitted -days were converted to visible light with a
singlecrystal scintillator, and projected onto a mirror at a 45° incline to the incoming

beam. A photograph of the image on the mimas then captured with a higlsolution



CCD camera attached to a microscope objective (5x). This image represents a
depthintegrated grayscale map of the linear attenuation of thayXbeam as it passed

through the column. After an image was collectée, ¢column was rotated 0.5° and the
Imageacquisition process was repeated. A total of 720-dweensional images of each

sample were collected in this manner. The image resolution (pixel size) was
approximately 10 & m. The |ozimagety b mm.fThetsdt e 1 ma
of two-dimensional imagesollected for a given scan wpseprocessed and reconstructed

with algorithms developed by Rivers (2003) to build a single tbeensional image

file from the twedimensional images. Data were collecseduentially belowrsd above

the iodine kedge (33169 and 33.269 keV) to specifically resolve the organic liquid.

The imagecapture procedure at ALS is very similar with a few notable
differences. A detailed description of the procedure for collectinggesaat the
Advanced Light Source beamline 8.3.2 can be found at the bea@8rz website or
Kinney et al.(1994. Images were taken at 0.5° increments over a 180° angular range to
obtain 360 deptintegrated images. The spatial resolution of the regultimges was
8.8mm/pixel. Vertical beam size was approximately 1mm, so six sets of images, called
til es, were taken during each scan. The t |
continuous image set using a program developed at the ALS. A second program,
Octopuswas used to preprocess and reconstruct the-thneensional 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 @ for image volumes of approximately-80 mn? (Culligan et al.,



2004; Brusseau et al., 2008: sfanzaRobinson et. al., 2011). The volumes of the imaged

zones were larger than the minimum for all data sets.

Data Processing

Additional image processing dnextraction of quantitative information were
conducted with the software package Blob3D, which speifically developed for high
resolution Xray microtomography data (Ketcham, 2005). An array of binary images was
createdusing a global thresholdheren voxels considered to be organic liquid were
assigned a grayscale of 255 (white) and all others were assigned a grayscale of O (black).
Contiguous voxels assigned as organic liquid were identified and combined to form
threedimensional units (blobs). Oncedata processing was complete, quantitative
information was generated for each individual orgdigigid 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 svapproximately 1® mn?. Surface area was
calculated from the isosurface connectiraxels ofthe selected grayscale value in the
binarized image. Surface areas calculated in this way may be overestimated somewhat
due to the pixilation of the fluid surfas.

Because images do not capture the entire length of the porous medium, some
organicliquid 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 zoneafhe fl
faces represent a niust betsubfratted frenutiheftotacserface areaa t h

measurement. The methods used have been tested and employed successfully in prior



reseach (Schnaar and Brusseau, 2005; 2006a,b; Brusseau et al.,, 2006; 2087; 200
20009).

The total PCE surface are@as taken to be the total fluftlid interfacial area.
This is based on the assumption that all poimesgium grains are solvated by water.
Specific fluidfluid interfacial area (f\, cm®) was then calculated as thetio 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 flo@malized (or volumeormalized)
interfacial area (A as A = A/ dwh e rpds theé volumetric nowetting phase
saturation. The choice of:Allows the study of the effect of enhaneadubilization
solution introduction independent from the effects of changing saturation within the

column.

RESULTS AND DISCUSSION
Resuts

Each image in Figure 1 represents a-timensional slice of the column the x
y plane. Inspection of the images reveals that the three phases; organic liquid, agueous
solution, and porous medium grains are well defined and distinguishable. ©ligar
is distributed throughout the scanned interval with no apparent preferential accumulation
along the column walls. Images on the left in Figure 1 (column i) saml samplevith
a residual saturation of PCE, prior to the introduction of the emeldesmdubilization
solution. Residual organimuid saturations ranged from approximately39%. Images
on the right (column ii) show the sameysslice of the columns after three consecutive

enhancessolubilizationsolution floods of increasing concenioen.



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 wssegroce
independently to examine fluid morphology and distribution. Inspection of image sets
revealed that successive floods with DI water did not significaatfiect the
configuration of the organic liquid (Figure 1A). In addition, there was minimal vaniati
of the organic liquid surface areas and volurdmseach 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 evaluafectseo&f
flooding with enhancedolubilization 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 netwd. In addition, the volume and morphology of some of the
organicliquid blobs were different after flooding. The results of the six experiments
conducted with tween 80 as the floodingagent are summarized in Table Phe
experiments showed a reductionRCE 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 experimesats similar to that of the other
experiments. This suggests that thajority of the reduction in saturatieras caused by
mobilization.

The initial fluid-normalized interfacial area {Aand themean change in fluid

normalized interfacial areaDA;) are reported in Table for all experiments. For the



tween80-solution flooding experiments, the magnitude &A; varied among the
experiments but was generally small, not exceeding 10%. The experiment conducted with
no PCE in the aqueous solutionlgied similar results.

The change in PCE saturation was variable for the -Si&h8ionflooding
experiments. For two experiments (SDS1 and SDS3), the change isdd@B&tion was
greater than 30%For the other two experiments (SDS2 and SDS4), the chang€E
saturation was less than 5¥spection of the images showed that the distribution and
morphology changed considerably for many PCE biaball four experiments. Figure
1C shows the results of an SDS flooding experiment. Following the three ctwvesecu
SDS floods, the configuration ofNAPL blobs was changed considerablyor all
experiments, the magnitude ®A; increased with increasing solution concentration.
However, the total change in¢Aafter the three consecutive floods varied among
experimets, ranging from17% to 10%.

For the ethanol experiments, saturations decreased by at least 20% in most
experiments. For ethanol experiménta slight increase in orgariquid saturation was
observed. Inspection of the images showed that the orfigmid distribution in this
experiment changed considerably after ethanol introduction, despite the small change in
S.. In most ethanol experiments, blob and ganglia size were greatly reduced throughout
the imaged volume (Figure 1D). Fluibrmalized intefacial area was not significantly
affected in any of the expenents, 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



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 agait vari
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 orgdigaid distribution and the number of organic
liquid blobs was nearly identical. An HPCD experiment conducted without & PCE
saturated aqueous solution showed a decrease in saturation due to solubilizatien. Fluid
normalized interfacial area for this experiment chanigge less than 10%

The relationstp between total specific PGkater interfacial area (®) and
wetting-fluid saturation (§) for ESsolution flooding is presented in Figure Rny
decreasedinearly with increasing wettinduid saturation, consistent with the results of
previous studiege.g. Brusseau et al.2006; 2007; 2009 Narter and Brusseau, 2010;
Porter et al., 2000 The figure also includes data from experiments in which sequential
drainage and imbibition steps were conducted to obtainmeasurements at various
water saturation It is clear from the figure that the,AS, relationship is similar for
both water/organitiquid and ESsolution/organieliquid systemsThis suggests thahe
morphology of the organiiquid 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 non

wetting phase during enhanesdlubilization solution flooding are solubilization and



mobilization. Solubilization was minimal becausmost ES solutions used in this study
were saturated with PCE prior to injection. Thus, mobilization was the primary cause of
mas removal in this study. Tableshows the measured reduction in interfacial tension
caused by each of the solutions and thkwated total trapping number {N 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 sandsa&imilar median grain diameter.

As noted previously, studies have shown that a trapping number greater than
approximately 2 x 18 is required for mobilization of dense organic immiscible liquid in
sandy porous media (Pennell et al., 1994; Pennell.etl296; Boving et al., 1999;
Boving and Brusseau, 2000; Li et al., 2007). The only solution for which a total trapping
number of 2 x 18was not achieved for any of the solution concentrations was HPCD.
This is in agreement with the small calculatednges in PCE saturation for the HPCD
experiments. However, images from HPCD flooding experiments did show some changes
in the PCE configuration, suggesting that some degremodiilization did occur. For
each of the other enhaneedlubilization solutionsthe 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 f these solutions.

As discussed above, there was variation observed in the tondemiofDS, and
DA among the individual experimenisr 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 mamgpevalsestablished



procedures. Additionally, watdlooded columns showed excellent replication. It is
therefore wunlikely that image collection or processing procedures contributed
significantlyto the observed variation in results.

For a given ES sation, each experiment was conducted by injecting the same
volume and solution concentrations and used the same injection rate. Residual organic
liquid saturations were also established in a consistent manner. Nevertheless, residual
PCE saturations varietbetween 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 thegoate features of
the porous medium pacdkfluenced the residual saturation.

The possibility that initial (residual) nowwetting fluid saturation may have
affected the degree of change in +wetting fluid morphology and distributiomwas
exploredNo correlation was found between the InifflE saturation an@®S,. Figure 3
summarizes the change in fluigbrmalized interfacial area as a function of initial nhon
wetting fluid saturation for each of the enhansedlbilization solution flooding
experiments. There does not appear to be a stronglat@mn between the two variables.
This suggests that the initial nevetting fluid saturation did not have a significant effe
on the magnitude oDA:;. The A values reported herein (Tabl¢ @re similar to those
reported for organitiquid/water experirants conducted in the same porous medium by
Brusseau et al. (2009).

Given the relatively small sample size required by skoichn X-ray

microtomography, aepresentativeelementary volumenalysis should be considered.



Brusseau et al. (2008) found thtty the same porous medium, porosity, and volumetric
organicliquid content, organidiquid surfaceareato-volume ratio exhibited minimal
change for volumes greater than 30 tnAdditional studies have shown similar results
(Culligan etal, 2004; Constare-Robinson etal., 2011). All imaged volumes in the
current study were greater than 30 ¥nf@ne experiment Table 2 SDS eperiment4)
wasconducted using a larger diametefucon. The imaged volume for ithcolumn was
nearly five times larger than thosessociated 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 smadlermeter columns,
providing further evidence that REV requirementse met for all experiments.

For SDS and ethanol flooding experiments, orgdigicid saturation in some
columns changed only slightly yet images showed significant changes to morphology and
distribution of organidiquid blobs. Because only a subsample 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 freewlkére in the
column. Bridence of such redistribution of PCE was seen mesexperiments in which
organicliquid saturation in the imaged zone increased.

Studies of multphase flow in porous media with an entrapped-wetting phase
have shown that porgcale heterogeneities in porous medium properties anavatiimg
fluid distribution can cause flosdypassing that may result in nomiform contact
between the advective phase and the entrappedvatimg fluid (e.g. Imhoff et al

1995; Jeong and Corapcioglu, 200Bhus, the degree of mobilization may be influenced



by differences in the initial porous medium pack and orgdigieid 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 dianeter (Johns and Gladdeh999; Okamoto et al2001). Localized wetting

fluid velocities may therefore be higher or lower than the averagewmiss velocity.

In an effort to examing¢he effect of higher aqueous velocities on the entrapped
nonwetting fuid, two additional experiments were conducted using a 10% SDS solution.
One of these experiments was conductedgua smaHdiameter (0.5&m) columnwhile
the other used column with a diameter of 1&2n. Flow rates for these experiments were
approxinately 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-organic
liquid morphology and distribution (Figure 44). Many organidiquid blobs became
much smalleand more spherical than was observed at lowerwater 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 fludimalized interfacial area in
both experiments were measureablereatainedess than ten percent. Water flooding at
the sameflow rate did not significantly affect the orgasiquid distribution (Figure 4C).

The results of ESolutionflooding at high flow rates confirm that increases in
wetting-fluid velocity have the potential to enhance the effect of ES sokitionnon

wetting-fluid distribution and morphology. Thus, columspecific variations in the



velocity fields among experiments may have contributed to differences in the impact of
ES solution flooding. In addition, localized increases in wettinigl velocity mayhave
caused noswetting fluid mobilization even when the total trapping number, calculated
using the average poweater velocity, was less than 2 x “10This may explain
mobilization observed in experiments with lovteanexpected values ofN

As descibed 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 micromodelhus localized porscale mobilizationsuch as that
observed inimagesof HPCD flooding, might not contribute to bulk mobilization as
measured by monitoring the column effluent. Many mobilization studies have measured
changes in organiiquid saturation within a column by analyzing effluent samples or
using a gravimetric appach. In such cases, changes in saturation are averaged over the
entire porous medium. These studies therefore would not account fesqadeechanges

in fluid distribution and morphology such as those observed herein.

CONCLUSIONS

Synchrotron Xray micrdomography was used to measure fltlidd interfacial
area before and after flooding with increasing concentrations of four enhanced
solubilization solutionsThe results were compared to those obtained from equivalent
experiments conducted with water dlding. 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.



For experiments uh sufficiently large total trapping numbers, mobilization
caused significant changes to aweatting fluid distributions. However, mobilizion was
also observed in HPGBooding experiments in which Nwas smaller than that
previously shown to initiate Uk mobilization of residual newetting fluid. Local
variations in velocity likely caused poeseale mobilization of nomwetting fluid that may
have become rgapped elsewhere in the porous medium. Metting fluid that is re
trapped would not contribatto bulk mobilization and therefore would not be accounted
for through gravimetric or effluent analysis. Thus, the total trapping number threshold
required for porescale mobilization is likely smaller than that observed for bulk
mobilization in previoustudies.

The magnitude of the change in fluidrmalized interfacial area varied among
the experiments but was generally smadd\; remained less than 10% for most
experiments and did not exceed%or any of the experiments. Observed variation in
magnitudes ofDA; may be attributed to porgpecific velocity differences anflow-
bypassing influenced by poseale properties of theorous medium. The results suggest
that the presence of these enharmeeldbilization solutions does not have a significant
effect on fluidfluid interfacial area when nomvetting fluid saturation is taken into
account.

Specific noawetting fluid interfadal area increask linearly with decreasing
wettingphase saturatiomluring ESsolution flooding. The relationship between fluid
saturation and A, for ESsolution flooding was equivalent to that for water

imbibition/drainage experiments. These results maye implications for mathematical



models conceived to describe organic liquid rfass in the subsurface. Many models

rely on a massransfer coefficient that implicitly includes the effects of interfacial area
because interfacial area is not known @mr Thus a simple method for estimating
interfacial areas during enhanesalubilization 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 apglio enhancedolubilization solution systems.
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Table 1.Interfacial tensiorfs) and total trapping number for reagentutions

ESA solution s (dyn/cm) Nca Ng Nt
Water! 47 1.12E-06  3.36E-06 4.48E-06
80% eOH 2.49 2.28E-05  7.25E-05 9.53E-05
40% eOH 11.03 4.97E-06  1.62E-05 2.12E-05
20% eOH 12.91 4.17E-06  1.31E-05 1.72E-05
20% HPCD 19.45 1.00E-05  7.40E-06 1.74E-05
10% HPCD 20.7 7.14E-06  7.31E-06 1.44E-05
5% HPCD 22.01 5.99E-06  7.04E-06 1.30E-05
10% SDS 3.94 2.68E-05  3.93E-05 6.61E-05
5% SDS 4.02 1.31E-05  3.89E-05 5.20E-05
2.5% SDS 4.34 1.22E-05  3.62E-05 4.84E-05
8% tween 8.32 2.22E-04  1.88E-05 2.41E-04
4% tween 8.79 1.08E-04  1.79E-05 1.26E-04
2% tween 9.75 4.87E-05  1.62E-05 6.49E-05

's measurement from Pennell et al.

(1996)




Table 2. Results of flooding with enhanced solubilization agents.

_ 1 % Initial % Final Initial Average ¥%
reagent Experiment n s, s, A DA (Cl)
water 1 4 215 21.3 231 0.7 (0.3)
water 2 2 20.3 20.1 261 -0.6 (-)
water 3 2 9.8 9.8 318 0 (-)
water 4 2 20.2 20.4 234 0.7 ()
water 5 2 21.2 21.0 225 -3.2 (-)
tween 1 3 16.1 13.5 230 -1.1 (1.2
tween 2 3 19.1 15.1 236  -6.8 (3.7)
tween 3 3 39.1 15.7 235 1.0 (1.8)
tween 4 3 26.9 11.0 235 2.9 (6.6)
tween 5 3 24.8 16.8 218 -3.5 (1.0
tween® 6 3 12.5 9.8 215 -7.9 (1.9
SDS 1 3 11.4 6.7 212 -16.8 (4.1)
SDS 2 1 18.6 17.7 224 10.5 ()
SDS 3 3 33.9 17.1 247 -3.9 (5.6)
SDS 4 3 16.5 16.0 232 -1.3 (4.5)
eOH 1 3 25.6 11.7 246 -0.3 (4.1)
eOH 2 3 35.0 20.4 220 1.1 (3.2)
eOH 3 3 17.8 18.0 222 -0.4 (8.1)
eOH 4 3 22.2 17.2 234 -4.1 (4.7)
HPCD 1 3 11.6 11.6 196 2.1 (3.5)
HPCD 2 3 16.7 17.6 233 -2.4 (9.9)
HPCD 3 3 17.3 20.2 232 6.0 (0.9)
HPCD 4 3 23.2 23.5 224 -8.9 (11.8)
HPCD 5 3 25.8 23.5 218  -8.5 (4.0)

! The number of successive reagent injections into the coldmis defined as fluid
normalized non-wetting/wetting interfacial area (organic-liquid surface area/total
organic-liquid volume)’The average of the change from the initiaffér each of the r

injections (Cl = 95% confidence intenvalhe aqueous solution was not saturated
with PCE.



Figure Captions

Figure 1.Imaged columns are shown (i) prior to and (i) after flooding widivan
reagent; (A) water, (B)ween 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 (Aw) as afunction of wettingphase

satuation ().

Figure 3. The average change in fluibrmalized interfacial aredA;) for each column

as a function of initial organitquid saturation (§).

Figure 4.Imagesare shown (i) prior to and (ii) after flooding with a given reagent at high
velocity; (A) SDS(10% by wt.) in a largeliameter column(B) SDS(10% by wt.)in a

smaltdiametercolumn, and (C) déonized water.
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ABSTRACT

This study used synchrotron -pdy microtomography to directly quantify
characteristics of the nemetting phasen a natural porous mediumvhile varying the
total trapping number by more thtwreeorders of magnitude. The total trappingmher
was varied by changing the velocity and viscosity of the agueous phase as well as the
interfacial tension between fluid phaseetrachloroethene (PCE) was used as the model
nonwetting fluid. Water and aqueous solutions of two surfactaptdyoxyehylene
Sorbitan Monooleatétween80) and sodium dodecyl sulfate (SD®)re used as the
displacing aqueous phase. Mobilization of the entrappeenatting phase was observed
in most experiments for trapping numbers greater than approximately 1.2. X 1@
median volume of nowetting phase blobs generally decreased while the number of
individual nonwetting phase blobs increased with increasing trapping number. For
similar total trapping number flooding at larger velocities appeared to have a greater
effect on the distribution of newetting blobs than lowering interfacial tension or
increasing the viscosity of the wetting fluid. Finally, the fimdrmalized intefacial area

was generally independent of the total trapping number.



INTRODUCTION

The poential diplacement of a nemetting fluid during immisicble multiple
phase flow in porous media is of particular concern in many applications. For example,
the goal of carbon sequestration is to deliver and permanently trap tiweetiorg phase
(carbon dbxide) within a porousmedium matrix. At contaminated hazardous waste sites
and during enhanced oil recovery, a primabjective is to achieve complete recovery of
an entrapped newetting phase (e.g. oll).

Two processes that govern fluid behavior inlt,mphase systems are infghase
mass transfer (e.g., dissolution) and immisicible displacement. These processes are
mediated by the porscale configuration of the fluids and their distribution within the
porous mediumin turn, the porescale configurabn and distribution of a newetting
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 noswetting fluids, propertiesf the porous medium, and the velocity of the
advective phase. These properties are often combined into dimensionless variables such

as the capillary number @y and the bond number gN which can be defined as:

Y Q@
5 P U —
” wWe | — ” wWeEIlI —
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Hereqy is Darcy velocity, /g is dynamic viscositysow is the interfacial tensiork is the
intrinsic permeability of the mediunk;,, is the elative permeability of the aqueous
phase,Dr is the density difference between fluids, agds the contact angleThe
capillary number is the ratio of viscous forces to capillary forces while the bond number

represents the effect of buoyancy forceshasratio of gravity to capillary forces.



These two dimensionless parameters can be combined to evaluate the potential for
mobilization of the entrapped newvetting phase (e.gMorrow and Songkranl981
Patel and Greaved987 Pennell et al., 1994; Pesihet al., 1996; Dawson and Roberts

1997). For example, Pennell et al. (1996) defined a total trapping nkeas:

0 0 0 ¢0 0 OEI (3)
For vertical flow in the direction of the buoyanimyce, equation (Breduces to
0 O 0 8 (4)

A number of investigations have been conducted to determine the degree of non
wetting fluid mobilization under varying capillary number, bond number, or trapping
number. Mobilization is often characterized at the mswwpic scale by monitoring the
change in notwetting phase saturation within a porous mediwyg.(Taber, 1969;
Foster, 1973; Abrams, 1975; Pennell et al., 1993; 1994; 1996; Johns and Gi88&:n
Fu and Imhoff2002; Duffield et al., 2003; Jeong005 Chatzis, 2011 It is also useful
to characterize newetting fluid configuration during immiscibl multiplephase fluid
flow. Ovdat and Berkowitz (2006) found considerable variation in-wetting fluid
displacement patterns under gravity drainageo-dimensional micromodels have been
used to observe nemetting fluid configuration as a function of increasing capillary
number (Jeong et al.,, 2000; Jeong and Corapcioglu, 2003; Chatzis, 20t43$. and
Gladden (2000; 2001) measured meetting fluid interfaial area during displacement in
various glass bead media.number of investigationsave characterized changes in blob
size and distribution as a function of ingstng capillary and bond numbeising

mathematical modeling (Mahers et al., 19®gyatakasand Dias 1984; Lowry and



Mill er, 1995; Amili and Yorstos2006, 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 beemmlited by the techniques used to quantify ueetting
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 efflent analysis cannot account for pacale fluid variations. Because
local mobilization may occur without elution from the column, these studies may
undercharacterize mobilization.

Recent advances in imaging techniques such as synchrotremay X
microtomogaphy have allowed for the natestructive, irsitu measurement of pore
scale fluid properties in porous media systefegy. Al-Raoush and Willsgn2005;
Schnaar and Brussea2005; Culliganet al.,2006; Prodanovic et al. 0R6; Schnaar and
Brusseau 2006b; Brusseau etla 2008;Al-Raoush, 2009Brusseau et al., 2008arter
and Brusseaw2010) Brusseauwand colleagues (all pertinent) hawsed the technique to
examine the effect of porousedium properties on characteristics of residual-non
wetting fluid bodies and fluidluid interfacial area Al-Raoush (2009) described the
effect of porous medium wettability on characteristics of a residualwating fluid.
Culligan et al. (2006) observed a difference in residual saturations for two fluid pairs that
was attributed to differences in interfacial tensidvildenschild et al. (2011) showed
nonwetting fluid interfacial area to be influenced by interfacial tension, viscosity, and

flow rate for initial and residual saturations of carbon dioxide in a glead pack.



The current study usedynchrotron Xray microtomography to characterize
mobilization of a nofwetting fluid as a function of increasing total trapping numbex
naturd porous medium. The technique svaused to directly quantify the effects of
mobilization on norwetting fluid distribution and morphology.otal trapping number
was variedover several orders of magnitudy changing both viscous and capillary

forces.

MATERIALS AND METHODS
Materials

A commercially available natural sand (Accusdsimin Inc.) was used for this
study. The sand was wedbrted (uniformity coefficient equal to 1), with a median grain
diameter of 0.35 mm. Water and two surfactaRtdyoxyethylene Sorbitan Monooleate
(tween 80) and Sodium Dodecyl Sulfate D were ued as the wettingphase
Tetrachloroethene (PCE) was used as the model organic immiscible Tig@iBCE was
doped with iodobenzene %8 by volumeg to enhance contrast and allow for image
subtraction.The water and surfactant solutions were mixed witheqpinase PCE and
then left in contact withihe purephase PCE for several days to obtain a R&trated
mixture. This was done to prevent solubilizationtled organic liquidduring flooding.
The interfacial tension betwedACE and each enhanesdlubilization solution was
measured using a Fisher Scientific semiomatic tensiometer employing the du Nodly

ring method(Table 1)



Methods

The sand wapacked under a head of waiato thinwalled, X-ray transparent
columns constructed of aluminum, with almem fittings. The majority of columns used
in this study were 4.4 cm longith an outer diameter of 0.@m and an inner diameter
of 0.58 cm. To examine the potential impact of sample selectedexperiments were
conductedwith largerdiameter columnghat were 6.5 cm longvith an outer diameter of
1.25 cm and an inner diameter of 1.2 cm. Polypropylene porous frilis 0 por es ) we
placed on both ends of the column to promote uniform flow and retain the porous
medium.

For water displacement experimentise equivalentof approximatelytwo pore
volumes ¢1.0 ml or 5.0ml) of PCE were injected upward through tlatersaturated
column at a Darcy velocity of.8 cm/hrusing a syringe pump. Columns were sealed and
taken to the synchrotron facility where they wareged pror to water flooding PCE
saturations (§ ranged from 0.55 to 0.67 following water drainage. For water
displacement experiment®CEsaturated watewas injecteddownward through the
column atlow velocities such that trapping numbers ranged between piely 2 x
107 and 3 x 10. An image was captured and the resulting-n@tting fluid saturation
was considered to be the initial saturatior;)(®r these experiments. Columns were
subsequently flooded with PCaturated water at incrementally inseg flow rates
Images wereaptured immediately following each aqueqimse flood.

For surfactant displacement experiments, a residual saturation of organic liquid

was established in the columns following previously established procdéugeSchnaar



and Brusseau, 20P5The equivalent of 2.5 poneolumes of PCE was injected upward
through the watesaturated column at a Darcy velocity of 4.5 cm/hr using a syringe
pump. PCEsaturated water was then injected downward through the column at a Darcy
veloaty of approximately 19 cm/hr. The total trapping number for these water floods was
approximately 1.2 x 18 Columns were sealed and taken to the synchrotron facility
where they were imaged prior to flooding with particular enhancesblubilization
solution. This was considered the initial novetting fluid saturation (§ for the
surfactant experiments.

After the initial images were capturediol column was taken out of the imaging
hutch and flooded withpproximately two pore volumed a specific solutin at a given
concentration using a gdight syringe and syringe pump. Each flood was conducted at a
Darcy velocity of aproximately 19 cm/hr. Aotal of three floods were conducted for
each reagent and an image set was collected after each flood. Ecedssre flood used
a concentation of the enhancesblubilizationsolution 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 detted due to the difficulty in capturing and
guantifying the small volumes of organic liquid that were eluted. Gravimetric analysis
was not performed because organic liquid trapped in frits and in the colummakés
such analysis uncertain. Images weaptured only from a portion of the column due to
the time constraints associated with working at a national laboratory. Therefore, a

complete masbalance was not performed.



Synchroton X-ray Microtomography Imaging

Synchrotron Xray microtomography imagg was conducted at tt8SECARS
BM-13D beamline at the Advanced Photon Source (AR&)onne 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 APBy directing the
monochromatic Xray beam through the column, perpendicular to the longitudinal axis.
The transmitted Xays were converted to visible light with a singhystal scintillator,
and projected onto a mirror at a 45° incline to the incomeanb A photograph of the
image on the mirror was then captured with a high resolution-C&bera attached to a
microscope objective (5x). This image represents a dapggrated grayscale map of the
linear attenuation of the-Xay beam as it passed thrduipe column. After an image was
collected, the column was rotated 0.5° and the irs&ggisition process was repeated. A
total of 720 twedimensional images of each sample were collected in this manner. The
image resolution (pixel size) was approximatél) € m. The |l ength of
was approximately 5 mm. The set of tmnensional images collected for a given scan
were preprocessed and reconstructed with algorithms developed by Rivers (2003) to
build a single threelimensional image file from thievo-dimensional imagedata were
collected sequentially belownd above the iodine 4€dge (33169 and 33.269 keV) to
specifically resolve the organic liquid.

All images were collected from the centers of the columns, thus minimizing the
potential influewe of end effects. Analysis of the data sets indicated that REV

requirements were met for image volumes of approximateBthnt. These results are



similar to those reported in prior studies (Culligan et al., 2004; Brusseau et al,, 2008
CostanzaRobinsm 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 specificalgiaged for high
resolution Xray microtomography data (Ketcham, 2005). This technique has been
describedin detail elsewhere (e.g. Schnaand Brussegu2005. Once data processing
was complete, quantitative information was generated for each individyaieliquid
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 approximatélynid.
Surface area was calculated from the isosurface connectirgls 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 surfadé® methods used have
been tested and employed successfully in prior research (Scmadrusseau, 260
2006a,b; Brusseau et al., 2006; 2007; 2Q089).

The total surface area of the PCE was taken to be the totaletting/wetting
interfacial area. This is based on the assumption that all poted&im grains are
solvated by water. Swific nonwetting/wetting interfacial area ¢, cm’) 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 @amiesg experiments

or systemsit is usefll to characterize thdluid-normalized (or volum#&ormalized)



interfacial area (A as A = An/ dw h e ryds the volumetric nowetting phase

saturation.

RESULTS AND DISCUSSION
Results

Inspection of the images revealed that the three phasgsnic liquid, agueous
solution and porousnedium grainswere well defined and distinguishable. Organic
liquid was distributed throughout the scanned interval with no apparent preferential
accumulation along the column wallBor watefflooding experiments, therst flood
displaced 6378% of the PCE phase and resulted in initial-ne@tting saturations ¢J of
between 0.15 and 0.21. The; ®r the surfactanflooding experiments ranged from
approximately 0.11 to 0.34, with the majority between 0.16 and 0.19.

Figure 1 shows the normalized naretting fluid saturation ($S,) as a function
of the total trapping number. As flow rates were incrementally increased, water flooding
with Nt as high as 8.& 10’ changedorganic liquidsaturations by no more than one
percentfrom S,. When N-was increased to 2:010°, a change in PCE saturation was
observed in some of the columns. HowevetSgchanged by less than ten percent for all
data sets. Inspection of images showed that the morphology and distributiorEof PC
changed minimally compared to floodstatal trapping numbers that were an order of
magnitude lower. The Sor water flooding at N= 2.0 x 1¢ ranged from 0.15 to 0.20,
similar to the residual newetting saturations produced at similar total tragpimbers

for surfactantflooding experiments.



When totaltrapping numberdor both wateiflooding and surfactarftooding
experiments were increased to 1.2 X 40d beyondyalues of §S for several of the
experimentsegan to deviate significantlydm one, indicating that organic liquid was
mobilized. This value is slightly smaller than reported pmevious studies that have
shown the critical Nfor mobilizationof dense organic immiscible liquid sandy soil to
be approximately 2 x 18(Pennellet al., 1994Pennell et al., 1996; Boving et al., 1999;
Boving and Brusseau, 2000Qi et al., 2007. The magnitude of the change in organic
liquid saturationwas not uniform for allexperiments While S, decreased in several
experiments, organibquid sduration for others showed little change and the saturation
increased for two experiments. This wdsly caused byhe fact thaonly a subset of
eachporous medium was image@hanges in organic liquid distribution elsewhere in the
column were thereforenot accounted for. Additionally,osne organic liquid likely
migrated into the imaged zone from other areas of the colirevious studies have
suggested that large ganglia are the first to be mobilized and often break into smaller
blobs that become trapg by capillary forces in otheegionsof the porous medium
(Wardlaw and McKellar1985; Padgett and Hydet999; Jeong and Corapcioglu, 300
This phenomenon was observed in the current study for inaaxye sets wherein PCE
blobs became trapped in potéat 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

nonwetting fluid blobsm a particular image set normalized by the median volume of the



nonwetting fluid blobs comprising the initial saturation,fSor that experiment. Blob
volume did not show a significant trend fof &alues below 1.% 10°. For larger values

of Ny, median blob volume generally decreased asii¢reased. This observation agrees
with several previous studies that showed a decrease in blob length with increasing
capillary number (Mahers et al., 198ayatakas and Dia4984; Chatzis et al., 1983;
Chatzis ad Morrow, 1984; Wardlaw and McKellar, 198Mayer 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 ikigure 3 The normalied 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. fie number of blobs remained relatively unchanged\for
values that weréess tharl.2 x 10°. For Ny greater than this value, the number of blobs
generally increased with increasiiNy. The relative number of blobs increased much
more rapidly for experiments with higher velocities.

Further evidence of the effect of increasing velocity on blaypmology was
observed in two surfactaekperimens, SDS2 and SDS&igure 13). These experiments
were conductedunder the same conditions as other surfactant experiments but the
agueous phase was injectatda higher velocityThe column used for SDS geriment 2
was first subjected tohree consecutive floods of increasing SDS concentration. The
columm was then flooded again with1®% SDSsolution at a velocity 10 times faster

than the prior floods. SDS experiment 4 was conducted by flooding a cotumtairing



a PCE residual saturati with 2.5% SDS solutioat 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
and 4.4 x 10 and caused a significanhange in PCE morphology and distribution
relative tothe otherSDS experimentsFor example, mdian blob volume decreased
compared to SDS solution flooding at lower velocitigdditionally, the increase in the
number of organic liquid blobs following thes two flooding experimentsvas
approximately4-5 times larger tan that for flooding with SDS solution at lower
velocities.

A representative cumulative distribution of blob frequency versus volume is
shown inFigure4 for each displacing aqueous fluiduulative 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 smalleeaftooding for each of the experiments.

Fluid-normalized interfacial areas were calculatea each individual non
wettingphase blob and plotted as a function of blob volume for a representative data set
of each flooding agentF{gure 5). The resultsof the initial and final floods for each
experiment are shown. The fina} 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 alé®came smaller after flooding, as described
previously. Smaller blob volumes would lead to an increase in -flarthalized

interfacial area, while more spherical blobs would caude Aecrease.



Total fluid-normalized interfacial area is plotted agaitettl trapping number in
Figure 6. Adid 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 fluidnormalized interfacial area iresised by more than 25% for the water
flooding experiment conducted at the highest velocity, suggesting that high velocities
may have a significant impact on interfacial area. The increasewa®\likely caused by
the separation of the nametting fluid into smaller blobs. Johns and Gladden (2000) also
observed an increase in fluildiid interfacial area with higher agueepbase velocity
that they attributed to smaller nevetting fluid blobs. Surfactant flooding experiments

conducted at high velocitiehewed an increase in; Af between 78 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 componentsf &N+t. The properties of the three reagents used herein allow
for a comparison of the effects of interfacial tension, viscosity, and velooitgon
wetting-fluid distribution

Flooding with surfactant solutions significantly lowered the interfacial tensio
between PCE and the aqueous phase compared to flooding with Batéactant
flooding at flowo velocity (~19 cm/h) generallydecreased blob size yet the relative
number of blobs did not change significantjon-wetting fluid saturation also decreased
in most experiments. This suggests that mobilized fractions ofmettng fluid blobs

were sufficiently small so that capillary forces were overcome and the mobilized non



wetting fluid was displaced entirefiyom the imaged zone. Surfactant flooding geiigr
resulted in a decrease in saturation and blob size at lower trapping numbers than were
observed for water flooding.

The tweerB0 solution had a viscosity that was significantly higher than that of
the SDS solution with similar interfacial tensidrhis 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 twee30 flooding on the number of blobs or blob
size as compared to SDS solution floodifighis suggests that higher viscosity had
minimal effect on the newetting fluid distribution.

Waterflooding experiments were conducted to investigheedffect of increasing
velocity onnonwetting phase distributions.&lbcitiesin these experiments riad over
nearly six orders of magnitud€or sufficiently large N, increasing velocity caused a
decrease in blob size amadcorresponding increase in the number of bldlmsrwetting
phase saturation did not change appreciably for most water experimBistsuggests
that the separated blobs wéoe largefor capillary forcedo be overcoméy flooding. A
drop in noAwetting phase saturatidn a fewwater experimest(e.g., Water4, Figure 1)
indicatesthat sufficiently large velocities were able to mra nonwetting fluid from the
system. At largevalues of N theincrease in the number of nevetting phase blobs was
muchlarger thansurfactant flooding at low velocity but similar trapping numbers.

SDSsolutionflooding at high vedcities resultedn a significant decrease in blob
size as well as a large increase in the number ofweiting phase blobs. Therefore,

unlike surfactant flooding at low velocities, many separated blobs remained trapped in



the medium. These experiments resulted in a famy@ease in the number of blobs
compared to both water flooding and lewlocity surfactant flooding at similar trapping
numbers Thus,the combination of low interfacial tension and high velocity caused a

more significant effect on the nametting phaselistribution than high velocity alone.

CONCLUSIONS

The purpose of this work was to directly characterize -wetting fluid
mobilization in a natural porous medium as a function of increasing total trapping
number. Mobilization of residually trapped P@@As observed in most columns for total
trapping numbers of approximately 1.2 x™10This value was slightly lower than the
value reported in previous studies. Macroscopic measurements efetting fluid
displacement are unable to account for local ndtibn that results in the redistribution
of nonwetting fluid within the porous medium rather than complete displacement from
the medium. This may have caused previous studies to undercharacterize mobilization.
Synchrotron Xray microtomography has théstinct advantage of allowing for the direct
porescale visualization of fluid changes within the porous medium.

Nonwetting-fluid blob size generally decreased with increasing while the
number of distinct blobs increased. For similar values-gfthe number of nonwetting
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 irwmdting
fluid morphology and distribution, fluithormalized intefacial 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 synchrotnay Xnicrotomography



uniquely allowed for the direct measurement of pgade ron-wetting-fluid mobilization
for a wide range of total trapping numbers. The results of this study may have
implications for the improved prediction of nevetting fluid behavior during muki

phase flow in porous media systems.
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Table 1 Flooding agent propertids = interfacial tensionr= viscosity,r =

density]
Flooding Agent s (dyn/cm) m(P) r (glem?®)
Water? 47 0.0091 0.997
10% SDS 3.94 0.02 1.012
5% SDS 4.02 0.01 1.006
2.5% SDS 4.34 0.01 1.003
8% tween 80 8.32 0.35 1.0048
4% tween 80 8.79 0.18 1.0024
2% tween 80 9.75 0.09 1.0012

'Measurements take from Pennell et al. (1996)




Figure Captions

Figure 1.Normalzed norwetting fluid saturation ($S) as a function of total trapping

number (N).

Figure 2.Normalized median blob volume as a function of total trapping numbgr (N

Figure 3. Normalized number of distinct nemetting fluid blobs as a function of @it

trapping number (N.

Figure 4.Cumulative distribution of the number of naretting fluid blobs ofa given
volume for (a) a wateflooding experiment, (b) an SDSolutionflooding experiment,

and (c) a twee0-solution flooding experiment.

Figure 5.Fluid-normalized interfacial area versus volume for each individuawwetting
phase blob for (a) a watliooding experiment, (b) an SDSolutionflooding experiment,
and (c) a twee0-solution flooding experiment. Solid lines represent the {luid

normalzed interfacial area for a perfect sphere of equivalent volume.

Figure 6. Fluid-normalizedtotal interfacial area (A as a function of total trapping

number (N).
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