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EPIGRAM
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a hundred pure oceans will flow forth.
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-Thirteenth century Sufi poet Mahmud Shabestari



6

TABLE OF CONTENTS

LIST OF TABLES.............................................................................................................10

LIST OF FIGURES............................................................................................................11

ABSTRACT.......................................................................................................................12

CHAPTER I: INTRODUCTION.......................................................................................14

    Research Problem..........................................................................................................14

    Review of the Literature................................................................................................17

        Conceptual Models of Immiscible Liquid Entrapment..............................................17
        Pore-Scale Characterization of Immiscible Fluids Residing in Porous Media..........20
        Blob Casting Experiments.........................................................................................21
        Two-Dimensional Micromodels................................................................................24
        Three-Dimensional Imaging Studies..........................................................................29
        Other Methods for Determination of Interfacial Area...............................................34
        Summary and Research Needs...................................................................................36

    Explanation of Dissertation Format...............................................................................38

CHAPTER II: PRESENT STUDY....................................................................................39

    Materials and Methods...................................................................................................39

    Summary of Results.......................................................................................................40

    Comparison to Previous Studies....................................................................................43

    Implications....................................................................................................................46

REFERENCES..................................................................................................................54

APPENDIX A: OVERVIEW AND UNCERTAINTY ANALYSIS OF THREE-                 
DIMENSIONAL IMAGE ARRAY ACQUISITION AND PROCESSING.................59

    Acquisition of Two-Dimensional Depth Integrated Images..........................................60

    Image Processing and Analysis......................................................................................62



7

TABLE OF CONTENTS, continued

    Uncertainty Analysis of Image Processing....................................................................64

        Total Imaged Volume (Representative Elementary Volume)....................................65
        Degree of Median Smoothing....................................................................................65
        Threshold Value for Phase Separation.......................................................................66
        Image Resolution.......................................................................................................67
        Reproducibility...........................................................................................................68
        Impact of Cesium Chloride Dopant...........................................................................69

    Summary........................................................................................................................70

    References......................................................................................................................71

APPENDIX B: PORE-SCALE CHARACTERIZATION OF ORGANIC 
IMMISCIBLE-LIQUID MORPHOLOGY IN NATURAL POROUS 
MEDIA USING SYNCHROTRON X-RAY MICROTOMOGRAPHY......................83

    ABSTRACT...................................................................................................................84

    INTRODUCTION..........................................................................................................85

    MATERIALS AND METHODS...................................................................................87

        Materials....................................................................................................................87
        Establishment of Organic Liquid Saturation..............................................................88
        Synchrotron X-ray Microtomography and Data Processing......................................90
        Image Processing and Analysis..................................................................................91

    RESULTS AND DISCUSSION....................................................................................94

        Qualitative Analysis...................................................................................................94
        Quantifying Size-Distribution and Morphology of Organic-Liquid Blobs................95
        Comparison to Prior Studies......................................................................................99
        Implications..............................................................................................................100

    ACKNOWLEDGMENTS...........................................................................................102

    REFERENCES............................................................................................................103



8

TABLE OF CONTENTS, continued

APPENDIX C: CHARACTERIZING PORE-SCALE CONFIGURATION OF        
ORGANIC IMMISCIBLE LIQUID IN MULTI-PHASE SYSTEMS WITH               
SYNCHROTRON X-RAY MICROTOMOGRAPHY...............................................116

    ABSTRACT.................................................................................................................117

    INTRODUCTION........................................................................................................118

    MATERIALS AND METHODS.................................................................................119

        Materials..................................................................................................................119
        Establishment and Determination of Organic Liquid Saturation.............................120
        Synchrotron X-ray Microtomography......................................................................122
        Image Processing and Analysis................................................................................123

    RESULTS AND DISCUSSION..................................................................................125

        Fluid Volumes and Distributions.............................................................................125
        Quantification of Organic-Liquid Blob-Size Distribution and Morphology...........128

    SUMMARY.................................................................................................................131

    ACKNOWLEDGMENTS...........................................................................................132

    REFERENCES............................................................................................................133

APPENDIX D: CHARACTERIZING PORE-SCALE DISSOLUTION OF 
ORGANIC IMMISCIBLE LIQUID IN NATURAL POROUS MEDIA 
USING SYNCHROTRON X-RAY MICROTOMOGRAPHY..................................144

    ABSTRACT.................................................................................................................145

    INTRODUCTION........................................................................................................146

    MATERIALS AND METHODS.................................................................................147

        Materials..................................................................................................................147 
       Establishment of Organic-Liquid Saturation and Column Flushing........................148
        Synchrotron X-ray Microtomography and Data Processing....................................149



9

TABLE OF CONTENTS, continued

    RESULTS AND DISCUSSION..................................................................................151

        Qualitative Analysis.................................................................................................151
        Quantifying Changes in Size Distributions and Morphology of Organic-Liquid 
            Blobs....................................................................................................................155
        Analysis of Effluent Concentration Data.................................................................159
        Implications..............................................................................................................162

    ACKNOWLEDGMENTS...........................................................................................163

    REFERENCES............................................................................................................164

APPENDIX E: COMPARING IMMISCIBLE-FLUID CONFIGURATION 
AND INTERFACIAL AREAS FOR ORGANIC LIQUID-WATER, AIR-
WATER AND AIR-ORGANIC LIQUID SYSTEMS IN POROUS MEDIA............176

    ABSTRACT.................................................................................................................177

    INTRODUCTION........................................................................................................178

    MATERIALS AND METHODS.................................................................................179
        Materials..................................................................................................................179
        Establishment of Fluid Saturations..........................................................................180

            Organic Liquid-Water Systems............................................................................181
            Air-Water Systems...............................................................................................181
            Air-Organic Liquid Systems................................................................................182
        Synchrotron X-ray Microtomography and Data Processing....................................182

    RESULTS AND DISCUSSION..................................................................................183

        Fluid Configurations................................................................................................183
        Wetting-Nonwetting Phase Interfacial Areas...........................................................187
        Implications..............................................................................................................190

    ACKNOWLEDGMENTS...........................................................................................191

    REFERENCES............................................................................................................192



10

LIST OF TABLES

Table 2.1, Interfacial area values compiled from the literature.........................................49



11

LIST OF FIGURES

Figure 2.1, Organic liquid surface area-to-volume ratio as a function of grain size for 
three-dimensional imaging studies ...............................................................................52

Figure 2.2, Nonwetting phase surface area-to-volume ratios compiled from the
literature.........................................................................................................................53



12

ABSTRACT

The objective of this study was to characterize the pore-scale morphology of organic

immiscible liquid residing within natural porous media.  Synchrotron X-ray

microtomography was used to obtain high-resolution, three-dimensional images of solid and

liquid phases in packed columns.  The image data were processed to generate quantitative

measurements of organic-liquid blob morphology and organic liquid-water interfacial area.

Five porous media comprising a range of median grain-sizes and grain-size distributions

were used to evaluate the impact of porous-medium texture on organic-liquid blob

morphology.  The sizes and shapes of the organic-liquid blobs varied greatly, ranging from

small spherical singlets to large, amorphous ganglia.  The majority of the total organic-liquid

surface area and volume was associated with the largest blobs.  The distribution of blob sizes

was greatest for the porous medium with the broadest particle-size and pore-size

distributions.  Organic-liquid blob morphology was additionally compared in two-phase

(organic liquid-water) and three-phase (organic liquid-air-water) systems.  In the three-phase

systems, lenses and films of organic-liquid were observed in contact with air.  Lenses were

not observed in the two-phase systems.  The presence of organic-liquid lenses and films

resulted in larger surface area-to-volume ratios.  The impact of dissolution on organic-liquid

configuration and interfacial areas in two-phase systems was assessed.  Organic-liquid blobs

decreased in size and number as the columns were flushed.  Separation of large multi-pore

ganglia into distinct units was observed.  Decrease in interfacial area correlated well with the

decrease in organic-liquid volume.  A one-dimensional first-order mass transfer expression
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was able to match effluent concentrations reasonably well with a single value of the mass

transfer coefficient.  In the final component of the study, immiscible-fluid configuration and

interfacial areas were compared among organic liquid-water, air-water and air-organic liquid

systems for two porous media.  For both porous media, the nonwetting-phase configuration

and interfacial areas were similar for the three two-fluid pair systems.  This indicates that

nonwetting phase configuration and wetting-nonwetting phase interfacial area are similar

irrespective of the specific fluid pair.  Properties of the porous medium appear to have a

greater influence on the magnitude of specific total interfacial area for a given saturation than

fluid properties or wetting-phase history. 
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CHAPTER I:  INTRODUCTION

Research Problem

When present in the subsurface, water-immiscible organic liquids (e.g., chlorinated

solvents, fuel products) are a long-term source of soil and groundwater contamination.

Organic liquids are the primary contaminant at an overwhelming number of waste-

contaminated sites worldwide.  For example, chlorinated solvents alone are the primary

contaminant at 30 of 34 state and 13 of 14 federal Superfund sites in the state of Arizona.

When present in the aqueous phase, these liquids pose a health threat at extremely low

concentrations (<10 :g/L).  Currently, there is a need for improved methods for

characterization, risk-assessment, and remediation of organic-liquid contaminated sites.  This

has been recognized recently in several governmental agency reports (e.g., NRC, 2000;

ITRC, 2002).

Organic liquids typically enter the subsurface by infiltration from waste-disposal pits

or leaky underground storage tanks.  Influenced by gravity, liquid-mass moves vertically

downward through the vadose zone.  If present in sufficient volume, organic liquid will reach

the groundwater capillary fringe or water table (Mercer and Cohen, 1990).  Organic liquids

denser than water (e.g., chlorinated solvents) will continue to move downward through the

saturated zone.  Light organic-liquids (e.g., fuel products) are typically present at the water

table surface and throughout the capillary fringe.  Isolated organic-liquid bodies (i.e., blobs)

are often present in regions of the vadose and saturated zones that the organic liquid has
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traversed.  These organic-liquid blobs serve as a long-term source of contaminant mass to

the gaseous and aqueous phases which with they are in contact. 

Research associated with these systems ranges from the pore-scale to the field-scale.

Field-scale research has focused on development of remediation and site-characterization

technologies (e.g., Stroo et al., 2003; Soga et al., 2004).  Intermediate-scale studies have been

used to investigate relevant mass-transfer processes in a well controlled setting (e.g., Powers

et al., 1992, 1994; Brusseau et al., 2002; Johnson et al., 2003), as well as to develop potential

field-scale technologies (e.g., Oostrom et al., 2006).  The aim of pore-scale research has been

to gain a better understanding of immiscible-liquid displacement and mass-transfer behavior

for the improvement of conceptual and mathematical models.

In the saturated zone, organic-liquid dissolution is the single most important mass-

transfer process influencing risk assessment and remediation.  Several standard remediation

technologies are constrained by organic-liquid dissolution (e.g., pump-and-treat,

biodegradation).  At organic-liquid contaminated sites, aqueous-phase concentrations are

often observed to be much lower than predictions based on equilibrium solubility (e.g.

Mackay et al., 1985; Mercer and Cohen, 1990).  Explanations for this include rate-limited

mass transfer and physical bypassing of entrapped organic liquid by the flowing aqueous

phase (e.g., Powers et al., 1992; Brusseau et al., 2002).  

Dissolution of organic liquid has been described mathematically by a first-order mass

transfer equation (i.e., linear driving-force model):
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[1]

where Do is the density of the organic liquid, 2o is the volumetric organic-liquid content, t is

time, K is the lumped mass-transfer coefficient, C is the aqueous concentration, and Cs is the

aqueous solubility.  The mass-transfer coefficient (K) is recognized to incorporate the organic

liquid-water interfacial area and a mass-transfer rate coefficient (k).  As organic liquid

dissolves, interfacial area decreases, resulting in decreased mass-transfer rates.  Several

empirical models have been proposed to predict the change in the mass-transfer coefficient

based on the decrease in 2o (e.g., Powers et al., 1994).  These models implicitly assume a

relationship between the magnitudes of 2o and organic liquid-water interfacial area.

As described below, the goal of pore-scale research is often to improve our ability to

describe organic-liquid dissolution mathematically.  To this purpose, pore-scale studies can

potentially answer several questions related to dissolution.  For example, pore-scale research

can give insight to the rate-limiting step in dissolution (e.g., interphase mass-transfer versus

physical bypassing).  Representative values of the organic liquid-water interfacial area can

be determined and related to fluid and porous medium properties.  The extent of changes in

the interfacial area during dissolution can be assessed.  The validity of relationships between

changes in interfacial area and organic-liquid saturation can be tested.  Lastly, the ability of

the linear driving-force model to adequately describe dissolution can be examined.  This

information can then be used to improve mathematical descriptions of dissolution in

)( s
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intermediate and field-scale systems.  Analogous studies can examine organic-liquid

evaporation and volatilization into the gas phase (i.e., for vadose-zone systems).

The current study used a newly available three-dimensional imaging technique to

observe the configuration of immiscible fluids at the pore scale in natural porous media.  The

objectives of the study were: 1.) To characterize the morphology and interfacial area of

organic liquid in two-phase (organic liquid-water) and three-phase (organic liquid-air-water)

porous media systems as influenced by properties of the porous medium; 2.) To observe

dissolution-induced changes in morphology and interfacial area of organic-liquid blobs; and

3.) To determine the relative influence of fluid-fluid and porous medium properties on the

configuration and interfacial areas of nonwetting-phase blobs in two-phase porous media

systems.

Review of the Literature

Conceptual Models of Immiscible-Liquid Entrapment

The studies described within this dissertation primarily focus on the morphology and

distribution of water and immiscible organic liquids entrapped in water-wetting porous

media.  Residual saturation of the organic immiscible-liquid is typically established in two

steps: first, a water-saturated porous medium is flooded with organic-liquid; second, water

is re-introduced and flushed through the porous media until all free-flowing organic-liquid

is displaced.  At this point, the organic-liquid remaining in the porous-medium system is

essentially entrapped.  This section will briefly explain the pore-scale phenomena associated
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with each step of organic-liquid entrapment.

In a two fluid-phase system, the capillary pressure is defined as the difference

between the nonwetting and wetting fluid pressures.  In a cylindrical pore, the capillary

pressure is given by Laplace’s equation:

[2]
r

Pc

θσ cos2=

where F is the nonwetting-wetting fluid interfacial tension, 2 is the contact-angle measured

into the water at the fluid-solid interface, and r is the radius of the pore.  In order for an

organic liquid to enter a water-filled (water-wetting) pore, the organic liquid pressure head

must exceed the resistance of capillary forces holding water within the pore.  This capillary

pressure is known as the threshold or displacement entry pressure, and can be estimated as

an equivalent head of wetting fluid by the following equation (Mercer and Cohen, 1990):

[3]
gr

h
w

c ρ
θσ cos2=

where hc is the capillary rise of the wetting fluid, Dw is the density of the wetting fluid, and

g is the gravitational constant.  It is apparent from this expression that the displacement entry

pressure is inversely related to the radius of the pore.  Therefore, in a porous medium system

comprised of a range of pore sizes, nonwetting fluid will preferentially enter the larger pores.
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After organic liquid has entered a pore, it may become entrapped.  Organic-liquid

entrapment has been traditionally explained with two mechanisms: ‘snap-off’ and

‘bypassing.’  The snap-off model involves displacement of a nonwetting-fluid by a wetting-

fluid in a capillary tube of variable diameter (e.g., Roof, 1970; Chatzis et al., 1983).  A

theoretical description of snap-off was given by Roof (1970).  In order for snap-off to occur,

there must be narrow sections of the capillary tube, which are termed pore ‘throats’ or

‘constrictions,’ and wider regions termed pore ‘bodies.’  As nonwetting fluid passes through

a capillary tube initially filled with wetting fluid, it must first overcome the greater

displacement entry pressure in the pore throat before entering the pore body.  As the

nonwetting fluid continues to move into the pore body, it may reach a point wherein its

capillary pressure is less in the pore body than in the downgradient pore throat (due to the

greater radius of the pore body).  At this point the nonwetting fluid is unstable and may

disconnect due to snap-off in the constriction.  For snap-off to occur, wetting fluid must be

able to invade the constriction.  Snap-off therefore may be induced by re-introduction of the

wetting phase (e.g., during wetting-phase imbibition).  For the same reason, snap-off may be

more likely in irregularly shaped capillary tubes or pores (Roof, 1970).  Snap-off is also more

likely in high aspect-ratio pore systems (the ratio of the pore-body to pore-throat size).  Once

snap-off has occurred the disconnected nonwetting blob remaining in the pore body may not

have the necessary head to overcome the displacement entry pressure of the neighboring pore

throats and is therefore entrapped.

The bypassing mechanism considers nonwetting fluid entrapment in a system of
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interconnected pores.  For example, the pore-doublet model consists of a capillary tube that

separates into two tubes and then rejoins.  Chastiz et al. (1983) provide a detailed description

of the bypassing mechanism in terms of the pore-doublet model.  These authors consider a

pore-doublet model in which one of the tube separations is narrower than the other and both

are initially filled with nonwetting fluid.  If wetting fluid is introduced into the doublet

model, it will preferentially fill the smaller tube due to the greater capillary pressure.  When

the nonwetting phase in the narrower tube is completely displaced, a wetting-nonwetting

phase interface may develop at the downstream end of the larger pore.  At that point, the

nonwetting fluid is bypassed by the wetting fluid.  Continued flow of the wetting fluid will

occur within the narrower tube and the nonwetting blob in the larger tube will be entrapped.

The bypassing mechanism can be extended to describe entrapment in increasingly complex

geometries.  Bypassing is typically used to explain organic-liquid ganglia entrapped in an

array of large pores surrounded by smaller pores (e.g., Mercer and Cohen, 1990; Powers et

al., 1992).  Bypassing is more likely to occur in porous media with a wide range of pore

sizes.  In addition, bypassing is favored in high aspect-ratio pores, similar to the snap-off

mechanism.

Pore-Scale Characterization of Immiscible Fluids Residing in Porous Media

Several methodologies have been used to investigate the pore-scale configuration of

immiscible fluids in porous media.  Blob casting using liquids such as styrene have been

used successfully to examine the influence of porous-medium properties on the size and
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shape of immiscible-liquid blobs in porous media.  Two-dimensional micromodels and three-

dimensional imaging of packed columns have been used to examine  pore-scale displacement

and dissolution processes.  Indirect methods, such as use of interfacial partitioning tracers,

have been used to estimate pore-scale characteristics such as wetting-nonwetting phase

interfacial area.  Several studies have employed theoretical and numerical techniques to

simulate nonwetting-phase displacement, entrapment and dissolution at the pore-scale.  A

review of the relevant experimental studies using direct techniques to observe organic-liquid

configuration and interfacial areas is presented here.  A brief description of other techniques

used for estimation of organic liquid-water interfacial area is presented.  Values of organic

liquid-water interfacial areas obtained from the studies described here are compared in

Chapter II.

Blob Casting Experiments

Early studies of the pore-scale configuration of organic-liquid blobs in porous media

involved solidification of water-immiscible liquids entrapped in packed columns.  Styrene

monomer was the organic liquid primarily used in these studies (e.g., Morrow and Chatzis,

1982; Chatzis et al., 1983;  Wardlaw and McKellar, 1985; Conrad et al., 1992; Mayer and

Miller, 1992; Powers et al., 1992).  Blob-casting experiments have been conducted in a

variety of porous media, including consolidated sandstone and limestone (e.g., Craze 1950,

Chatzis et al., 1983; Morrow and Chatzis, 1982), glass-beads (e.g., Robinson et al., 1962;

Mayer and Miller, 1992), and natural aquifer sands (e.g., Craze 1950; Conrad et al., 1992;



22

Powers et al., 1992).  After residual saturation of liquid styrene had been established,

polymerization was induced by changes in temperature and/or pressure (e.g., Powers et al.,

1992) or (-irradiation (Mayer and Miller, 1992).  Solidified styrene casts were then separated

from the porous medium by dissolution of the porous medium grains in an acid solution and

in some cases density fractionation.  Visual inspection of the blobs, including

photomicrographs obtained with scanning-electron-microscopy, has been used to

qualitatively assess blob morphology and the number of pore bodies associated with each

blob.  Automated image analysis was used in some cases to obtain blob-size distributions

(e.g., Morrow and Chatzis, 1982).  Blob size distributions were assessed in several studies

using sieve analysis (e.g., Mayer and Miller, 1992; Powers et al., 1992).

Blob-casting experiments can provide quantitative information on blob size and

qualitative or semi-quantitative information on blob morphology.  In addition, blob-casting

can be used in complex, heterogeneous porous media (e.g., Powers et al., 1992).  However,

styrene shrinks upon polymerization by as much as 17% (Mayer and Miller, 1992; Powers

et al., 1992).  Therefore, the blob-size distributions from solid-cast blobs are not an absolute

reflection of the styrene-liquid blobs prior to polymerization.  Conrad et al. (1992) also report

difficulty with image or sieve analysis of styrene-cast blobs due to their fragility.  The

authors report that several of the larger blobs in their study broke into several pieces when

handled.  They suggest that blob-cast breakage may have occurred in previous studies and

that this may have biased size-distribution results.  Carbon dioxide gas may be evolved

during the polymerization procedure, falsely influencing the size and shape of solidified
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blobs (McKellar and Wardlaw, 1988).  Additionally, unlike some of the more recent imaging

techniques that have been used to study immiscible-fluid distributions, blob-casting cannot

be used to readily measure surface and interfacial areas.  Another limitation of the blob-

casting method is that it can only be used to gain a single snapshot of the configuration of

organic-liquid blobs.  Therefore, blob-casting cannot be used to examine dynamic pore-scale

phenomena, such as organic-liquid mobilization and dissolution.

Despite these limitations, blob-casting experiments have provided consistent results

on the  size and morphology of organic-liquid blobs at residual saturation.  Perhaps the first

direct observation of the morphology of organic-liquid blobs entrapped in porous media was

made using blob-casting (Craze, 1950).  Craze observed that residual oil entrapped in both

limestone and unconsolidated sand “existed in the pores not as discrete droplets or spheres,

but as irregularly shaped blobs interconnected by tortuous links.”  Later authors classified

several types of blob morphology based on the number of pore-bodies the blob appeared to

have occupied.  Blobs that occupy a single pore body have been termed singlets, blobs that

occupy two pore bodies have been termed doublets, and so on (e.g., Larson et al., 1981).

Singlet blobs have been observed to be highly spherical, doublets are ‘dumbbell’ shaped due

to the thin bridge joining two spherical bodies, and large multi-pore ganglia are highly

irregular in shape.  Singlets have been observed to account for approximately 60%  of the

total number of blobs, large multi-pore ganglia approximately 15%, with the remainder of

blobs comprised of doublets and triplets (Robinson et al., 1962; Morrow and Chastiz, 1982).

Although few in number, large-multi pore ganglia accounted for the majority of blob volume,
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as noted by several authors (e.g., Morrow and Chatzis, 1982; Chatzis et al., 1983; Conrad et

al., 1992).

Several blob-casting studies focused on relating blob-size distributions to grain-size

or pore-size distributions of the porous medium (e.g., Mayer and Miller, 1992; Powers et al.,

1992).  Median blob size was positively correlated with grain or pore-size diameter in studies

employing porous media of different median grain size (e.g., Craze, 1950; Mayer and Miller,

1992; Powers et al., 1992).  Singlet blobs were often observed to be very similar in length

to the median pore-radius of the porous medium (e.g., Mayer and Miller, 1992).  Powers et

al. (1992) observed that the size of the largest multi-pore ganglia increased with increasing

porous medium grain size.  These authors additionally observed that blobs entrapped in

poorly sorted media had a broader range in size and morphology.  Relative size of the largest

blobs increased with increasing porous media uniformity coefficient.  The authors concluded

that this was due to the greater frequency of large multi-pore blob entrapment in poorly

sorted media due to the bypass mechanism.

Two-Dimensional Micromodels

Two-dimensional micromodels have been used to examine organic-liquid entrapment

and dissolution.  Micromodels that have been used include two plates of etched glass, fused

together (e.g., Morrow and Chastiz, 1982; Conrad et al., 1992; Jia et al., 1999), a monolayer

of glass beads held between two glass plates (e.g., Mayer and Miller, 1993; Kennedy and

Lennox, 1997) and etched silicon wafers (Chomsurin and Werth, 2003).  Image analysis of
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photographs of the micromodel can be used to observed the size, distribution and

morphology of organic-liquid blobs.  Micromodels provide a convenient apparatus to observe

organic-liquid blobs in-situ within a porous medium.  In the case of etched-glass and silicon

micromodels, the pore network can be varied to observe the effect of pore size, aspect-ratio

and arrangement on organic-liquid entrapment and subsequent dissolution.  Two-dimensional

micromodels however have obvious limitations for characterizing three-dimensional

immiscible-liquid distributions.  The impact of the simplified two-dimensional geometry of

the micromodel on observed results is difficult to assess.

Two-dimensional micromodels have been used to observe the configuration of

organic-liquid blobs at residual saturation (e.g., Morrow and Chastiz, 1982; Chastiz et al.,

1983; Conrad et al., 1992; Mayer and Miller, 1993).  Morrow and Chastiz (1982) and Chastiz

et al. (1983) observed that the size and morphology of organic-liquid blobs was primarily a

function of pore aspect-ratio and arrangement.  Singlet blobs occurred most frequently in

high aspect-ratio pore systems, whereas branched ganglia were more common in low aspect-

ratio pores and in large pores surrounded by small pores.  These observations were consistent

with the theoretical considerations of snap-off and bypassing.  The mean size of entrapped

blobs was observed to have a weak inverse correlation to the velocity of water used to

displace the organic liquid (represented by the capillary number, Ca = (:wv)/F, where :w is

the viscosity of the aqueous phase) in studies by Mayer and Miller (1993).  These authors

observed that the length of blobs varied over two orders of magnitude,  and the ratio of mean

blob length to particle diameter was approximately three.  However, consistent with blob-
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casting studies, the authors observed that the majority of the organic-liquid volume was

associated with extremely large blobs (lengths at least twenty times the particle diameter).

Micromodels have additionally been used to observe dissolution of organic-liquid

blobs into a flowing aqueous phase (e.g., Kennedy and Lennox, 1997; Jia et al., 1999;

Sahloul et al., 2002; Chomsurin and Werth, 2003).  The objective of these studies has been

to observe dissolution-induced changes in organic-liquid blob size and morphology, and

organic liquid-water interfacial area.  For example, Sahloul et al. (2002) used etched glass

micromodels to observe the dissolution progress of individual doublet blobs.  As dissolution

progressed, the authors observed the separation of the doublet into two distinct units.

Separation occurred at the doublets’ narrow bridge residing in the pore throat.  After

separation, the organic-liquid mass formerly associated with the bridge retracted into the

larger pore body.  Dissolution of the resulting two singlet blobs occurred sequentially, with

the blob residing upgradient dissolving first.  This is expected in that dissolution of the

upgradient blob would result in organic-liquid mass in the aqueous phase, therefore

decreasing the driving force for dissolution of the downgradient blob.

As discussed above, the organic liquid-water interfacial area is an important

parameter in modeling of organic-liquid dissolution.  Intermediate-scale experimental studies

have focused on changes in the mass-transfer rate coefficient, K, during dissolution (see Eq

1).  It has been assumed that changes in K are caused by changes in the organic liquid-water

interfacial area (e.g., Powers et al., 1994), and that the underlying mass-transfer coefficient,

k, is constant.  Two and three-dimensional pore-scale imaging studies allow for in-situ
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measurements of interfacial areas during dissolution.  Values of the effluent aqueous-phase

organic-liquid concentration and organic liquid-water interfacial area measured

simultaneously allow for determination of the mass-transfer coefficient, k.  Several two-

dimensional micromodel imaging studies have focused on determination of k during organic-

liquid dissolution (e.g., Kennedy and Lennox, 1997; Chomsurin and Werth, 2003).

Kennedy and Lennox (1997) observed dissolution of organic-liquid blobs in a

micromodel consisting of a monolayer of glass beads between two glass plates.  In addition

to being two-dimensional, the experimental system was simplified in other ways: only two

specific blob morphologies were considered, spherical blobs and pendular rings, and only the

blobs most upgradient were considered (so as to avoid changes in the dissolution driving

force caused by dissolution of upgradient blobs).  The authors determined values of k as a

function of time and flushing velocity.  It was observed that k was constant in time for

dissolving spheres, and decreased for pendular rings.  The latter behavior was attributed to

a lengthening of the diffusion length scale due to blob shrinkage during dissolution.  Despite

the relative simplicity of the experimental methodology, plots of the mass-transfer coefficient

versus flushing velocity (represented by the Reynold’s number, Re = (Dwqd50)/:w where q is

the Darcy velocity, d50 is the porous medium grain diameter and :w is the viscosity of water)

were highly scattered.  Values of k for different blobs at a certain Re varied by a factor of

three for pendular rings and by a factor of two for spherical blobs.  This scatter was attributed

to variability of the pore-scale velocity field of the aqueous phase.  Blobs in proximity to

low-flow zones (i.e., deadend pores) are expected to exhibit slower dissolution kinetics and



28

therefore smaller values of k.  However, the velocity field was not characterized in this study,

and therefore the system-scale velocity was used in k versus Re plots and did not reflect pore-

scale variability.

In a similar study, Chomsurin and Werth (2003) observed dissolution of organic-

liquid blobs in etched silicon-wafer micromodels.  Two micromodels were designed, one to

reflect a homogenous porous medium, and another a heterogeneous (irregular) medium.

Bulk mass-transfer coefficients based on dissolution of all blobs within the micromodel were

measured as a function of flushing time (represented by the volumetric organic-liquid

content, 2o, which decreased with time due to dissolution) and velocity.  The authors report

that k values were relatively constant with flushing time for both the homogenous and

heterogeneous micromodels.  However, inspection of the data reveal a high amount of

scatter.  This is especially true for the heterogenous micromodel, in which values of k as a

function of 2n vary by a factor of nine.  The cause of this variability is unclear.  The authors

also measured the organic liquid-water interfacial area as a function of the volumetric

organic-liquid content.  A relationship between interfacial area and organic-liquid saturation

is of interest because organic-liquid saturation is often used as a surrogate for interfacial area

in numerical modeling of intermediate-scale experiments (e.g., Powers et al. 1994).

Chomsurin and Werth observed a linear relationship between interfacial area and saturation.

The slope of the linear relationship was dependent on the initial size of the organic-liquid

blobs.  The large, highly connected blobs in the heterogeneous model resulted in relatively

smaller interfacial areas and therefore a smaller slope in plots of interfacial area versus
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saturation.

Three-Dimensional Imaging Studies

Several methods have been used for pore-scale imaging of immiscible liquids in

three-dimensional systems of porous media, including photoimaging of refractive-index

matched systems (e.g., Ng et al., 1978; Montemagno and Gray, 1995; Fontenot and Vigil,

2002; Stohr et al., 2003), magnetic resonance imaging or nuclear magnetic resonance

methods (e.g., Osment et al., 1990; Johns and Gladden, 1999, 2000, 2001; Okamoto et al.,

2001; Zhang et al., 2002; Pervizpour et al., 1999; Becker et al., 2003), and X-ray computed

microtomography (e.g., Al-Raoush and Willson, 2005; Culligan et al., 2006).

Each of these imaging methods has associated advantages and disadvantages.

Photoimaging of refractive-index matched systems is capable of excellent spatial resolution

(1-10:m) and data collection and processing are relatively simple.  However, the porous-

medium must be transparent and all phases present must be refractive index matched.  Thus,

its use for natural systems is severely limited.  Magnetic resonance imaging (MRI) methods

typically have larger resolutions (60-200:m).  MRI has successfully been used to image

immiscible liquids in model porous media (e.g., Johns and Gladden, 1999, 2000, 2001;

Zhang et al., 2002).  MRI is currently the only imaging technology that can be used to

directly measure the pore-scale velocity field of a flowing liquid phase in porous media

(Johns and Gladden, 1999; Okamoto et al., 2001).  Synchrotron based X-ray

microtomography (SXM) is capable of excellent spatial resolutions (1-10:m).  Unlike other
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three-dimensional imaging techniques, SXM can be used to obtain images of all phases

present in a porous-medium system.  There are few limitations on the type of porous-medium

that can be imaged using SXM, which has led to the first pore-scale imaging of immiscible

fluids in natural porous media (e.g., Wildenschild et al., 2002).  The disadvantages of SXM

are that imaged systems must be relatively small (< ~1 cm diameter) and access to

synchrotron beamlines is limited.

The morphology of immiscible-liquid blobs at residual saturation in porous media

has been observed using three-dimensional imaging techniques (e.g., Johns and Gladden,

1999, 2000, 2001; Fontenot and Vigil, 2002; Zhang et al., 2002; Al-Raoush and Willson,

2005).  Organic-liquid blobs entrapped in these studies were observed to have similar

morphologies as those obtained in blob-casting studies (i.e., singlets, doublets, and large,

branched ganglia).  Quantitative assessment of blob morphology included fractal (Johns and

Gladden, 1999, 2000, 2001; Fontenot and Vigil, 2002; Zhang et al., 2002) and shape-factor

(Al-Raoush and Willson, 2005) analysis.  These analyses indicated that blob size and

sphericity were inversely correlated.  Smaller blobs were predominately highly spherical

singlets, whereas larger blobs had increasingly ramified geometries.  The average size of the

organic-liquid blobs was found to be an inverse function of the Ca used to establish residual

saturation (e.g., Fontenot and Vigil, 2002).

Three-dimensional images of a porous-medium can be processed to extract a

representative pore-network (e.g., Al-Raoush et al., 2003; Al-Raoush and Willson, 2005).

The size and location of each pore body and throat can be determined, as well as pore aspect
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ratio (ratio of pore body to pore throat) and coordination number (the number of pore throats

in contact with a pore body).  Al-Raoush and Willson (2005) used pore-network analysis to

observe properties of the pores which entrapped nonwetting-phase blobs in an organic liquid-

water porous medium system.  Blobs were entrapped in pores that were significantly larger

in size and had larger aspect ratios than the system average.  Zhang et al. (2002) observed

that media with a larger pore aspect-ratio entrapped a relatively greater proportion of singlet

blobs.  These findings are consistent with the mechanisms of snap-off and bypassing

discussed above.  Willson and co-workers additionally observed that the coordination

number of pores that entrapped nonwetting-phase blobs was significantly greater than the

system average.  This is most likely due to the increased likelihood of nonwetting-phase

entering these pores during imbibition.

Organic liquid-water interfacial areas were measured in several studies using three-

dimensional imaging techniques (e.g, Johns and Gladden, 1999, 2000, 2001; Fontenot and

Vigil, 2002; Zhang et al., 2002; Al-Raoush and Willson, 2005; Culligan et al., 2006).  In

completely water-wetting systems, all porous-medium grains are assumed to be coated with

a thin film of water.  Therefore, the total organic liquid-water interfacial area is equivalent

to the total surface area of the organic-liquid phase.  The capillary-associated interfacial area

is the area of contact between organic liquid and the bulk (non-film) aqueous phase.  The

specific interfacial area of the organic-liquid phase (interfacial area normalized by volume

of porous medium) is a function of the organic-liquid saturation.  The surface area-to-volume

ratio of the organic liquid can be used to compare among studies and experiments with
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different organic-liquid saturations.  This assumes a linear relationship between organic-

liquid saturation and surface area, which has been observed in several studies (e.g., Johns and

Gladden, 1999; Zhang et al., 2002). 

The organic-liquid surface area-to-volume ratio measured using three-dimensional

imaging techniques ranged from 25-1000 cm-1 and is a clear function of Ca and porous-

medium grain size.  Organic-liquid surface area-volume ratio is inversely correlated with the

porous-medium grain size (e.g., Johns and Gladden, 1999, 2000, 2001; Zhang et al., 2002).

This is expected, as the representative size of the organic-liquid blobs is positively correlated

with grain size (e.g., Mayer and Miller, 1992; Powers et al., 1992) and a given organic-liquid

mass divided into smaller bodies will result in a larger surface area-to-volume ratio.

Similarly, a larger Ca used to establish residual saturation results in smaller organic-liquid

blobs and larger surface area-to-volume ratios (Fontenot and Vigil, 2002).  Capillary-

associated interfacial area-to-volume ratios ranged from 30-90 cm-1 and appear to also be a

function of grain-size and Ca (Johns and Gladden, 1999; Culligan et al., 2006).  The ratio

of capillary to total interfacial area ranged from 0.45-0.57 in a study in which they were both

measured (Johns and Gladden, 1999).  Interfacial area values obtained from these studies are

compared in more detail in Chapter II.

Dissolution of organic-liquid blobs in three-dimensional porous medium systems has

been observed in a number of studies (Johns and Gladden, 1999, 2000, 2001; Fontenot and

Vigil, 2002; Zhang et al., 2002).  The objective of these studies, similar to the two-

dimensional micromodel studies discussed above, was to characterize the change in organic
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liquid morphology and organic liquid-water interfacial area during column flushing.  In

addition to dissolution, blob mobilization was also observed (Johns and Gladden, 1999,

2000, 2001; Fontenot and Vigil, 2002).  As organic-liquid mass was removed from the

experimental columns in these studies, a linear relationship was observed between the

specific-surface area and saturation of the organic-liquid phase (Johns and Gladden, 1999,

2000; Zhang et al., 2002).  This observation was consistent with two-dimensional

micromodel studies (Chomsurin and Werth, 2003).  The slope of the linear relationship was

dependent on the initial morphology of the organic-liquid blobs.  A greater initial organic-

liquid surface area-to-volume ratio (i.e., smaller porous medium grain-size or larger Ca)

resulted in a greater slope.  The mean size of the organic-liquid blobs was observed to be

relatively constant during dissolution (Johns and Gladden, 2000).  This was attributed to loss

of the smallest blobs during dissolution due to mobilization.  Fractal analysis indicated that

the blobs became slightly more spherical during dissolution (Johns and Gladden, 2000).

Separation of large multi-pore blobs into distinct units was observed and concomitantly the

relative proportion of singlets increased during dissolution (Johns and Gladden, 2000;

Fontenot and Vigil, 2002).

Values of the organic liquid-water interfacial area were used to calculate values of

k and assess the ability of the linear driving-force model to adequately represent organic-

liquid dissolution.  Johns and Gladden (1999) compared several different definitions of the

effective organic liquid-water interfacial area domain for dissolution associated mass-

transfer.  Definitions included the total organic liquid-water interfacial area (including thin
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films), capillary-associated interfacial area, and capillary-associated interfacial area

excluding regions within one or two voxels of porous-media grains.  The authors found that

when used in the linear driving-force model the latter definitions of interfacial area provided

the best fits to experimental data.  This suggests that the capillary-associated interfacial area

is the primary domain for mass-transfer of organic-liquid from the pure phase into the

aqueous phase.  The linear driving-force model was able to adequately describe experimental

data with a single value of k in this and other studies (e.g., Fontenot and Vigil, 2002).

However, discrepancies were observed between model simulations and the observed data.

The authors suggest that this is due to variability of the pore-scale velocity field, similar to

two-dimensional micromodel studies (e.g., Kennedy and Lennox, 1997).  The authors were

able to observe the velocity field within their experimental column using MRI.  The velocity

field was shown to be highly heterogeneous, with little correlation between pore cross-

sectional area and velocity (see also, Okamoto et al., 2001).  Nearly stagnant regions (e.g.,

dead-end pores) were observed, as well as high-velocity channels.  Organic-liquid blobs

proximal to high-velocity channels were observed to dissolve prior to those in stagnant

regions.

Other Methods for Determination of Interfacial Area

Several techniques have been used to estimate nonwetting-wetting phase interfacial

area in addition to three-dimensional imaging, including interfacial partitioning tracer tests

and computational/theoretical techniques.  For interfacial partitioning tracer tests, the
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retention time of an aqueous-phase compound that accumulates at the organic liquid-water

interface (i.e., a surfactant) is measured in a miscible-displacement experiment.  With

knowledge of the retention time, the volume of organic liquid present, and the interfacial

distribution coefficient of the tracer, the specific interfacial area can be estimated (e.g.,

Saripalli et al., 1997; Cho and Annable, 2005; Dobson et al., 2006).  The interfacial

partitioning tracer technique estimates the effective interfacial area contacted by the aqueous-

phase tracer.

Several theoretical and computational methods have been used to estimate organic

liquid-water interfacial area.  A thermodynamically based model has been proposed that

relates a measured capillary pressure-saturation curve to the work required for changing the

interfacial area (Bradford and Leij, 1997).  This approach assumes that work done on the

system during water drainage results in a proportional increase in interfacial area.  Interfacial

area is estimated by integration of the capillary pressure-saturation curve (e.g., Bradjord and

Leij, 1997; Dobson et al., 2006).

Theoretical models have been proposed that estimate interfacial areas from a

geometric description of two-fluid porous media systems.  These models begin with

representations of the porous medium as a packing of spheres.  Fluid configurations are

estimated based on pore geometries and Laplace’s equation (Eq. 2) assuming that nonwetting

fluid is present as isolated blobs of a specific geometry (Gvritzman and Roberts, 1991), as

part of a pore-network model (Held and Celia, 2001), or a multi-fluid flow model (e.g., Dalla

et al., 2002).  Geometric analysis is then used to estimate interfacial areas based on the digital
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representation of the fluids.  Geometric models have been proposed based on a homogenous

packing of identical spheres (Gvritzman and Roberts, 1991), or sphere packing that

incorporates a grain-size distribution (Dalla et al., 2002).

Summary and Research Needs

Blob-casting studies, two-dimensional micromodels, and three-dimensional imaging

of packed columns has been used to observe organic-liquid morphology and interfacial area

in otherwise water-saturated systems.  Several observations have been consistent among

these studies: 1.) Organic-liquid blobs exist as singlets, doublets, and large multi-pore

ganglia.  The sphericity and size of organic-liquid blobs are inversely related;  2.) The

majority of organic-liquid mass is associated with the largest blobs;  3.)  The organic-liquid

phase is more interconnected in poorly sorted media and media with lower aspect ratios;  4.)

Organic liquid-water interfacial areas are greater in porous media with a smaller median

grain size; 5.) A linear or nearly-linear relationship exists between organic-liquid specific

surface area and saturation; and 6.) When organic liquid-water interfacial area is calculated

during organic-liquid dissolution and included in the  linear driving-force model, the mass-

transfer process can be can adequately described.  However, variability of the pore-scale

velocity field may influence calculated mass-transfer rates and cause discrepancy between

model and observed data.

There is a need for additional pore-scale research of these systems.  The majority of

prior research has been conducted in model systems (e.g., two-dimensional micromodels)
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or using model porous media such as spherical glass beads (e.g., Mayer and Miller, 1992;

Johns and Gladden, 1999).  Pore-scale research is warranted  in natural porous media, which

differ from glass beads in shape, roughness, and size.  The influence of porous medium

properties on pore-scale configuration and interfacial areas is of interest.  Very little pore-

scale research has been conducted in three-phase systems (i.e., relating to the vadose zone).

Determination of the effective domain for organic liquid-water or organic liquid-air mass-

transfer (e.g. total versus capillary-associated interfacial area), is of interest for mathematical

modeling.  Robust interfacial area-saturation relationships are also needed.  Further studies

comparing estimates of organic liquid interfacial areas in the same system using different

techniques is needed. 
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Explanation of Dissertation Format

This dissertation contains four manuscripts that have been prepared for publication

in peer-reviewed journals.  The manuscripts included in Appendix B and C have been

published, the manuscript in Appendix D has been submitted for review, and the manuscript

in Appendix E is in preparation for submission.  I was responsible for the majority of the

experimental work presented herein.  This included design of sample cells (columns) suitable

for imaging with X-ray microtomography, preparation of the imaged systems, and acquisition

of the image arrays at Argonne National Laboratory (Argonne, Il).  I was solely responsible

for using pre-developed software packages to process the image arrays for quantitative

information.  Additionally, I am the primary author of each of the manuscripts included in

this dissertation, which were co-written with my research advisor, Dr. Mark L. Brusseau.
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CHAPTER II: PRESENT STUDY

The methods, results, and conclusions of this study are presented in the manuscripts

appended to this dissertation.  The following is a summary of the most important findings

in this document.  Also included here is a comparison of our results to those of previous

studies.

Materials and Methods

Synchrotron X-ray microtomography was used to gather three-dimensional images

of the fluid and solid phases present in columns packed with porous media.  Porous media

included commercially available silica sands (Accusand, Unimin Co.) and sandy surface soils

collected locally in Tucson, AZ.  Tetrachloroethene and trichloroethene were the organic

liquids used in this study.  The porous media were dry packed into thin-walled X-ray

transparent columns constructed of aluminum.  Fluids were injected into the columns with

a syringe or liquid-chromatography pump.  Imaging was conducted at the GSECARS

beamline, Advanced Photon Source, Argonne National Lab (Argonne, IL).  Pre-developed

software packages were used to gather quantitative information on fluid configuration and

interfacial areas from the image arrays.  Details of image acquisition, processing, and

analysis are provided in Appendix A.  Additional details relating to the materials and

methods used in each manuscript are provided in Appendices B-E.
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Summary of Results

In the present study, the configuration and interfacial areas of immiscible fluids were

characterized in natural porous media.  The influence of porous medium properties on

organic-liquid blob morphology was assessed (Appendices B-C).  Five porous media

comprising a range of median grain-sizes and grain-size distributions were used to evaluate

the impact of porous-medium texture on organic-liquid blob morphology.  In each of the

media, organic-liquid blobs were observed as singlets, doublets, and large multi-pore ganglia.

Blob size and sphericity were inversely related.  The range of blob sizes was observed to be

greater in the media with a larger grain-size distribution.  These findings were generally in

agreement with previous studies of organic-liquid blob size and morphology (e.g., Powers

et al., 1992).  In each of the media, the ratio of median blob size to grain size was

approximately unity.  Cumulative distributions of organic-liquid blob size were described

well with a lognormal distribution.  This was in contrast to previous studies of organic-liquid

blob distributions in glass bead media (e.g., Mayer and Miller, 1992; Johns and Gladden,

2000).  This was attributed to the difference in pore-network topology in natural media and

glass beads.  Although few in number, the largest blobs accounted for a significant amount

of total organic-liquid volume.  This was most evident for blobs in the poorly sorted media.

The surface area-to-volume ratio of the organic-liquid was similar for porous media with a

similar median grain size but varying in grain-size distribution.  However, organic-liquid

surface area-to-volume ratio increased with decreasing median grain size.

Organic-liquid blob morphology was compared in two-phase (organic liquid-water)
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and three-phase (organic liquid-air-water) systems (Appendix C).  In the three-phase systems,

lenses and films of organic-liquid were observed in contact with air.  Lenses were not

observed in the two-phase systems.  The media used are considered to be strongly water

wetting, and therefore no spreading is expected for organic liquid in the two-phase systems.

In a three phase system, however, organic liquid behaves as an intermediate fluid to the

wetting fluid, water, and the nonwetting fluid, air.  Spreading of organic liquid at the air-

water interface is consistent with thermodynamic considerations and previous experimental

observations (e.g., Adamson and Gast, 1997).  The presence of organic-liquid lenses and

films in the three phase systems resulted in smaller median blob sizes and greater variance

of the cumulative blob-size distribution.  In addition, the surface area-to-volume ratio of

organic liquid was greater in the three-phase systems.

The impact of dissolution on organic-liquid configuration and interfacial areas in two-

phase systems was assessed (Appendix D).  Two media that varied in grain-size distribution

were used.  Several measures of the change in configuration and interfacial areas were

similar for the two media.  Organic-liquid blobs decreased in size and number as the columns

were flushed.  Separation of large multi-pore ganglia into distinct units was observed.  Multi-

pore blob separation appeared to be more common in the porous medium with a larger grain-

size distribution.  The median blob size deceased by a factor of two during dissolution for

both media.  The fraction of total organic-liquid volume associated with very large blobs also

decreased during dissolution for both media.  The morphology of organic-liquid blobs, as

determined by fractal analysis, was relatively invariant during dissolution.  The decrease in
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both total organic-liquid and capillary-associated interfacial area correlated well with the

decrease in organic-liquid volume.  A nearly linear relationship was observed in both cases.

Furthermore, a single relationship described these correlations for both media.  Effluent

concentrations were measured independently, and were well correlated with changes in

organic-liquid volume, surface area, and the number of blobs.  A one-dimensional first-order

mass transfer expression was able to match effluent concentrations reasonably well with a

single value of the mass transfer coefficient.

The configuration and interfacial areas of the nonwetting phase were compared in air-

water, organic liquid-water and air-organic liquid systems (Appendix E).  Two porous media

were used to investigate the influence of both porous medium and fluid properties.  Images

were obtained over a broad range of nonwetting-phase saturation and for both wetting phase

drainage and imbibition conditions.  The size distribution and morphology of nonwetting-

phase blobs were similar for the different fluid-pairs, and varied among the two media as

described above.  The nonwetting phase was generally more interconnected under wetting-

phase drainage than imbibition.  Nonwetting-phase surface area-to-volume ratios were

similar for the different fluid pairs, as well as for wetting-phase drainage and imbibition

conditions.  In the range of saturations observed, values of nonwetting-phase interfacial areas

as a function of saturation were similar for the different fluid pairs and for wetting-phase

drainage and imbibition conditions.  However, interfacial area values at a specific

nonwetting-phase saturation were greater for the media with a smaller median grain size.
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Comparison to Previous Studies

Experimental and theoretical techniques for measuring organic liquid-water

interfacial area are discussed in Chapter I.  In this section, organic-liquid interfacial area

values obtained in the present study are compared to those obtained in the previous studies.

Other results from the present study have been compared to previous findings in Appendices

B-E.  For example, organic-liquid blob size distributions were compared to those obtained

using blob casting and previous three-dimensional imaging studies (Appendix B).

Values of total nonwetting-phase interfacial area were compiled from studies using

a variety of methods (Table 1).  The specific interfacial area of the organic-liquid phase

(interfacial area normalized by volume of porous medium) is a function of the organic-liquid

saturation.  The surface area-to-volume ratio of the organic liquid can be used to compare

among studies and experiments with different organic-liquid saturations.  This assumes a

linear relationship between organic-liquid saturation and surface area, which has been

observed in several studies (e.g., Johns and Gladden, 1999; Zhang et al., 2002).  In studies

that exclusively reported specific interfacial area values, the surface area-to-volume ratio was

calculated by the following relationship:

[1]

where SA:V is the organic liquid surface area-to-volume ratio, aow is the specific interfacial

area, So is nonwetting phase saturation, and 2t is total porosity.
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Values of interfacial area have been observed in several studies to be a function of

porous medium median grain size (e.g., Johns and Gladden 1999, 2001; Bradford and Leij,

2001; Zhang et al., 2002; Cho and Annable, 2005; Dobson et al., 2006; Schnaar and

Brusseau, Appendix C).  For comparison among studies, values of nonwetting phase surface

area-to-volume ratio were plotted as a function of porous median grain size (Figures 1-2).

Values of interfacial area obtained in the present study were compared to values for other

three-dimensional imaging studies using angular porous media (Figure 1).  A linear

relationship was observed between surface area-to-volume ratio and porous median grain

size (R2 > 0.99).  These results indicate that values of organic liquid surface area-to-volume

ratio obtained in the present study are consistent with the results of other three-dimensional

imaging studies.

Values of surface area-to-volume ratio are compared for interfacial tracer, three-

dimensional imaging, and theoretical studies in Figure 2.  The linear fit for the three-

dimensional imaging studies in Figure 1 is also shown.  Surface area-to-volume ratios are for

the most part similar in the three-dimensional imaging studies, including a study using a

homogenous glass bead media (Al-Raoush and Willson, 2005).  Values obtained by Johns

and Gladden in MRI studies (1999, 2000) are generally larger than other imaging studies.

This is most likely due to the relatively large Ca used for establishment of residual organic

liquid saturation in those studies.  As discussed in Chapter I, interfacial area values generally

increase with increasing Ca.  

Surface area-to-volume ratios obtained in imaging studies were generally in very
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good agreement with those obtained computationally by Gvritzman and Roberts (1991) and

Dalla et al. (2002).  Values obtained by imaging were also relatively similar to those obtained

by Bradford and Leij (2001) using a thermodynamically based method.  The thermodynamic

model proposed by Bradford and Leij considers organic liquid to be entrapped in only the

largest pores.  The thermodynamic model of Dobson et al. (2006) on the other hand assumes

that organic liquid is entrapped in all pore classes that it has invaded.  Interfacial area values

obtained by Dobson et al. (2006) are thus larger, and surface area-to-volume ratios are

somewhat greater than those obtained in imaging studies.

Organic liquid surface area-to-volume ratios obtained in interfacial tracer studies are

for the most part significantly larger than those obtained using three dimensional imaging

(Figure 2).  One possible explanation for disparity between the two methods is that the

presence of the interfacial tracer (surfactant) results in a decrease in organic liquid-water

interfacial tension and a concomitant change in organic liquid morphology.  This possibility

is the focus of current research.  Another possibility is that interfacial areas obtained using

interfacial tracers reflect microscopic heterogeneities smaller than the resolution of the

imaging methods.  For example, the surface of porous media, including glass beads, is

microscopically rough.  Surface roughness may influence the interfacial area between organic

liquid and thin films of water coating porous medium grains.  The influence of surface

roughness on interfacial area is expected to increase in natural porous media.  For example,

Saripalli et al. (1998) observed larger organic-liquid interfacial area values in sands versus

glass beads of the same diameter (Table 1).  Interfacial tracers may also include interfacial
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area from organic liquid blobs smaller than the resolution of imaging techniques.

Recent studies by Brusseau et al. (2006a,b) have compared air-water interfacial area

values obtained by interfacial tracer techniques and X-ray microtomography for a sandy

porous medium.  Interfacial area values calculated with interfacial tracers were orders of

magnitude greater than imaging-based values.  It was observed that at large nonwetting-phase

saturations, imaging-based interfacial area values approach the specific surface area of the

porous medium calculated based on a smooth-sphere assumption, whereas tracer-based

interfacial areas approach the specific surface area of the media measured using N2/BET.

This supports the supposition that difference in the two techniques is due to the inclusion of

surface roughness effects in tracer calculated values.  Computational methods also do not

reflect porous medium surface roughness.

Implications

In the present study, the pore-scale configuration and interfacial areas of organic

liquid was characterized in natural porous media systems.  Quantitative pore-scale

characteristics were related to system properties including porous medium texture, wetting

history (e.g., drainage versus imbibition), presence of additional immiscible fluids (e.g., two-

phase versus three phase), and degree of organic-liquid dissolution.  Typically, information

on these system properties is available for intermediate scale and field scale situations.  Thus,

the information provided in this study will aid in the conceptual understanding of organic

liquid configuration in larger-scale experiments and at contaminated sites.  Furthermore,
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pore-scale characteristics can be quickly estimated based on system properties using

appropriate relationships provided in the present study.  

Quantitative information relating to organic-liquid morphology and interfacial areas

will also be useful for numerical modeling of these systems.  Currently there is a need for

improved methods for numerical modeling of multi-phase fluid flow and mass-transfer

processes.  The experimentally-based observations in the present study may serve as an input

into pore-scale numerical models.  Conversely, observations in the present study can be used

to test several assumptions used in larger-scale modeling efforts.  This is especially true for

organic liquid dissolution, for which pore-scale characteristics and interfacial area have been

measured as a function of time (Appendix D).

The present study made use of a newly available technique for measuring pore-scale

characteristics in natural porous media.  Previous pore-scale studies have for the most part

used model systems (i.e., two-dimensional micromodels) or model porous media (i.e., glass

beads).  Use of model systems simplifies data acquisition and processing.  In the present

study, we compared several pore-scale characteristics determined in natural porous media

to those obtained in previous studies using model porous media.  For example, organic liquid

blob size distributions differed in the present study and those using spherical glass beads

(Appendix B).  However, interfacial area values were similar in the present study to those

obtained in a glass bead system (Figure 2).  Comparisons made in the present study can be

used to test the validity of using a model porous medium system for study of particular

phenomena. 
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Interfacial area values obtained in the present study were compared to those using

alternative methods.  As discussed above, in some cases differences between results in three-

dimensional imaging studies and interfacial tracer studies span orders of magnitude.  This

may be due to the inclusion of microscopic heterogeneities (e.g., porous medium surface

roughness) in tracer-based results.  It is likely that measurements of nonwetting-wetting

interfacial area values in porous media are scale dependent, analogous to the oft-cited

problem of measuring the length of a coastline (e.g., Mandelbrot, 1967).  Tracer-based

interfacial area values may be suitable for modeling of the transport of solutes that

accumulate at the nonwetting-wetting interface.  Imaging-based methods are useful for

determination of interfacial area values associated with specific domains.  The capillary-

associated interfacial area, as determined in imaging studies, may be relevant for modeling

of fluid flow and fluid-fluid mass transfer (e.g., dissolution).
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Table 2.1.  Interfacial Area values Compiled from the Literature

Reference Method Media Media d50 Nonwetting Porosity NW Phase SA/Voltotal SA/Volo.liquid

[mm] Fluid Saturation [cm-1] [cm-1]

Dobson et al., 2006 Thermodynamic Method 0.36 0.36 0.21 58 776.1
0.53 0.34 0.19 35 548.5
0.72 0.33 0.17 22 394.2
1.5 0.32 0.14 18 396.2

Continuum-Flow Model 0.36 0.36 0.21 33 441.6
(Oostrom et al., 2001) 0.53 0.34 0.19 20 313.4

0.72 0.33 0.17 17 304.6
1.5 0.32 0.14 14 308.1

Interfacial Tracer Test 0.36 0.36 0.21 58 776.1
0.53 0.34 0.19 38 595.5
0.72 0.33 0.17 7 125.4
1.5 0.32 0.14 17 374.2

Dalla et al., 2002 Pore-morphology model Spheres 0.186 0.364 0.5 50 274.7

Gvirtzman and Roberts, 1991 Geometrical Model Spheres 0.5 Oil 0.4 0.2 20 250.0

Al-Raoush and Willson, 2005 X-ray microtomography 0.5 Water (in oil 0.378 0.112 7.37 174.1
0.5 wetting system) 0.378 0.112 11.3 266.9

Fontenot and Vigil, 2002 Three-dimensional 2 1,5-dichloro- 0.44 0.117 1.37 26.7
imaging with laser 2 pentane 0.44 0.078 1.06 30.8
flurosence 2 0.44 0.102 1.97 43.8

2 0.44 0.024 0.51 48.2

Zhang et al., 2002 Three-dimensional 0.5 1,3,5 Tri- 0.32 0.16 12.5 250.0
imaging with MRI 0.5 flurobenzene 0.32 0.1 7.5 234.4

1 0.51 0.10 8 160.0

n-HexadecaneAccusands

Glass beads

Crushed Quartz

Silica Gel
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Table 2.1, continued

Reference Method Media Media d50 Nonwetting Porosity NW Phase SA/Voltotal SA/Volo.liquid

[mm] Fluid Saturation [cm-1] [cm-1]

Johns and Gladden 2001 Three-dimensional 1 0.16 80
imaging with MRI

0.5 0.2 250

0.1 0.2 1000

Johns and Gladden 99,2000 Three-dimensional 5 0.4 0.16 5 78.1
imaging with MRI 5 0.4 0.07 3.3 117.9

3 0.4 0.09 6 166.7

1 0.4 0.17 15.5 227.9

Schnaar and Brusseau, X-ray microtomography 0.35 0.33 0.24 19.7 249.0
Appendix C 0.15 0.34 0.31 32.1 304.6

Saripalli et al., 1997 Interfacial tracer test Glass Beads 0.2 Decane 0.32 0.16 86 1679.7

Schaefer et al., 2000 Interfacial tracer test 0.335 0.42 0.1 22.8 542.9
0.335 0.42 0.2 45.6 542.9
0.335 0.42 0.5 114 542.9

Saripalli et al., 1998 Interfacial tracer test 0.25 Decane 0.3 0.218 64 978.6
0.25 Tetrachloroethene 0.25 0.24 81 1350.0
0.25 Oil 0.3 0.275 85 1030.3

0.25 0.27 0.16 91 2106.5
0.25 0.34 0.196 92 1380.6

Sand

Glass Beads

Sands

Glass Beads Octanol

Octanol

Tetrachloroethene

Decane

Decane

Glass Beads

Accusand
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Table 2.1, continued

Reference Method Media Media d50 Nonwetting Porosity NW Phase SA/Voltotal SA/Volo.liquid

[mm] Fluid Saturation [cm-1] [cm-1]

Cho and Annable, 2005 Interfacial tracer test 1.425 0.38 0.116 28 635.2
0.725 0.34 0.137 44 944.6
0.513 0.37 0.124 44 959.0
0.338 0.35 0.154 74 1372.9
0.165 0.34 0.155 110 2087.3

Bradford and Abriola, 2001 Thermodynamic Method 0.71 0.327 0.128 4.808 114.9
0.36 0.321 0.111 7.554 212.0
0.24 0.302 0.114 7.694 223.5
0.15 0.316 0.143 25.236 558.5

Tetrachloroethene

Silica Sands

Ottawa Sands

Tetrachloroethene
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Figure 2.1.  Organic liquid surface area-to-volume ratio as a function of grain size for three
three-dimensional imaging studies.  The linear function is SA:V [cm-1] = 309.3 - 136.8*d50

[mm].
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Figure 2.2.  Nonwetting SA:V compiled from the literature (see Table 1).  Triangles are three-dimensional imaging studies, crosses
are for thermodynamic studies, diamonds for theoretical studies and squares for interfacial tracer studies.
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APPENDIX A

OVERVIEW AND UNCERTAINTY ANALYSIS OF THREE-DIMENSIONAL

IMAGE ARRAY ACQUISITION AND PROCESSING
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Acquisition of Two-Dimensional Depth Integrated Images

Sample cells were thin-walled X-ray transparent columns (Figure 1a) that contained

a porous medium and various immiscible fluids.  The columns were 4.4 cm in height, with

an outer diameter of 0.635 cm and an inner diameter of either 0.46 or 0.58 cm.  The columns

were constructed of aluminum with Swagelok end-fittings (Solon, OH).  In some cases the

columns were anodized and solution heat treated to decrease the likelihood of corrosion

(Arizona Metal Finishing, Tucson AZ).  Detailed experimental preparation of the columns,

including packing and establishment of fluid saturations, is described for each study in the

subsequent appendices.

Imaging was conducted at the GeoSoilEnviroCARS (GSECARS) BM-13D beamline

at the Advanced Photon Source, Argonne National Laboratory, Il.  The data was collected

in a set of five beamtime allocations at GSECARS from November 2004 to February 2006.

Beamtime runs varied from twenty-four to forty-eight hours per trip.  Methods for collecting

three-dimensional images of geologic and environmental samples using synchrotron X-ray

microtomography, specific to the instrumentation at GSECARS BM-13D, have been

reviewed elsewhere (e.g., Sutton et al., 2002; Wildenschild et al., 2002).  A brief description

of the X-ray microtomography method is given here.

The GSECARS bending magnet source provided a monochromatic X-ray beam

which was directed to pass through the column, perpendicular to the longitudinal axis (Figure

1b).  The transmitted X-rays were converted to visible light with a single-crystal synthetic

YAG (ytrium-aluminum-garnet) scintillator, and projected onto a mirror inclined 45º to the
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incoming beam.  A snapshot of the image on the mirror was then taken with a high resolution

CCD-camera attached to either a microscope objective (5x) or macro camera lens.  This

image represents a depth-integrated grayscale map of the linear attenuation of the X-ray beam

as it passed through the column (Figure 2).  If the beam was highly attenuated (absorbed) in

a particular location, the grayscale value would be lower (darker).  After an image was

collected, the column was rotated 0.5º, and the image-acquisition process was repeated.  A

total of  720 two-dimensional images of the sample were collected.  Additionally, several

flat-field projections, or images of the beam without any sample present, were collected

during each set of scans.  Each image was 7.1 x  5.6 mm, with a resolution (pixel size) of

approximately 11 :m.

The synchrotron beam was tuned to specific incident energies to take advantage of

the X-ray absorption K-edge of the doping compounds (Figure 2).  The K-edge refers to the

X-ray energy at which the absorption of the beam by that element increases dramatically.

For example, the absorption of the beam by the iodine-doped organic liquid is significantly

greater at an energy slightly above the iodine K-edge compared to its absorption below the

iodine K-edge.  However, the absorption of the beam by other constituents of the matrix

(e.g., porous media solids) remains essentially unchanged.  Images of the columns were

collected sequentially below and above the iodine K-edge (33.0169 and 33.269 keV) to

specifically resolve the organic liquid, and below and above the cesium K-edge (33.269 and

36.085 keV) to resolve the aqueous phase.  Acquisition time of the two-dimensional images

varied from ten to thirty minutes per edge in each vertical location.
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Image Processing and Analysis

All image processing and analysis were conducted with software developed in the

Interactive Data Language (IDL) platform (Research Systems Inc., Boulder, CO).  The 720

two-dimensional images were preprocessed and reconstructed with algorithms developed by

Rivers (2003).  Preprocessing of the two-dimensional images removes artifacts and adjusts

for the flat-field projections.  Reconstruction is used to build a single three-dimensional

image file from the two-dimensional images.  The reconstruction process reverses the

relationship between grayscale and X-ray absorption such that locations of high attenuation

appear brighter.  After reconstruction, the data can be visualized as “thin sections”,

two-dimensional slices in either the x-y (perpendicular to the longitudinal (rotational) axis

of the column) or x-z (parallel to the rotational axis of the column) direction (Figures 3, 4).

The reconstructed thin sections show the attenuation (grayscale) of the X-ray beam in a

discrete location (voxel), and thus the internal distribution of the attenuation is obtained.  

In most cases, images were obtained from the columns in several vertical locations.

These images were combined to build single three-dimensional image arrays spanning up to

fifteen millimeters in length (Figure 3).  Reconstructed three-dimensional images acquired

with incident energy below the iodine or cesium K-edge were subtracted from the

corresponding image above the K-edge to produce an image wherein only voxels that

contained the fluid of interest displayed a large grayscale value (Figure 4).  Use of a

subtracted image array simplifies data processing, ensures that voxels containing the fluid

of interest are successfully separated from the surrounding matrix, and eliminates artifacts
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associated with high X-ray attenuating components of the porous media, such as metal

oxides.  The quality of the three-dimensional image arrays obtained at GSECARS during

separate trips varied (Figure 5).  Improved preprocessing algorithms resulted in fewer

concentric rings in the image cross-sections.  Use of a macro camera lens rather than

microscope objectives in acquisition of the two-dimensional images improved image

sharpness.

Additional image data processing and extraction of quantitative information were

conducted with the software package Blob3D, which was specifically developed for high

resolution X-ray microtomography data (Ketcham, 2005).  Data were input into Blob3D as

a set of continuous x-y thin sections, with a grayscale range of 0-255.  Median smoothing

was used to reduce image noise by replacing the grayscale value of each voxel with the

median of the values of the voxels surrounding it.  While smoothing is necessary to reduce

image noise, it has the affect of removing thin features at phase interfaces (e.g., thin liquid

films between porous medium grains).  The radius of surrounding voxels to include in the

median smoothing calculation and the number of smoothing repetitions was adjusted (Figure

6).  The degree of median smoothing used for each data set was determined by the quality

of the original images.  The minimum amount of smoothing was used to ensure sufficient

phase separation.

After median smoothing, the voxels to be considered as the fluid of interest were

defined to fall within a certain grayscale range.  The boundary of this range (threshold value)

was set as the midpoint between the average of target-fluid voxels and non-target-fluid
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voxels in the array.  An array of binary images was then created wherein voxels considered

to be the fluid of interest were assigned a grayscale value of 255 (white) and all others were

assigned a grayscale of 0 (black), (Figure 6).  Contiguous voxels assigned as the fluid of

interest were identified and combined to form three-dimensional units, or blobs (e.g.,

Appendix B, Figure 2).  Once data processing was complete, quantitative information was

generated for each individual blob.  Volume was calculated as the total volume of all the

voxels contained within a blob.  Surface area was calculated from the isosurface connecting

the grayscale value of 127 in the binarized image.  

In cases where the capillary-associated interfacial area between the non-wetting and

wetting fluids was of interest, the binary image arrays obtained for each fluid were combined

into a single array (Figure 7).  After combination, the resulting array was median smoothed.

This resulted in an single image array that could be used to obtain the surface area of wetting,

non-wetting and solid phases.

Uncertainty Analysis of Image Processing

As described above, the original images obtained with the microtomography method

were processed prior to extraction of quantitative information.  In this section, the impact of

differences in the processing methods on final results is evaluated.  For this purpose, a single

data set was processed with different degrees of median smoothing, as well as different

threshold values for phase separation.  The impact of total imaged volume and image

resolution on final results were also assessed.  Reproducibility of the data was evaluated by
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comparing several data sets collected for a single porous medium and fluid system.  For the

most part, parameters that were used for comparison were the volumetric organic-liquid

content (2o) and the surface area-to-volume ratio of the organic liquid.  The data set that was

primarily used is an organic liquid-water system at residual saturation in 45/50 Accusand

(gs_a6_5).  Methods for establishment of residual saturation and properties of the porous

medium are presented in the subsequent appendices.

Total Imaged Volume (Representative Elementary Volume)

The impact of total imaged volume on 2o and organic liquid surface area-to-volume

ratio was evaluated by processing portions of the data set varying in total volume from 10-

279 mm3 (Table 1).  It was observed that the representative elementary volume for 2o was

achieved at 30 mm3.  The surface area-to-volume ratio of the organic-liquid was similar for

all imaged volumes.  Imaged volumes for data sets in the subsequent appendices are >80

mm3 and typically range from 100-280 mm3.  Representative elementary volumes for

volumetric nonwetting-phase content may be greater for heterogeneous porous media than

the uniform 45/50 Accusand.  However, based on these and previous results (e.g., Culligan

et al., 2004) the volume of the imaged zone is not expected to significantly impact results

obtained for each column.

Degree of Median Smoothing

The 139 mm3 imaged-volume data set was used for further analysis (Table 1).  The



66

data set was processed with different degrees of median smoothing.  The radius of pixels to

include in the smoothing calculation and the number of smoothing repetitions was adjusted,

as discussed above (Figure 6).  In addition, the organic-liquid data array was combined with

the array for the aqueous phase, and the resulting array was median smoothed (Figure 7).

Quantitative information regarding the organic-liquid phase was then extracted.  In all cases,

the resulting values of 2o and organic-liquid surface area-to-volume ratio were within 7% of

the values calculated with a minimum amount of smoothing (Table 1).  Therefore, it was

concluded that the degree of median smoothing used to process the data sets did not

significantly influence results.

Threshold Value for Phase Separation

As discussed above, the iodine-subtracted image arrays were used for processing of

the organic-liquid phase.  Two components are present in these image arrays, the organic-

liquid and the image background (Figure 4).  However, a range of grayscale values exists in

the subtracted arrays.  This is due to the presence of image blurriness: boundary voxels on

the interface of two components exhibit a range of grayscale values intermediate to either

component.  Additionally, there is some variability of the grayscale for voxels within each

component.  The width of the blurred region is related to image quality (Figure 5).  The

threshold value was the midpoint between the average of target-fluid voxels and non-target-

fluid voxels in the array, determined from the center of each component.  

A histogram of the grayscale values in the iodine-subtracted array for the 45/50
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Accusand data set discussed herein is shown in Figure 8.  A threshold value of 130 was

determined for this data set.  It can be seen that this value is intermediate to the maxima for

organic-liquid and image background.  Additional threshold values, ranging from 115-140,

were tested to determine the impact of threshold value on the final results.  As expected, as

more voxels were included in the threshold region (i.e., smaller threshold value), the volume

of organic-liquid increased.  However, values of 2o and surface area-to-volume ratio were

relatively insensitive to the threshold value (Table 1).

Image Resolution

The image resolution (pixel size) of the data arrays described in the studies described

in the subsequent appendices varied from 11-12 :m.  However, studies employing magnetic

resonance imaging, photo-luminescent imaging, or conventional X-ray computed

tomography typically have spatial resolutions greater than 100 :m (e.g., Johns and Gladden,

1999; Fontenot and Vigil, 2002; Wildenschild et al., 2002).  To evaluate the impact of spatial

resolution on quantitative results, the 45/50 Accusand data array was converted to larger

spatial resolutions (Figure 9).  Because conversion to larger resolutions effectively smoothed

the image array (by replacing a set of voxels with a larger voxel of a grayscale value median

to the voxels it replaced), the resulting arrays were not smoothed further.  For each array, 2o

and organic-liquid surface area-to-volume ratio were determined (Table 1).  It was observed

that 2o was insensitive to image resolution in the range tested.  Surface area-to-volume ratio

values were similar at resolutions #45 :m, but decreased for the array with a resolution of
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113  :m.  These results indicate that spatial resolution may have an impact on calculated

surface and interfacial areas.

Reproducibility

Fifteen data sets were collected of organic liquid-water systems in 45/50 Accusand.

Several aspects of the organic-liquid morphology were compared among the data sets (Table

2).  The median organic-liquid blob size, maximum blob size, and the fraction of total

volume associated with relatively large blobs were compared among six data sets with

similar organic-liquid saturation.  The surface area-to-volume ratio of the organic liquid was

compared for all fifteen data sets, which varied in saturation from 0.08 to 0.50.  The

maximum blob size and fraction of total volume associated with large blobs varied

considerably among the data sets.  This variability was due to differences in the imaged

systems, and not data acquisition or image processing techniques.  Variability was likely due

to unintentional differences in the packing of porous media into the sample cells and/or

emplacement of the organic liquid.  The relatively small size of the samples cells may have

contributed to poor reproducibility concerning these parameters.  Additionally, in most cases

only 10-33% of the porous medium volume within the sample cell was imaged.  Acquisition

of image arrays from similar systems in larger sample cells is warranted to investigate the

impact of sample size on nonwetting-phase morphology.  The median blob volume and

surface area-to-volume ratio of the organic liquid were relatively similar for the data sets

compared.
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Impact of Cesium Chloride Dopant

As discussed above, the aqueous phase was doped with cesium chloride to enhance

image contrast.  Values of organic liquid-water interfacial tension were observed to be

similar with and without the presence of the cesium chloride dopant (Appendix E).  Based

on these and previous results (e.g., Barranco et al., 1997), the presence of the cesium chloride

is not expected to significantly influence phase-distribution behavior of our systems.

However, to further evaluate the potential impact of the cesium chloride, a column was

imaged prior to and after introduction of the aqueous-phase dopant.  The porous medium was

Mixed Accusand, and the organic liquid was trichloroethene.  The organic liquid surface

area-to-volume ratio in the scanned interval was determined to be 30.1 mm-1 in both cases.

This indicates that the presence of the cesium chloride dopant did not significantly influence

phase distributions.
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Summary

The methods used for image array acquisition, processing, and analysis were

presented.  Synchrotron x-ray microtomography was used to obtain three-dimensional images

of solid and fluid phases in packed columns.  These image arrays were first median

smoothed, and then the phase of interest was separated from the surrounding array by use of

a threshold grayscale value.  Contiguous voxels were identified as blobs, and quantitative

information was determined for each one.  Uncertainty analysis indicated that calculated

values of organic-liquid volume and surface area were relatively insensitive to the total

imaged volume, degree of image smoothing, and threshold value.  Image resolution was

shown to have an impact on organic-liquid surface area values at large resolutions ( >100

:m).  While some aspects of organic-liquid morphology (median blob size and surface area-

to-volume ratio) were reproducible among data sets, other parameters (e.g., maximum blob

size) varied.  Further studies are needed to investigate the sample size and other factors on

the  reproducibility of nonwetting-phase morphology in packed columns.
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1Volumetric organic-liquid content (2o)
2Surface area-to-volume ratio of the organic liquid
3Organic-liquid array was smoothed with radius and repetition = 1.  The array was then
combined with the binary array for the aqueous phase and smoothed with radius = 2 and
repetition = 1.  (See Figure 7).

Table 1.  Influence of image properties and processing techniques on the calculated
volumetric organic-liquid content and organic-liquid surface area-to-volume ratio.  Values
given are percentage of the value obtained for the cells highlighted in gray for each test.  For
testing of the total imaged volume, values are percentage of the 278.9 mm3 array (2o = 0.051;
SA:V = 21.81 mm-1).  For remaining tests, values are percentage of the 139.5 mm3 array (2o

= 0.049; SA:V = 21.96 mm-1).

Imaged Volume Resolution Smoothing Smoothing Threshold Vol. Organic- Organic-Liquid
[mm3] [mm] Radius [pixels] Repetitions [grayscale] Liquid Content1 SA:V2

10.0 139% 102%
7.5 139% 99%

15.0 130% 97%
30.0 105% 104%
60.0 86% 103%
99.0 86% 102%

139.5 94% 101%
278.9

1 1
1 2 99% 99%
1 3 99% 99%
2 1 98% 99%
2 2 95% 98%
2 3 93% 98%

105% 102%

115 112% 94%
120 108% 96%
125 104% 98%
130
135 96% 102%
140 93% 104%

0.01119 1 1
0.02234 101% 100%
0.04484 101% 97%

0.1125 97% 83%

Testing: Image Resolution

139.47
No Smoothing

130

Testing: Threshold Value

139.47 0.01119 1 1

Testing: Degree of Median Smoothing

139.47 0.01119 130

Combined with water, re-smoothed3

Testing: Imaged Volume

0.01119 1 1 130
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1Fraction of the total organic-liquid volume associated with blobs > 0.1 mm3
2Surface area-to-volume ratio of the organic liquid
3Number of samples used for calculation of average and coefficient of variation.  For the organic-liquid surface area-to-volume
ratio, the average from fifteen data sets was taken, six of which are shown here.
4Coefficient of variation = standard deviation normalized by the average

Table 2.  Reproducibility of morphological parameters for organic liquid-water systems in 45/50 Accusand.

Data Set Organic-Liquid Imaged Median Blob Maximum Blob % Volume Organic-Liquid

Saturation Volume [mm3] Size [mm3] Size [mm3] w/ Large Blobs1 SA:V2 [mm-1]

gs20_1 0.18 306.6 0.018 6.07 74% 18.12
gs22_1 0.16 306.6 0.016 4.31 13% 23.64
gs19_3 0.18 296.2 0.019 6.61 77% 23.04
gs_a7 0.17 144.0 0.019 1.00 57% 23.11
gs_a3_1 0.16 110.7 0.015 3.99 73% 22.97
gs_a6_5 0.16 278.9 0.023 2.07 65% 21.96

n3 15
Average 0.018 4.01 60% 22.84
COV4 16% 55% 40% 10%

6
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A.)
 

B.)

Figure 1. A.) Example of sample cell used in the majority of experiments.  The column
length is 4.4 cm, and the outer diameter is 0.635 cm.  Also shown are polypropylene frits,
glass plugs, and Swagelok end-fittings.  B.) Image of an acrylic sample cell in the GSECARS
hutch.  The YAG scintillator and mirror are shown to the left of the sample.  A snapshot of
the image on the mirror is taken with a CCD camera, shown above the mirror.
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A.) B.)

Figure 2.  Two-dimensional depth-integrated images of a sample cell containing a porous medium and organic liquid doped with
iodobenzene.  Images are shown below (A) and above (B) the iodine K-edge.  Pathlengths containing the iodine-containing organic
liquid have larger attenuation coefficients above the K-edge, and therefore appear with a lower (darker) grayscale.  Column outer
diameter is 0.635 cm.
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Figure 3. Thin section in the plane parallel to the longitudinal axis of the column, collected
above the iodine K-edge.  The porous medium grains and column wall are light gray,
organic-liquid is white, and the aqueous phase is dark gray.  Image height is 1.5 cm, column
inner diameter is 0.58 cm.
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Figure 4. Thin section images of a sample cell in the plane perpendicular to the longitudinal axis of the column (inner diameter
0.58 cm).  As indicated, images are shown above and below the iodine and cesium K-edges.  The subtracted images were obtained
by subtracting the array obtained below the K-edge from that obtained above it.  The red arrow indicates a highly attenuating
component of the porous medium (e.g., metal oxide) which was successfully removed in the subtracted images.
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A.)           B.)      C.)

Figure 5.  Thin section images of a sample cell in the plane perpendicular to the longitudinal axis of the column (inner diameter
0.58 cm).  Images are of a single column in the same vertical location.  Image quality (e.g. presence of noise and image bluriness)
improves from (A) to (C).  Quality improves due to improved image processing algorithms and image acquisition equipment.  For
data processing, interpolation of flatfield images (A) resulted in more concentric rings than flatfield smoothing (B,C).  Use of a
macro camera lens (C) rather than microscope objectives (A,B) in acquisition of the two-dimensional images improved image
sharpness.



79

Figure 6.  Smoothing and segmentation of the aqueous phase for an organic liquid-water
system.  The binary images show the spatial distribution of the aqueous phase as determined
by different degrees of median smoothing.  The radius of voxels to include in smoothing, as
well as the number of smoothing repetitions were varied.  Inner diameter is 0.58 cm.
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Figure 7. Creation of image arrays containing two immiscible fluids. 1.) Iodine (left) and
cesium (right) subtracted images are obtained (Figure 5).  2.) After image smoothing, binary
images are created for each fluid.  The organic-liquid binary images are obtained from the
iodine subtracted file, and the water binary images from the cesium subtracted file. 3.) The
two binary image arrays are combined into a single array. 4.) The resulting array is smoothed
prior to extraction of quantitative information.  Column inner diameter is 0.58 cm.
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Figure 8.  Histogram of grayscale values for iodine subtracted array from organic liquid-
water system in 45/50 Accusand (see Figure 4; Figure 1, part 1).  The peak at lower values
(50-110) is associated with the image background, the peak at larger values (150-200) is
associated with the organic liquid.  The threshold boundary between organic liquid and
image background was determined to be 130 for this array.
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Figure 9.  Thin section of organic liquid-water system in 45/50 Accusand.  The original
image (A) was converted to larger spatial resolutions.  The resolution of the images is (A)
11.19 :m; (B) 22.34 :m; (C) 44.84 :m; and (D) 112.5 :m.  Column inner diameter is 0.58
cm.
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ABSTRACT

The objective of this study was to quantitatively characterize the pore-scale

morphology of organic immiscible liquid residing within natural porous media.  Synchrotron

X-ray microtomography was used to obtain high-resolution, three-dimensional images of

solid and liquid phases in packed columns.  The image data were processed to generate

quantitative measurements of organic-liquid blob morphology.  Three porous media,

comprising a range of particle-size distributions, were used to evaluate the impact of porous-

medium texture on blob morphology.  The sizes and shapes of the organic-liquid blobs varied

greatly, ranging from small spherical singlets ($ 0.03-mm in diameter) to large, amorphous

ganglia with mean lengths of 4-5 mm.  The smaller blobs were composed primarily of

singlets, which comprised approximately half of all blobs for all three media.  Conversely,

large, complex blobs comprising four or more bodies composed 11-24% of the total number

of blobs.  However, the majority of the total organic-liquid surface area and volume was

associated with the largest blobs.  The ratio of median blob size to median grain size was

close to unity for all three systems.  The distribution of blob sizes was greatest for the porous

medium with the broadest particle-size and pore-size distributions.  These results illustrate

the utility of synchrotron X-ray microtomography for characterizing fluid distributions at the

pore scale in natural porous media.



85

INTRODUCTION

The presence of organic immiscible liquids in the subsurface continues to be a key

complicating factor in the characterization, risk assessment, and cleanup of hazardous-waste

sites contaminated by organic compounds.  Central to this issue is the movement,

distribution, and mass-transfer behavior of organic liquids, from the pore scale to the field

scale.  The pore-scale distribution and morphology of organic liquids govern at a

fundamental level their displacement and mass-transfer behavior in porous media.

Concomitantly, the efficacy of remediation technologies is influenced by pore-scale factors

(e.g., mobilization/solubilization by surfactants and other reagents, degree of contact by

chemical reagents, bioavailability constraints for biodegradation processes).  The pore-scale

distribution and morphology of immiscible fluids in porous media has long been of interest

in the petroleum engineering field, and more recently in the hydrological/environmental field.

Methods used to characterize the pore-scale distribution and morphology of

immiscible fluids in porous media include two-dimensional micromodels, blob casting, and

three-dimensional imaging of porous-media systems.  While two-dimensional micromodel

studies can provide valuable information about pore-scale displacement and dissolution

processes (e.g., Chatzis et al., 1983; Conrad et al., 1992; Mayer and Miller, 1993; Kennedy

and Lennox, 1997; Jia et al., 1999; Sahloul et al., 2002; Chomsurin and Werth, 2003), they

have obvious limitations for characterizing three-dimensional immiscible-fluid distributions.

Blob casting using liquids such as styrene has been used successfully to examine the

influence of capillary number and porous-medium properties on the size and shape of
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immiscible-liquid blobs in porous media (Chatzis et al., 1983, Conrad et al., 1992, Craze,

1950; Robinson and Haring, 1981; Morrow and Chatzis, 1982; Wardlaw and McKellar,

1985; Mayer and Miller, 1992; Powers et al., 1992).  Obtaining quantitative morphological

information such as blob surface areas and volumes, and directly correlating blob distribution

to the pore structure are generally problematic for this method.  Several methods have been

used for pore-scale imaging of immiscible fluids in three-dimensional systems of porous

media, including photoimaging of refractive-index matched systems (e.g., Ng et al., 1978;

Montemagno and Gray, 1995; Fontenot and Vigil, 2002; Stohr et al., 2003), magnetic

resonance imaging or nuclear magnetic resonance methods (e.g., Osment et al., 1990; Johns

and Gladden, 1998, 1999, 2000; Pervizpour et al., 1999; Okamoto et al., 2002; Zhang et al.,

2002; Becker et al., 2003), and X-ray microtomography (e.g., Want et al., 1984; Peters and

Hardham, 1990; Hicks et al., 1992; Wildenschild et al., 2002; Culligan et al., 2004; Al-

Raoush and Willson, 2005).  Recent advances in imaging methods (increased resolutions)

and data processing (image-analysis programs) have allowed quantitative characterization

of blob shapes, volumes, and surface areas for immiscible liquid distributed in three-

dimensional porous-media systems (Fontenot and Vigil, 2002; Johns and Gladden, 1998,

1999, 2000; Zhang et al., 2002;  Al-Raoush and Willson, 2005).  To date, these studies have

focused on model porous media such as uniform (well sorted) silica particles.

The objective of this study was to quantitatively characterize the pore-scale

morphology of organic immiscible liquid in natural porous media.  Synchrotron X-ray

microtomography was used to obtain high-resolution images  of organic liquid residing at
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residual saturation in columns packed with porous media.  The image data were processed

to generate quantitative measurements of organic-liquid blob morphology.  Three porous

media comprising a range of particle-size distributions were used to evaluate the impact of

porous-medium texture on blob morphology.

MATERIALS AND METHODS

Materials

Tetrachloroethene was used as the model organic liquid for this study.  To enhance

image contrast, tetrachloroethene was doped with iodobenzene (8% by volume).  In addition,

the aqueous phase was doped with cesium chloride (60 g/L), resulting in an ionic strength

of 0.36M.  Barranco et al. (1997) investigated the influence of ionic strength on wettability

and interfacial tension in quartz-water-organic liquid systems.  They observed that water-

organic liquid interfacial tension increased minimally (<10%) for ionic strengths

corresponding to that of the cesium chloride solution used herein, while the contact angle

decreased by approximately 15-200 (the solid surface became more water wetting).  Based

on these results, the presence of cesium chloride is not expected to significantly influence the

phase-distribution behavior of our systems.  The densities of the doped organic liquid and

aqueous solution are 1.64 and 1.18 g/ml respectively.  The selected dopants were chosen to

exhibit minimal partitioning to non-target fluids.  All chemicals are reagent grade

(Sigma-Aldrich Co.).

Two natural, commercially available silica sands (Accusand, Unimin Co.) and one
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sandy loam surface soil (Hayhook) collected locally in Tucson, AZ were used as

representative natural porous media.  Relevant physical properties of the porous media are

provided in Table 1.  The median grain sizes (d50) of the three media are similar, whereas the

grain-size distributions vary considerably, as characterized by the uniformity coefficient (U).

The porous media are considered to be water-wetting.

The pore-size distributions for the Hayhook soil and 45/50 Accusand were estimated

from their respective water-retention curves (Dane and Hopmans, 2002).  For the Hayhook

soil, a hanging water column apparatus was used to generate a main-drainage water-retention

curve over a pressure range of -183 cm to saturation, corresponding to volumetric water

contents of 0.13-0.36 (Peng and Brusseau, 2005).  The water retention curve reported by

Schroth et al. (1996) for 40/50 Accusand was used for the 45/50 Accusand.  The capillary

rise equation was used to determine the equivalent pore radius for a given pressure along the

curve (Dane and Hopmans, 2002).  The ratio of the water content to total porous-medium

porosity was then used to estimate the fraction of pores associated with a specific range of

pore radii.

Establishment of Organic-Liquid Saturation

The porous media were dry-packed into thin-walled, X-ray transparent columns

constructed of aluminum, with stainless steel end fittings.  The columns were 4.4 cm long,

with an outer diameter of 0.635 cm and an inner diameter of either 0.46 or 0.58 cm.  Porous

frits were placed on both ends of the column to promote uniform flow and retain the porous
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media.  A polypropylene frit (10-:m pores) was placed on the end of the column used for

introduction/drainage of the organic liquid, and a stainless steel frit (2-:m pores) was placed

on the end of the column used for imbibition/drainage of the aqueous solution.  The

porosities and bulk densities of the packed columns are reported in Table 1; they are similar

to those obtained for larger columns packed with the same media (unpublished data).

After packing, the columns were purged with CO2 and saturated for several days by

pumping de-aired water upward through the column with a single-piston HPLC pump

(Acuflow Series II).  The equivalent of 2.5 pore-volumes (~1 cm3) of organic liquid was then

pumped vertically upward into the column at a Darcy velocity of 4.5 cm/hr using a syringe

pump (Sage).  An aqueous solution containing tetrachloroethene and iodobenzene at

equilibrium concentrations (assuming Raoult’s Law applicability), as well as the cesium

chloride salt, was then flushed vertically downward at 20 cm/hr to displace the organic

liquid.  The capillary number for this displacement was calculated to be 10-6, which is similar

to values typically used to establish a stable, discontinuous distribution (i.e., residual

saturation) of non-wetting phase (e.g., Morrow and Chatzis, 1982; Wardlaw and McKellar,

1985; Johns and Gladden, 1998).  Once the saturation process was complete, the columns

were sealed and imaged as described below.

After the imaging procedure was completed, a majority of the columns were extracted

with HPLC-grade ethanol (Sigma Aldrich Co.) to independently determine the amount of

organic liquid present.  Tetrachloroethene and iodobenzene concentrations in ethanol were

determined using direct-inject gas chromatography with flame-ionization detection
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(Shimadzu GC-14A).  The quantifiable detection limit was 6 mg/L for both tetrachloroethene

and iodobenzene.  Organic-liquid saturation values (ratio of organic-liquid volume to pore

volume) determined by this method ranged from 17-22%.  These saturations are in the same

range as values obtained for larger columns (5-15 cm long by 2.5 cm diameter) packed with

the same media (unpublished data).

Synchrotron X-Ray Microtomography and Data Processing

Imaging was conducted at the GeoSoilEnviroCARS (GSECARS) BM-13D beamline

at the Advanced Photon Source, Argonne National Laboratory, Il. Methods for collecting

three-dimensional images of geologic and environmental samples using synchrotron X-ray

microtomography, specific to the instrumentation at GSECARS BM-13D, have been

reviewed elsewhere (e.g., Wildenschild et al., 2002; Sutton et al., 2002).  Selected aspects

of the methods are presented in this section.  The GSECARS bending magnet source

provided a monochromatic X-ray beam which was directed to pass through the column,

perpendicular to the longitudinal axis.  The transmitted X-rays were converted to visible light

with a single-crystal synthetic YAG (ytrium-aluminum-garnet) scintillator, and projected

onto a mirror inclined 45º to the incoming beam.  A snapshot of the image on the mirror was

then taken with a high resolution CCD-camera attached to a microscope objective (5x).  This

image represents a depth-integrated grayscale map of the linear attenuation of the X-ray beam

as it passed through the column.  If the beam was highly attenuated (absorbed) in a particular

location, the grayscale value would be lower (darker).  After an image was collected, the
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column was rotated 0.5º, and the image-acquisition process was repeated.  A total of  720

two-dimensional images of the sample were collected.  Additionally, several backfield

projections, or images of the beam without any sample present, were collected during each

set of scans.  Each image was 7.1 x  5.6 mm, with a resolution (pixel size) of approximately

11 :m.

The synchrotron beam was tuned to specific incident energies to take advantage of

the X-ray absorption K-edge of the doping compounds.  The K-edge refers to the X-ray

energy at which the absorption of the beam by that element increases dramatically.  For

example, the absorption of the beam by the iodine-doped organic liquid is significantly

greater at an energy slightly above the iodine K-edge compared to its absorption below the

iodine K-edge.  However, the absorption of the beam by other constituents of the matrix

(e.g., porous media solids) remains essentially unchanged.  Images of the columns were

collected sequentially below and above the iodine K-edge (33.0169 and 33.269 keV) to

specifically resolve the organic liquid, and below and above the cesium K-edge (33.269 and

36.085 keV) to resolve the aqueous phase.  Thus, images were collected at three energies,

resulting in a total of 2160 scans for a given sample, not including synchrotron beam

backfield projections.

Image Processing and Analysis

The 720 two-dimensional images were preprocessed and reconstructed with

algorithms developed by Rivers (2003).  Preprocessing of the two-dimensional images
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removes artifacts and adjusts for the backfield projections.  Reconstruction is used to build

a single three-dimensional image file from the two-dimensional images.  The reconstruction

process reverses the relationship between grayscale and X-ray absorption such that locations

of high attenuation appear brighter.  After reconstruction, the data can be visualized as “thin

sections”, two-dimensional slices in either the x-y (perpendicular to the longitudinal

(rotational) axis of the column) or x-z (parallel to the rotational axis of the column) direction.

The reconstructed thin sections show the attenuation (grayscale) of the X-ray beam in a

discrete location (voxel), and thus the internal distribution of the attenuation is obtained.

Reconstructed three-dimensional images acquired with incident energy below the iodine

K-edge were subtracted from the corresponding images obtained from above the iodine

K-edge to produce images wherein only voxels comprising the organic liquid displayed

grayscale values different from the background.  Use of subtracted image files simplifies data

processing, ensures that voxels comprising organic liquid are successfully separated from the

surrounding matrix, and eliminates artifacts associated with highly X-ray attenuating

components of the porous media, such as metal oxides.

Additional image data processing and extraction of quantitative information were

conducted with the software package Blob3D, which was specifically developed for high

resolution X-ray microtomography data (Ketcham, 2005).  Data were input into Blob3D as

465 continuous x-y thin sections, with a grayscale range of 0-255.  Median smoothing was

used to reduce image noise (Ketcham, 2005).  Voxels comprising organic liquid have a

higher grayscale value than the surrounding matrix in the subtracted array.  A threshold value
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was defined to determine the grayscale range used to define the boundaries of the organic-

liquid voxels.  This threshold was set as the midpoint between the average grayscale value

of voxels in the center of the organic-liquid regions and the average grayscale value of voxels

in the surrounding matrix.  An array of binary images was then created wherein voxels

considered to be organic liquid were assigned a grayscale of 255 (white) and all others were

assigned a grayscale of 0 (black).  Contiguous voxels assigned as organic liquid were

identified and combined to form three-dimensional units (blobs).  The effective resolution

with respect to blob volume was approximately 10-5 mm3.

Once data processing was complete, quantitative information was generated for each

individual blob.  Volume was calculated as the total volume of all the voxels contained

within a blob.  Surface area was calculated from the isosurface connecting the grayscale

value of 127 in the binarized image.  The diameter of each blob was estimated based on a

single-sphere assumption.  For non-spherical blobs, the equivalent-sphere diameters were

found to be intermediate to the maximum and minimum length scales observed from

three-dimensional blob images.  Thus, the equivalent-sphere diameter was used as a

representative length scale for comparison purposes.   A small quantity of entrapped air was

observed in a few cross-sectional images.  Organic-liquid blobs contacting air were not used

in the analysis of blob-size distribution and morphology.

 Five columns were imaged for the current study: three Hayhook, two 45/50

Accusand, and one Mixed Accusand.  Two separate zones were imaged for one of the 45/50

Accusand columns. The length of the imaged zone was 5.6 mm.  The images were collected
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from the centers of the columns, thus minimizing the influence of potential end effects.  

RESULTS AND DISCUSSION

Qualitative Analysis

Inspection of the reconstructed thin sections shows that the three phases, organic

liquid, water, and porous-medium grains are very well distinguished, as illustrated in Figure

1.  Organic liquid was observed to be evenly distributed throughout the columns, both

longitudinally and radially, with no apparent preferential accumulation along the walls or

centers of the columns.  Blobs in the center and outer sections of the column appeared to

have similar morphologies.  Residual-saturation values calculated based on the total

organic-liquid blob volume tabulated for the imaged zones are, with one exception, within

10% of the values determined from ethanol extraction of the columns.

Organic-liquid blobs vary greatly in both size and shape, ranging from small spheres

($ 0.03-mm in diameter) to large, amorphous ganglia with mean lengths of 4-5 mm (Figure

2).  This range of sizes and shapes is consistent with the results of prior studies employing

blob casting and three-dimensional imaging (e.g., Chatzis and Morrow, 1983; Conrad et al.,

1992; Morrow and Chatzis, 1982; Wardlaw and McKellar, 1985; Mayer and Miller, 1992;

Powers et al., 1992; Fontenot and Vigil, 2002; Okamoto et al., 2001; Zhang et al., 2002; Al-

Raoush and Willson, 2005).  The thin sections for the Hayhook and 45/50 Accusand

presented in Figure 1 illustrate visually that the medium with a broader grain-size distribution

(Hayhook) has a greater proportion of large, complex ganglia.  Additionally, it can be seen
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that the Hayhook soil has a significant proportion of spheroidal blobs that are smaller than

those in the 45/50 Accusand.

Quantifying Size-Distribution and Morphology of Organic-Liquid Blobs

Histograms of the frequency and volume-fraction distributions of organic-liquid blobs

are presented in Figure 3 for the three porous media.  These distributions comprise

composites of all data for each porous medium. The distributions determined for the replicate

data sets are very similar for both the 45/50 Accusand and Hayhook soil.  The mean number

of blobs per scanned interval is 163, 217, and 270 for 45/50 Accusand, Mixed Accusand, and

Hayhook, respectively, consistent with their respective uniformity coefficients (Table 1).

The frequency distributions are relatively similar for the three media, with blob volumes

ranging over six orders-of-magnitude (Figure 3a).  The Hayhook distribution is shifted

leftward of the other two, and the median effective blob diameters are 0.2, 0.3, and 0.3 mm

for Hayhook, Mixed Accusand, and 45/50 Accusand, respectively (Table 1).  The difference

in the median blob sizes between Hayhook and the other two media is consistent with the

differences in their median grain sizes (Table 1).  The ratio of median blob size to median

grain size is close to unity for all three systems.

Pore-size distributions for the 45/50 Accusand and Hayhook soil, estimated from

water-retention curve data, are presented in Figure 4.  The pore-size distribution for the

Hayhook soil is relatively broad, and a majority of the pores have estimated diameters

smaller than 0.05 mm.  It is likely that the pore-size distribution is broader than that shown
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in Figure 4, as pores with diameters less than 0.02 mm were indeterminate due to limitations

of the estimation method.  The pore-size distribution of the 45/50 Accusand, wherein

approximately 90% of the pores have diameters between 0.1 and 0.2 mm, is much narrower

than that of the Hayhook soil.   The blob-size distribution is greater for the Hayhook soil,

consistent with its broader grain-size distribution (larger uniformity coefficient) and broader

pore-size distribution.  For both media, a majority of the blobs have effective diameters

equivalent to the larger pore diameters, and few have effective diameters equivalent to the

smallest pore-size ranges.  In both cases, a majority of the organic-liquid volume is

associated with multi-pore ganglia that have effective diameters greater than the largest

estimated pore size.

Cumulative distributions of blob frequency versus volume are shown in Figure 5,

along with fitted lognormal distributions.  The lognormal distributions describe the measured

data quite well for all three media.  In contrast, lognormal distributions did not provide good

fits to organic-liquid blob frequency distributions obtained from studies conducted with

glass-bead packs using blob casting (Mayer and Miller, 1992) and magnetic resonance

imaging (Johns and Gladden, 2000).  For both cases, deviation from lognormal distribution

was caused by minimal variation about the median relative to the dispersion about the tails.

Inspection of Figure 5 shows that this is not the case for the three data sets reported herein.

One possible source of the observed differences is the nature of the pore networks associated

with the spherical glass-bead packs versus the natural porous media used in this study.  As

observed in Figure 1, the porous media used in this study have very angular grains, including
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45/50 Accusand, the most homogenous medium of the three.  Such grain angularity promotes

a larger pore-size distribution, which may result in a broader blob-size distribution.  These

results suggest that blob size and morphology relationships obtained from analysis of glass-

bead packs may not be fully representative of natural porous media such as soils and aquifer

sediments.

The volume-fraction distributions of organic-liquid blobs for the three porous media

are quite different from the frequency distributions in that they appear to be skewed and

somewhat bimodal.  The largest blobs, although few in number, account for the greatest

volume of organic liquid in the columns (Figure 3b).  This is most striking in the Mixed

Accusand and Hayhook media, where the few largest blobs (~10 mm3 volume) account for

approximately 50% of the total organic-liquid volume.  The volumes of the largest individual

blob observed for each porous media are 2.6, 5.3, and 13.8 mm3 for 45/50 Accusand, Mixed

Accusand, and Hayhook, respectively.  The few largest blobs also account for the majority

of total blob surface area for all three media.

The organic-liquid blobs were classified by their number of associated unit bodies.

Singlets compose approximately half of the total number of blobs for all three media, 50, 45,

and 51% for 45/50 Accusand, Mixed Accusand, and Hayhook, respectively.  Doublets and

triplets compose 32, 31, and 39% of total blobs, whereas complex blobs comprised of four

or more bodies compose 18, 24, and 11%, respectively, for the three media.  Blob

morphology appears to correlate to blob size, with singlets and doublets predominating the

smaller blob-size fractions, and branched, complex blobs more prevalent for larger blob
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sizes.  

Surface areas were calculated for each organic-liquid blob, normalized by individual

blob volume (i.e., surface-area-to-volume ratio), and plotted as a function of blob volume to

examine blob morphology as a function of size (Figure 6).  The surface-area-to-volume ratio

of a perfect sphere is represented by the solid lines in Figure 6.  For all three media, the blobs

tend to be spherical at small blob volumes (< 10-3 mm3), and are increasingly less spherical

at larger volumes.  However, a significant number of even the smallest blobs (~ 10-5 mm3)

appear to deviate from a perfect sphere for the Hayhook soil, resulting in a greater variation

in blob morphology over the entire range of volumes.  For all three media, the largest blobs

(> 10-1 mm3) deviate considerably from spherical morphology, due to their complex nature

(Figure 2).

The total combined surface area of all organic-liquid blobs residing in a specific

imaged zone can be normalized by the total associated blob volume in that zone to produce

the global specific surface area, which can be used to compare organic-liquid configurations

among systems.  The global specific surface areas are 24.9, 25.9, and 24.2 mm-1 for the

45/50Accusand, Mixed Accusand, and Hayhook soil, respectively.  These values are similar

to those reported in prior studies employing three-dimensional imaging  (Zhang et al., 2002;

Al-Raoush and Willson, 2005) and computational (e.g., Dalla et al., 2002) methods. 

The fractal geometry of the organic-liquid blobs was assessed, as described by

Fontenot and Vigil (Fontenot and Vigil, 2002), to further evaluate blob morphology.  The

slope of a log-log plot of surface area versus volume represents the ratio of area and volume
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fractal dimensions (data not shown).  This value is 2/3 for perfect Euclidian space filling

objects (e.g., sphere), and approaches unity for increasingly ramified, or branched,

geometries.  The ratios of fractal dimensions for the smallest blobs (<10-4 mm3) range from

0.67 for the 45/50 Accusand to 0.70 for the Hayhook soil, indicating minimal deviation from

spherical morphology.  The ratios of fractal dimensions are larger, approaching unity, for the

larger blobs.  For the very largest blobs (>10-1 mm3), values range from 0.98 for the Mixed

Accusand to 1.01 for the Hayhook soil, indicating highly ramified geometries.

Comparison to Prior Studies

The range of blob sizes measured in this study is generally similar to those obtained

from blob-cast experiments (Chatzis et al., 1983, Morrow and Chatzis, 1982; Wardlaw and

McKellar, 1985; Mayer and Miller, 1992; Powers et al., 1992) and three-dimensional

imaging studies (Al-Raoush and Willson, 2005) for which capillary numbers associated with

residual-saturation formation were similar to ours (~10-6).  Furthermore, the ratios of median

blob size to median grain size obtained for the three systems examined herein are similar to

ratios, which range from approximately 1-2, determined from inspection of the results of

those prior studies.  The observation that the majority of blobs are smaller, spheroidal

singlets, but that the majority of total organic-liquid volume is associated with a few, much

larger, complex blobs is also consistent with the results of prior studies (Morrow and

Chatzis, 1982, Wardlaw and McKellar, 1985; Al-Raoush and Willson, 2005).

The blob-size distributions obtained in this study can be compared to distributions
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reported by Powers et al. (1992), who used styrene blob-casting to examine organic-liquid

blob morphology for larger columns (3-5 cm long by 5.5cm diameter) packed with natural

porous media.  The cumulative volume fraction of the organic-liquid blobs for the three

porous media used in the present study are plotted in Figure 7 with two data sets from the

Powers et al. study.  The ranges of blob diameters and the shapes of the distributions are

generally similar for the two studies.  For example, in both studies, the majority of the

organic-liquid volume is associated with blobs 0.03 to 3 mm in diameter for all media.

Additionally, for both studies, the blob-size distribution for the porous medium with the

larger uniformity coefficient is shifted to the right (Wagner Mix #1 for the Powers et al. data

set, and Hayhook soil for our data set).  These similarities suggest that the general

distributions and morphologies of the organic liquids are similar for the two column systems,

despite their disparity in size.

Implications

The objective of this study was to quantitatively characterize the pore-scale

morphology of organic immiscible liquid in natural porous media.  Detailed information

regarding organic-liquid blob morphology was successfully obtained using synchrotron X-ray

microtomography.  Three porous media comprising a range of particle-size distributions were

used to evaluate the impact of porous-medium texture on organic-liquid blob morphology.

General characteristics of the blob distributions were similar for all three media.  However,

specific properties of the blob distributions were observed to vary as a function of porous-
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medium texture.  For example, differences in the median effective blob diameters were

consistent with the differences in the median grain sizes of the porous media.  Additionally,

the blob-size distribution was greatest for the Hayhook soil, consistent with its broader grain-

size distribution (largest uniformity coefficient) and broader pore-size distribution.  The

blob-size distributions obtained in this study were similar to distributions reported by Powers

et al. (1992), who used styrene blob-casting to examine organic-liquid blob morphology for

larger columns (3-5 cm long by 5.5cm diameter) packed with natural porous media.  The

concordance of the results of the two studies allays to some degree concern regarding the

relatively small size of the columns used for synchrotron X-ray imaging.

The results presented herein illustrate the utility of synchrotron X-ray

microtomography for characterizing fluid distributions at the pore scale in natural porous

media.  The ability to conduct non-destructive, in-situ studies of three-dimensional, multi-

phase systems in natural porous media is a significant advantage for advancing understanding

of organic-liquid distribution and mass transfer at the pore scale.  The results of such studies

can be used, for example, to evaluate potential relationships between organic-liquid blob

specific surface areas and porous-medium properties, or to elucidate water-organic liquid

interface dynamics for systems undergoing dissolution.  Such knowledge would clearly be

useful for theoretical and modeling analyses, including mechanistic-based upscaling efforts.

An example application of synchrotron X-ray imaging for investigating pore-scale

dynamics is shown in Figure 8, wherein are presented three images of the same cross section

obtained at different times during water flushing of a column.  A decrease in the size of
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immiscible-liquid blobs is observed with time as a result of dissolution, as illustrated in the

highlighted section.  The organic-liquid specific surface areas and water-organic liquid

interfacial areas can be characterized as a function of time to evaluate mass-transfer

dynamics during the dissolution process.  Such investigations are a focus of current research.
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Porous Medium Porosity
Bulk Density
(g/cm3) U1

Median Grain
Diameter d50 (mm)

Median Blob Size
(mm)

Accusand- 45/50 0.33 1.8 1.00 0.35 0.3
Accusand- Mixed 0.27 1.9 3.45 0.34 0.3
Hayhook soil 0.385 1.65 16 0.26 0.2

1U = uniformity coefficient (d60/d10), di is the ith percent of grains by mass that are smaller than a given sieve size.

Table 1. Physical properties of porous media and immiscible-liquid blobs.
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Figure 1.  Thin sections in the x-y direction (planar view): a) Hayhook soil and b) 45/50
Accusand.  Organic liquid is white, porous-medium grains are light gray, and the aqueous
phase is dark gray (column outer diameter is 6.35 mm).

 
 

 

a 
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Figure 2.  Three-dimensional renderings of organic-liquid blobs isolated from the Hayhook
soil, generated with Blob3D.
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Figure 3. Distributions of the fraction of organic-liquid blobs present in each volume bin as
a) fraction of total number of blobs, and b) fraction of total organic-liquid volume.
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Figure 4. Comparison of the fraction of pores (black), number of blobs (hatched), and
volume of blobs (gray) of a given diameter: 45/50 Accusand (a), and Hayhook soil (b).
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Figure 5. Cumulative distribution of the number of organic-liquid blobs of a given volume.
Solid (Hayhook and Mixed Accusand) and dashed (45/50 Accusand) lines represent the
lognormal distribution fit to each data set.
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Figure 6. Volume-normalized surface area versus volume for each individual organic-liquid
blob: a.) 45/50 Accusand; b.) Mixed Accusand c.) Hayhook Soil.  Solid lines represent the
surface-area-to-volume ratio for a perfect sphere of equivalent volume.
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Figure 7. Comparison of the cumulative volume distribution of organic-liquid blobs from
this study (circles) and from Powers et al. (1992) (squares).
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Figure 8.  Time-series analysis of organic-liquid blob morphology during dissolution.
Porous medium is 45/50 Accusand.  Column inner diameter is 0.58 cm.
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ABSTRACT

The objective of this study was to examine the pore-scale distribution and

morphology of organic immiscible liquid in natural porous media containing three

immiscible fluids.  High-resolution, three-dimensional images of an organic liquid

(tetrachloroethene) in both three-phase (water-air-organic liquid) and two-phase (water-

organic liquid) systems were obtained using synchrotron X-ray microtomography.  These

data were used to quantitatively characterize the morphology of the organic liquid residing

within columns packed with one of three natural, sandy porous media.  Organic-liquid blobs

varied greatly in both size and shape, ranging from small, single spheres ($0.03-mm in

diameter) to large, amorphous ganglia with mean lengths of 4-5 mm.  Singlets comprised the

greatest number of blobs, whereas the large ganglia, while much fewer in number, comprised

the majority of the organic-liquid surface area and volume.  A significant portion of the

organic liquid in the three-phase systems  was observed to exist as lenses and films in contact

with air.  These features were not observed in the two-phase water-organic liquid systems.

The median and variance of the blob-frequency distributions were smaller and larger,

respectively, for the three-phase systems.  In addition, the global specific surface areas of the

organic liquid were greater for the three-phase systems.  These differences are attributed to

the presence of the organic-liquid lenses and films for the three-phase systems.
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INTRODUCTION

Characterizing and predicting multi-phase flow phenomena in subsurface systems is

critical to fields such as contaminant hydrology, petroleum engineering, and soil physics, and

a large body of literature has been developed on this topic.  One area that has received

increased attention lately is that of pore-scale multi-phase processes.  Recent advances in

experimental and computational methods have allowed investigation of fundamental

mechanisms controlling the displacement and distribution of immiscible fluids in porous

media.

Various imaging methods have been used for many years to examine fluid

displacement and distribution in porous media.  However, until recently, the visualization

and quantification of fluid distributions at the pore scale in three-dimensional porous-

medium samples was generally infeasible (e.g., Berkowitz and Hansen, 2001).  The

development of methods allowing high resolution, pore-scale imaging of immiscible fluids

in three-dimensional systems of porous media has been central to recent advances in multi-

phase flow by providing a means to directly and quantitatively test theoretical and

mathematical models.  These methods include photoimaging of refractive-index matched

systems, magnetic resonance imaging or nuclear magnetic resonance methods, and X-ray

microtomography.  They have been used, for example, to investigate the distribution and

configuration of immiscible fluids in porous media for two-phase systems (Montemagno and

Gray, 1995; Johns and Gladden, 1998, 1999, 2000, 2001; Pervizpour et al., 1999; Okamoto

et al., 2001; Sederman and Gladden, 2001; Fontenot and Vigil, 2002; Zhang et al., 2002;
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Wildenschild et al., 2002; Becker et al., 2003; Stohr et al., 2003; Culligan et al., 2004;

Al-Raoush and Willson, 2005).  To date, these studies have focused on  model porous media

such as well-sorted silica particles.  In addition, three-phase systems comprising water, air,

and organic liquid have not been examined.

The objective of this study was to examine the pore-scale distribution and

morphology of organic immiscible liquid in natural porous media containing three

immiscible fluid phases.  High-resolution, three-dimensional images of organic liquid in both

three-phase (water-air-organic liquid) and two-phase (water-organic liquid) systems were

obtained using synchrotron X-ray microtomography.  These data were used to quantitatively

characterize the configuration of the organic liquid.

MATERIALS AND METHODS

Materials

Tetrachloroethene was used as the model organic liquid for this study.  To enhance

image contrast, tetrachloroethene was doped with iodobenzene (8% by volume).  In addition,

the aqueous phase was doped with cesium chloride (60 g/L), resulting in an ionic strength

of 0.36M.  Barranco et al. (1997) investigated the influence of ionic strength on wettability

and interfacial tension in quartz-water-organic liquid systems.  They observed that water-

organic liquid interfacial tension increased minimally with increasing ionic strength (<10%

for ionic strength values corresponding to those used herein), while the contact angle

decreased (the solid surface became more water wetting).  Based on these results, the
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presence of cesium chloride is not expected to significantly influence the phase-distribution

behavior for our system.  The densities of the organic liquid and aqueous solution are 1.64

and 1.18 g/ml respectively.  The selected dopants were chosen to exhibit minimal

partitioning to non-target fluids.  All chemicals are reagent grade (Sigma-Aldrich Co.).

Two natural, commercially available silica sands (Accusand, Unimin Co.) and one

sandy surface soil (Vinton) collected locally in Tucson, AZ were used as representative

natural porous media.  Relevant physical properties of the porous media are given in Table

1.  All three media have low (< 0.03%) organic carbon contents.  The porous media are

considered to be water-wetting.

Establishment and Determination of Organic Liquid Saturation

The porous media were dry-packed into thin-walled, X-ray-transparent columns

constructed of aluminum, with stainless steel end fittings.  The columns were 4.4 cm in

height, with an outer diameter of 0.635 cm and an inner diameter of either 0.46 or 0.58 cm.

Porous frits were placed on both ends of the column to promote uniform flow and retain the

porous media.  A polypropylene frit (10-:m pores) was placed on the end of the column used

for organic-liquid introduction/drainage and a stainless steel frit (2-:m pores) was placed on

the end of the column used for aqueous-solution imbibition/drainage.  The bulk densities and

porosities of the packed columns are reported in Tables 1 and 2, respectively; they are similar

to those obtained for larger columns packed with the same media.

After packing, the columns were purged with CO2 and de-aired water was pumped
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upward through the column with a single-piston HPLC pump (Acuflow Series II).  The

equivalent of 2.5 pore-volumes (~1 cm3) of organic liquid was then pumped vertically

upward into the column at a Darcy velocity of 4.5 cm/hr using a syringe pump.  An aqueous

solution containing tetrachloroethene and iodobenzene at solubility concentrations based on

the composition of the organic liquid (assuming Raoult’s Law applicability), as well as the

cesium chloride salt, was then flushed vertically downward at 20 cm/hr to displace the

organic liquid.  The capillary number for this displacement was calculated to be 1A10-6, which

is similar to values typically used in prior studies to establish a stable, discontinuous

distribution of non-wetting phase (e.g., Morrow and Chatzis, 1982; Wardlaw and McKellar,

1985; Johns and Gladden, 1998).  Complete water saturation was not attained for some

columns, and thus significant fractions of air remained.  These columns represent the three-

phase systems.  The image data were examined to evaluate the comparative distributions of

the three fluids, as discussed below.  Upon completion of column preparation, the columns

were sealed and imaged as described in the following section.

After the imaging procedure was completed, the majority of the columns were

extracted with HPLC-grade ethanol (Sigma Aldrich Co.) to independently determine the

amount of organic liquid present.  Tetrachloroethene and iodobenzene concentrations in

ethanol were determined using direct-inject gas chromatography equipped with a

flame-ionization detector (Shimadzu GC-14A). The quantifiable detection limits of

tetrachloroethene and iodobenzene were 6 mg/L.  Saturation values (ratio of organic-liquid

volume to pore volume) determined by this method ranged from 14-19%.  These saturations
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are in the same range as values obtained for larger columns (5-15 cm long by 2.1 cm inner

diameter) packed with the same media (unpublished data).

Synchrotron X-Ray Microtomography

Imaging was conducted at the GeoSoilEnviroCARS (GSECARS) BM-13D beamline

at the Advanced Photon Source, Argonne National Laboratory, IL. Methods for collecting

three-dimensional images of geologic and environmental samples using synchrotron X-ray

microtomography, specific to the instrumentation at GSECARS, have been reviewed

elsewhere (e.g., Sutton et al., 2002; Wildenschild et al., 2002).  Briefly, the GSECARS

bending magnet source provided a monochromatic X-ray beam which was directed to pass

through the column, perpendicular to the longitudinal axis.  The length of the imaged zone

was 5.6 mm.  The transmitted X-rays were converted to visible light with a single-crystal

synthetic YAG (ytrium-aluminum-garnet) scintillator, and projected onto a mirror inclined

45º to the incoming beam.  A snapshot of the image on the mirror was then taken with a high

resolution CCD-camera attached to a microscope objective (5x).  This image represents a

depth-integrated grayscale map of the linear attenuation of the beam passing through the

column.  If the beam was highly attenuated (absorbed) in a particular location, the grayscale

value would be lower (darker).  After an image was collected, the column was rotated 0.5º,

and the image-acquisition process was repeated.  A total of 720 two-dimensional images of

the sample were collected.  Each image was 7.1 x  5.6 mm, with a resultant resolution (pixel

size) of 10.9 :m.
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The synchrotron beam was tuned to specific incident energies to take advantage of

the X-ray absorption K-edge of the doping compounds.  Images of the columns were

collected sequentially below and above the iodine K-edge (33.0169 and 33.269 keV) to

specifically resolve the iodine-containing organic liquid, and below and above the cesium

K-edge (33.269 and 36.085 keV) to resolve the aqueous phase.  Thus, images were collected

at three energies, resulting in a total of 2160 scans for a given sample, not including

synchrotron beam backfield projections.  Eight imaged scanned intervals from six columns

were used in the present study: four 45/50-Accusand, two 100/140-Accusand, and two

Vinton soil.  Of these, three are replicates for the two-phase 45/50-Accusand system, used

to evaluate reproducibility.  The remainder represent single samples for three-phase 45/50-

Accusand and both two-phase and three-phase systems for 100/140-Accusand and Vinton

soil.  The imaged sections were obtained from the center of the columns.

Image Processing and Analysis

For each set of scans, the 720 two-dimensional images were preprocessed and

reconstructed with algorithms developed at GSECARS (Mark Rivers,

http://cars9.uchicago.edu/software/index.html) to construct a single three-dimensional image

array.  The reconstruction process reverses the relationship between grayscale and X-ray

absorption such that locations of high attenuation appear brighter.  After reconstruction, the

data can be visualized as “thin sections,” two-dimensional slices in either the x-y

(perpendicular to the longitudinal (rotational) axis of the column) or x-z (parallel to the



124

rotational axis of the column) direction.  The reconstructed thin sections show the attenuation

(grayscale) of the X-ray beam in a discrete location (voxel), and thus the internal distribution

of the attenuation is obtained.  Reconstructed three-dimensional images acquired with

incident energy below the iodine or cesium K-edge were subtracted from the corresponding

image above the K-edge to produce images wherein only voxels comprising the fluid of

interest displayed a different grayscale value than the background.  Use of a subtracted image

array simplifies data processing, ensures that voxels comprising the fluid of interest are

successfully separated from the surrounding matrix, and eliminates artifacts associated with

highly X-ray attenuating components of the porous media, such as metal oxides.

Additional image data processing and extraction of quantitative information were

conducted with the software package Blob3D, which was specifically developed for high

resolution X-ray microtomography data (Ketcham, 2005).  Data were input into Blob3D as

465 continuous x-y thin sections, with a grayscale range of 0-255.  For the two phase

systems, measurement of the organic liquid and water distributions were conducted with the

respective subtracted arrays, as described above.  For the three-phase systems, air was

resolved using thin-section arrays collected above the cesium K-edge.   These images

provided sufficient contrast between air and the other fluids.

Median smoothing was used to reduce image noise (Ketcham, 2005).  The voxels

comprising  the fluid of interest were defined to fall within a certain grayscale range.  The

boundary of this range was set as the midpoint between the average of target-fluid voxels and

non-target-fluid voxels in the array.  An array of binary images was then created wherein
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voxels considered to be the fluid of interest were assigned a grayscale of 255 (white) and all

others were assigned a grayscale of 0 (black).  Contiguous voxels assigned as the fluid of

interest were identified and combined to form three-dimensional units (i.e., “blobs”).

Quantitative data were then extracted for each individual blob.  Volume was calculated as

the total volume of all the voxels contained within a blob.  Surface area was calculated from

the isosurface connecting the grayscale value of 127 in the binarized image.  The diameter

of each blob was estimated based on a single-sphere assumption.  For non-spherical blobs,

the equivalent-sphere diameter was compared to the maximum and minimum length scales

observed from three-dimensional blob images and was found to be intermediate to them.

Thus, the equivalent-sphere diameter appears to be a representative length scale for

comparison purposes.   A few isolated pockets of air were observed in some of the two-phase

columns; in such cases the immiscible-liquid blobs in contact with air were not included in

the blob-distribution analysis.   The effective resolution with respect to blob size was

approximately 10-5 mm3.

RESULTS AND DISCUSSION

Fluid Volumes and Distributions

The volumetric fluid contents obtained from processing the image data are reported

in Table 2.  Organic-liquid content values calculated for the scanned intervals, based on total

organic-liquid blob volume, are with one exception in good agreement with values obtained

by ethanol extraction of the columns (Table 2).  The total porosities calculated from the
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combined volumes of all fluids imaged in each scanned interval are in most cases relatively

similar to the column-scale porosities determined gravimetrically (Table 2).  Sources of

deviation between the two sets of porosity values include measurement uncertainty

associated with both sets of values, and potential spatial variability of porosity.

Inspection of the reconstructed thin sections shows that the fluids, organic liquid,

water, and air, and the porous-medium grains are well distinguished, as illustrated in Figures

1 and 2 for a two-phase and three-phase system, respectively.  Also shown are false-color

overlays developed by combining individual-fluid image sets determined separately for each

of the two or three fluids.  Organic liquid was observed to be distributed throughout the

scanned intervals, both longitudinally and radially, with no apparent preferential

accumulation.  Organic-liquid blobs in the center and outer sections of the columns appeared

to have similar morphologies.  Organic-liquid blobs varied greatly in both size and shape,

ranging from small spheres ($0.03-mm in diameter) to large, amorphous ganglia with mean

lengths of 4-5 mm.  This range of sizes and shapes is consistent with the results of prior

studies employing styrene blob casting (e.g., Morrow and Chatzis, 1982; Chatzis et al., 1983;

Wardlaw and McKellar, 1985; Conrad et al., 1992; Mayer and Miller, 1992; Powers et al.,

1992) and three-dimensional imaging (Okamoto et al., 2001; Fontenot and Vigil, 2002;

Zhang et al., 2002, Al-Raoush and Willson, 2005).

Comparison of the thin sections for the three-phase and two-phase systems illustrates

visually that organic-liquid blob morphology is more diverse for the three-phase systems.

Specifically, a significant portion of the organic liquid exists as lenses and films in contact



127

with air.  In contrast,  lenses and films are not observed in the two-phase water-organic liquid

systems.  The differences in blob morphology are illustrated in Figure 4, in which are

presented three-dimensional renderings of individual organic-liquid blobs for the two and

three-phase systems.  The presence of lenses are evident in the singlet and doublet shown for

the three-phase system.

Air was continuous throughout the scanned intervals for all three media for the three-

phase systems.  Inspection of Figure 3 clearly shows that air occupied the largest pores for

Vinton soil.  For this system, 97% of the total air volume in the scanned interval comprised

one single, contiguous, inter-connected body that spanned the entire length of the scanned

interval.  The remaining 3% appeared to exist as small isolated singlets.  The comparative

distributions of air and organic liquid in relation to the pore network were more difficult to

evaluate for the two Accusand media given their more uniform pore-size distributions (e.g.,

see Figure 2a).  However, the majority of the air occurred as one contiguous entity in both

cases (53% for 45/50-Accusand and 92% for 100/140-Accusand).

Comparison of the false-color overlays (Figures 1b, 2b), which are developed by

combining image sets generated for each fluid individually, with the original thin-sections

(Figure 1a, 2a) reveals that some fluid bodies were not completely resolved in the production

of the individual-fluid image sets.  Specifically, very small fluid bodies or thin liquid films

may not have been fully resolved, as influenced by noise inherent to the imaging process and

the spatial resolution of the imaging method (e.g., Ketcham and Carlson, 2001).  In addition,

image smoothing, necessary to reduce image noise, has the effect of removing small features
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at phase interfaces such as thin films.  The analysis of organic-liquid blob morphology

presented herein includes only those blobs that were successfully parsed from the image

arrays and resolved.  The total unresolved organic liquid is a negligible fraction of total

volume in each case.  However, a fraction of the unresolved organic liquid is likely to exist

as thin films, which would have relatively large surface-area-to-volume ratios.  While this

unresolved volume will have minimal impact on calculated total organic-liquid surface areas,

it may have a greater impact on calculated specific interfacial areas.

Quantification of Organic-Liquid Blob-Size Distribution and Morphology

  Cumulative distributions of organic-liquid blob frequency versus volume are shown

in Figure 5, along with fitted lognormal distributions.  The median and range of blob sizes

are similar for the three replicates of the 45/50-Accusand two-phase system.  The distribution

presented in Figure 5 comprises a composite of all three data sets for that system.  Blob

volumes ranging over six orders-of-magnitude are observed.  The frequency distributions are

relatively similar for the three media.  The lognormal distributions describe the measured

data quite well for all three media.  The median blob lengths for the two-phase systems are

approximately twice as large as those of the three-phase systems (Table 1).  The ratios of

median blob length to porous-medium grain diameter are approximately 1 and 0.5 for the

two-phase and three-phase systems, respectively.  The variances of the distributions are

greater for the three-phase systems.  For example, the coefficient of variation is 3.5 versus

8.4 for the two and three-phase systems, respectively, for the Vinton soil.



129

 Surface areas were calculated for each organic-liquid blob, normalized by the

associated blob volume (i.e., surface-area-to-volume ratio), and plotted as a function of blob

volume to examine blob morphology as a function of size (Figure 6).  The surface areas

represent the total surface of each blob, and thus incorporate both water-organic liquid

interfaces and air-organic liquid interfaces.  The surface-area-to-volume ratio of a perfect

sphere is represented by the solid lines in Figure 6.  The greater the deflection from this line,

the larger the deviation from a perfect sphere.  For the two-phase systems, the blobs tend to

be spherical at small blob volumes (<10-3 mm3), and become increasingly less spherical with

increasing size.  While the same trend is apparent for the three-phase systems, a significant

number of even the smallest blobs (~10-5 mm3) appear to deviate significantly from a perfect

sphere, resulting in a greater variation in blob morphology over the entire range of volumes.

For all three media, the surface-area-to-volume ratios are observed to be significantly greater

in the three-phase systems than the two-phase systems for smaller blob volumes (<10-3 mm3).

Conversely, the ratios for the two sets of systems are similar for larger blob volumes.  The

total numbers of blobs per scanned interval for the two-phase systems are 163, 231, and 327

for 45/50-Accusand, Vinton soil, and 100/140-Accusand, respectively.  In contrast, the total

numbers of blobs for the three-phase systems are 360, 1167, and 2159, respectively, for the

three media. 

The total combined surface area of all organic-liquid blobs residing in a specific

scanned interval can be normalized by the total associated blob volume in that interval to

produce the global specific surface area, which can be used to compare organic-liquid
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configurations among systems.  For the two-phase systems, the global specific surface areas

were 24.9, 30.5, and 25.6 mm-1 for the 45/50-Accusand, 100/140-Accusand, and Vinton soil,

respectively.  These values are similar to those reported in prior studies of two-phase

systems, based on three-dimensional imaging  (e.g., Zhang et al., 2002; Al-Raoush and

Willson, 2005) and computational (e.g., Dalla et al., 2002) methods.  The values for the

three-phase systems, 28.5, 55.9, and 33.1 mm-1 for the 45/50-Accusand, 100/140-Accusand,

and Vinton soil,  respectively, are larger than those obtained for the two-phase systems.

The fractal geometry of the organic-liquid blobs was assessed, as described by

Fontenot and Vigil (2002), to further evaluate blob configuration.  The slope of a log-log plot

of surface area versus volume represents the ratio of area and volume fractal dimensions

(data not shown).  This value is 2/3 for perfect Euclidian space-filling objects (e.g., sphere)

and approaches unity for increasingly ramified, or branched, geometries.  The ratios of fractal

dimensions for the smallest blobs (<10-3 mm3) in the two-phase systems are 0.70, 0.69, and

0.68 for 45/50 Accusand, Vinton soil, and 100/140Accusand, respectively, indicating

relatively minimal deviation from spherical morphology.  For the three phase systems, the

ratios of fractal dimensions for the smallest blobs are 0.72, 0.71, and 0.74 for the three

media, representing a somewhat greater deviation from spherical morphology. The ratios of

fractal dimensions are larger, approaching unity, for larger blob sizes for both the two- and

three-phase systems.  For the very largest blobs (>10-1 mm3), values range from 0.98-1.01 in

the two-phase systems and 0.98-1.02 in the three-phase systems, signifying blobs of much

greater morphological complexity compared to the smaller blobs.  The results of the fractal-
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dimension analysis are consistent with the results obtained from the surface-area-to-volume

ratio analysis discussed above.

The preceding results indicate several differences exist between the two-phase and

three-phase systems with respect to organic-liquid blob morphology.  These differences are

attributed to the presence of the organic-liquid lenses and films in contact with air that were

observed for the three-phase systems.  These lenses and films exhibit greater deviation from

spherical morphology and have larger specific surface areas, compared to the organic-liquid

blobs associated with the two-phase systems (e.g., see Figure 4).   The presence of such

lenses and films would be expected to significantly impact mass-transfer processes such as

dissolution and evaporation.

SUMMARY

The objective of this study was to qualitatively and quantitatively characterize the

pore-scale distribution and morphology of organic immiscible liquid in natural porous media

comprising three fluid phases.  Detailed information regarding organic-liquid blob

morphology was successfully obtained using synchrotron X-ray microtomography for three

porous media.  General characteristics of the blob distributions were similar for all three

media.  For example, singlets comprised the greatest number of blobs, while the majority of

the total surface area and volume of the organic liquid was associated with a relatively few,

large ganglia.  For the three-phase systems, a significant portion of the organic liquid was

observed to exist as lenses and films in contact with air.  These features were not observed
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in the two-phase water-organic liquid systems.  The presence of the lenses and films was

shown to significantly impact  blob-size distribution and morphology.  The results presented

herein illustrate the utility of synchrotron X-ray microtomography for characterizing fluid

distributions at the pore scale in natural porous media.  The information obtained with the

method should, for example, be useful for evaluating conceptual and mathematical models

of pore-scale fluid displacement and retention. 
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Table 1. Physical Properties of Porous Media and Median Blob Lengths

Porous Medium

Bulk
Density
(g/cm3) U1

Median Grain
Diameter (mm)

Median Blob Length, 
2-Phase (mm)

Median Blob Length, 3-
phase (mm)

45/50-Accusand 1.75 1.00 0.35 0.29 0.15
100/140-Accusand 1.75 1.66 0.15 0.16 0.09
Vinton 1.59 2.40 0.23 0.20 0.11

1U = uniformity coefficient (d60/d10), where di is the mass fraction of particles with diameters smaller than a designated mesh size.
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Table 2. Volumetric Fluid Contents and Porosities1

Vinton 45/50-Accusand 100/140-Accusand
2-Phase 3-Phase 2-Phase 2-Phase 2-Phase 3-Phase 2-Phase 3-Phase

2o, ethanol extraction 0.06 0.06 0.06 0.06 NA 0.07 NA 0.05

2o, imaging 0.14 0.06 0.08 0.07 0.05 0.09 0.11 0.05

2w, imaging 0.38 0.24 0.21 0.21 0.26 0.15 0.36 0.15

2a, imaging -- 0.12 0.01 0.01 -- 0.06 -- 0.09

2t, imaging2
   0.52 0.42 0.30 0.29 0.31 0.30 0.47 0.29

2t, gravimetric3 0.40 0.40 0.34 0.34 0.37 0.33 0.38 0.34

1The subscripts ‘o,’ ‘w,’ ‘a’, and ‘t’ represent organic immiscible liquid, water, air, and total (pore space), respectively.
2 2t is the sum of 2o, 2w, and 2a.
3Volumetric water content measured gravimetrically.
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a. b.

Figure 1.  Thin sections in the x-y direction (planar view) of a 45/50-Accusand column for
a two-phase system (water-organic liquid).  A) Reconstructed raw image collected above the
iodine K-edge; organic liquid is white, the aqueous phase is dark gray, and porous-medium
grains are light gray.  B) False-color images, created by overlapping the binary images
obtained separately for each fluid; organic liquid is red, the aqueous phase is blue, and
porous-medium grains (and unresolved fluid) are light gray.  Column inner diameter is
0.58cm.

a. b.a.a.a.
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Figure 2.  Thin sections in the x-y direction (planar view) of a 45/50-Accusand column for
a three-phase system (water-air-organic liquid).  A) Reconstructed raw image collected above
the iodine K-edge; organic liquid is white, the aqueous phase is dark gray, air is black, and
porous-medium grains are light gray.  B) False-color images, created by overlapping the
binary images obtained separately for each fluid; organic liquid is red, the aqueous phase is
blue, air is black, and porous-medium grains (and unresolved fluid) are light gray.  Column
inner diameter is 0.58 cm.
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Figure 3.  Thin section in the x-y direction (planar view) of a Vinton soil column for a three-
phase system (water-air-organic liquid).  Reconstructed raw image collected above the iodine
K-edge; organic liquid is white, air is black, and the aqueous phase and porous-medium
grains are gray.  Column inner diameter is 0.58 cm.
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Figure 4.  Three dimensional renderings of organic-liquid blobs isolated from the 45/50-
Accusand.  The top two blobs were isolated from a two-phase system, and the bottom two
blobs were collected from a three-phase system.  Created with Blob3D (Ketcham, 2005).
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Figure 5. Cumulative distribution of the number of organic-liquid blobs of a given
volume in two and three-phase systems for A) Vinton Soil; B) 100/140-Accusand; C)
45/50-Accusand.  Solid lines represent the lognormal distribution fit to each data set.
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Figure 6. Volume-normalized surface area versus volume for all organic-liquid blobs: A)
Vinton soil; B) 100/140-Accusand; C) 45/50-Accusand.  Solid lines represent the surface-
area-to-volume ratio for a perfect sphere of equivalent volume.
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ABSTRACT

The objective of this study was to characterize the pore-scale dissolution of organic

immiscible-liquid blobs residing within natural porous media.  Synchrotron X-ray

microtomography was used to obtain high-resolution, three-dimensional images of the

aqueous, organic-liquid, and solid phases residing in columns packed with one of two porous

media.  Images of the packed columns were obtained after a stable, discontinuous

distribution (e.g., residual saturation) of the organic liquid (trichloroethene) had been

established, and three times during column flushing.  These data were used to characterize

the morphology of the organic-liquid blobs as a function of dissolution, and to quantify

changes in total organic-liquid volume, surface area, and water-organic liquid interfacial

area.  The dissolution dynamics of individual blobs appeared to be influenced by the local

pore configuration.  In addition to dissolution-induced shrinkage, some blobs were observed

to separate into multiple distinct sub-units.  The median organic-liquid blob size decreased

as dissolution proceeded  for both of the porous media.  A nearly linear relationship was

observed between both total and capillary associated interfacial area and organic liquid

volumetric fraction.  Changes in the measured aqueous-phase trichloroethene effluent

concentrations were well correlated with changes in the volume, surface-area, and number

of blobs.  The aqueous concentration data were adequately described by a first-order mass

transfer expression employing a constant value of the mass-transfer coefficient, with values

for the water-organic liquid interfacial area obtained from the microtomography data. 
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INTRODUCTION

Organic immiscible liquids such as chlorinated solvents, fuel oils, and gasoline

products are common contaminants in the subsurface.  These liquids are often present in

porous media as disconnected fluid bodies (blobs) that have become trapped due to capillary

forces.  An understanding of the pore-scale morphology and dissolution of organic-liquid

blobs is therefore of central importance to developing improved conceptual and mathematical

models of immiscible-liquid behavior in porous media. 

The dissolution of organic-liquid blobs has been recently examined at the pore scale

using two-dimensional micromodels (e.g., Kennedy and Lennox, 1997; Jia et al., 1999;

Sahloul et al., 2002; Chomsurin and Werth, 2003) and three-dimensional packed columns

(Johns and Gladden, 1999, 2000, 2001; Okamoto et al., 2001; Fontenot and Vigil 2002;

Zhang et al., 2002).  While two-dimensional micromodel studies have provided significant

insight into organic-liquid displacement and dissolution, they have obvious limitations for

characterizing dissolution in three-dimensional systems.  The few prior three-dimensional

studies of pore-scale dissolution have not incorporated direct measurement of aqueous-phase

effluent concentrations.  Such data is critical for relating changes in aqueous-phase mass flux

to changes in the magnitude and distribution of organic liquid-water interfacial area as

dissolution proceeds.

The objective of this study was to characterize the pore-scale dissolution of organic

immiscible-liquid blobs residing within natural porous media.  Synchrotron x-ray

microtomography was used to obtain high-resolution images of the aqueous, organic-liquid,
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and solid phases present within packed columns.  These images were collected prior to, and

at three times during column flushing.  Column effluent samples were collected to assess

mass flux and its dependancy on changes in the pore-scale morphology of the immiscible-

liquid blobs.

MATERIALS AND METHODS

Materials

Trichloroethene was used as the model organic liquid for this study.  To enhance

image contrast, trichloroethene was doped with iodobenzene (8% by volume).  In addition,

the aqueous phase was doped with cesium chloride (60 g/L), resulting in an ionic strength

of 0.36M.  As discussed previously, the presence of cesium chloride is not expected to

significantly influence the phase-distribution behavior of our systems (Schnaar and Brussau,

2005).  The densities of the doped organic liquid and aqueous solution are 1.50 and 1.18 g/ml

respectively.  The selected dopants were chosen to exhibit minimal partitioning to non-target

fluids.  All chemicals are reagent grade (Sigma-Aldrich Co.).  

Two natural, commercially available silica sands (Accusand, Unimin Co.) were used

as representative porous media.  The median grain sizes (d50) of the two media are similar

(0.35 mm), whereas the grain-size distributions vary, as characterized by the uniformity

coefficient (U=d60/d10; di is the ith percentile of grains by mass that are smaller than a given

sieve size).  The U values are 1.0 for the 45/50 Accusand and 3.45 for the Mixed Accusand.

The porous media are considered to be water-wetting.
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Establishment of Organic-Liquid Saturation and Column Flushing

The porous media were dry-packed into thin-walled, X-ray transparent columns

constructed of aluminum.  The columns were 4.4 cm long, with an inner diameter of 0.58

cm.  Polypropylene frits (10-:m pores) were placed on both ends of the column to promote

uniform flow and retain the porous media.  After packing, the columns were purged with

CO2 and saturated for several days by pumping de-aired water upward through the column

with a single-piston HPLC pump (Acuflow Series II).  The equivalent of 5 pore-volumes (~1

cm3) of organic liquid was then pumped vertically upward into the column at a Darcy

velocity of 4.5 cm/hr using a syringe pump (Sage).  An aqueous solution containing

trichloroethene and iodobenzene at equilibrium concentrations (assuming Raoult’s Law

applicability), was then flushed vertically downward at 20 cm/hr to displace the organic

liquid.  The capillary number for this displacement was calculated to be 10-6, which is similar

to values typically used to establish a stable, discontinuous distribution (i.e., residual

saturation) of non-wetting phase (e.g., Wardlaw and McKellar, 1985).

Once the saturation process was complete, the columns were sealed and imaged as

described below.  Following the initial scan, the columns were flushed with an aqueous

solution at a Darcy velocity of 17 cm/hr.  To increase the solubility of the organic liquid in

the aqueous phase, and thus the mass-removal rate, the flushing solution contained

hydroxypropyl-$-cyclodextrin (HPCD, 5% wt).  HPCD has been shown in several studies

to increase the effective solubility of organic liquids (e.g., Brusseau et al., 1994).  HPCD

experiences little or no sorption to porous-media grains, and does not partition significantly
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to the organic-liquid phase (Brusseau et al., 1994).  Additionally, HPCD does not appreciably

reduce the interfacial tension of the water-organic liquid interface, and, therefore, is unlikely

to mobilize organic liquid (Bizzigotti et al., 1997; Boving and Brusseau, 2000).  The

effective solubilities of trichloroethene and iodobenzene were similar in the HPCD solution

(approximately 2730 and 3025 mg/l, respectively).  

During each dissolution step, approximately 70 pore volumes of the HPCD solution

were flushed through the column.  Following this, an additional 10 pore volumes of solution

containing no HPCD and 60 g/L cesium chloride  were flushed through the column to

introduce the aqueous-phase dopant.  The column flushing procedure was implemented three

times for each column.  The columns were sealed and imaged following each dissolution

step.  Column effluent samples were collected during flushing and analyzed for

trichloroethene and iodobenzene using gas chromatography with flame ionization detection

(Shimadzu GC-17).  

Synchrotron X-Ray Microtomography and Data Processing

Two columns were imaged for the current study, one packed with 45/50 Accusand

and one with Mixed Accusand.  The imaged zone in each case spanned the entire length (1.5

cm) of the porous-medium zone within the column.  Imaging was conducted at the

GeoSoilEnviroCARS (GSECARS) BM-13D beamline at the Advanced Photon Source,

Argonne National Laboratory, Il. Images of the columns were collected sequentially below

and above the iodine K-edge (33.0169 and 33.269 keV) to specifically resolve the organic
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liquid, and below and above the cesium K-edge (33.269 and 36.085 keV) to resolve the

aqueous phase.  The two-dimensional data sets obtained from the imaging were preprocessed

and reconstructed to construct three-dimensional image arrays (Rivers, 2003).  Spatial

resolution of the images was  approximately 11 :m.  The effective resolution with respect

to blob volume was approximately 10-5 mm3.  The software package Blob3D, developed

specifically for high resolution X-ray microtomography data (Ketcham, 2005), was used for

additional image processing and extraction of quantitative information as discussed

previously (Schnaar and Brusseau, 2005).

Total volume and surface area values for each phase were obtained by summation of

the values calculated for all of the individual bodies of a specific phase present in the image

data.  Surface area values were normalized by the total volume of the scanned interval (i.e.,

porous-medium volume) to calculated specific surface areas.  The specific organic liquid-

bulk water capillary (e.g., meniscus) interfacial area was calculated with the following

relationship (Dalla et al., 2002):

[1]

where aow, ao, as, and aw, refer to the organic liquid-water capillary, organic-liquid, solid-

phase, and aqueous-phase specific surface areas, respectively.  The total organic immiscible

liquid-water interfacial area is considered to be equivalent to the total organic immiscible-

liquid interfacial area given the media are water wetting.
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Simulated column effluent concentrations were obtained using the following

equation, assuming one-dimensional transport and first-order mass transfer:

[2]







−−==
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where q is the Darcy flux, C is the aqueous-phase concentration of the organic-liquid, k is

the mass-transfer coefficient, Cs is the solubility of the organic-liquid in the aqueous phase

(assuming Raoult’s Law applicability),  ai is a measure of the specific organic liquid-water

interfacial area and L is the length of the porous medium zone.  Measured trichloroethene

effluent concentrations obtained during aqueous-phase (with no HPCD) flushing, and

surface-area values obtained from the image data were used in Eq. 2 to calculate k by

minimizing the error residual.  Both the specific organic liquid-water capillary area, aow, and

the organic-liquid surface area, ao, were used as measures of the organic liquid-water

interfacial area, ai.  

RESULTS AND DISCUSSION

Qualitative Analysis

Organic-liquid blobs observed in the initial images obtained for each column (ie., at

residual saturation) vary from small spheres ($0.03mm in diameter)  to large multi-pore

ganglia with mean lengths of 1-2 mm, consistent with previous studies (e.g., Powers et al.,
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1992; Schnaar and Brusseau, 2005).  The range in blob size is similar for the two media.  The

Mixed Accusand column contains many more organic-liquid blobs initially than the 45/50

Accusand (Table 1), also similar to prior results (Schnaar and Brusseau, 2005).  The initial

organic-liquid saturations are similar for the two columns (Table 1).  However, the porosity

of the 45/50 Accusand column is greater than that of the Mixed Accusand column (Table 2).

Consequently, the initial volume of organic liquid is substantially larger for the 45/50 column

than the Mixed Accusand column (17.5 and 11.8 mm3 respectively).  The volumetric fluid

contents and porosities calculated from the scanned images are similar to those measured

independently (Table 2).

Initially, the organic liquid was found to be evenly distributed throughout the

columns, both longitudinally and radially, with no apparent preferential accumulation along

the walls or centers of the columns.  However, the fraction of organic-liquid blobs residing

in the outer sections of the columns increased in subsequent images as the columns were

flushed (e.g., Figure 1a).  For example, the number of organic-liquid blobs in contact with

the column wall is 25% of the total for the initial scan and 74% in the final scan for the 45/50

Accusand.  For the Mixed Accusand, the number of blobs in contact with the column wall

increases from 15% of the total in the initial scan to 47% in the third scan (in the final scan

for that system a single organic-liquid blob remains and it is in contact with the column

wall).  This increase is most likely due to differences in the pore-scale flow regime in the

center and outer edges of the columns.  Furthermore, organic-liquid blobs in contact with the

column wall are observed to have smaller capillary-associated specific water-organic liquid
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interfacial areas as discussed below.  For both columns, blobs in the center and outer sections

of the column appear to have similar morphologies (i.e., surface area-to-volume ratios).

As flushing proceeded, organic-liquid blobs decreased in size and numbers, as

expected (Figure 1).  Neglecting organic-liquid blobs in contact with the column wall, blobs

closest to the column influent were generally removed prior to those further down-gradient

(Figure 1).  This ideal dissolution behavior is observed for both columns, and indicates local

equilibrium conditions prevailed during the initial stages of dissolution.

A time-series set of reconstructed two-dimensional thin sections collected from the

same location for the Mixed Accusand column is presented in Figure 2.  Inspection of the

thin sections shows that the three phases, organic liquid, water, and porous-medium grains,

are very well distinguished.  A decrease in blob size and eventual complete removal of the

majority of blobs is observed by comparing thin sections obtained prior to and after column

flushing.  Three-dimensional renderings of individual blobs indicate that some of the larger,

more complex ganglia separate into distinct sub-units due to dissolution of their narrowest

sections (Figure 2b).  Inspection of three-dimensional renderings of the organic-liquid blobs

for both columns shows that the large multi-pore ganglia do not undergo as much separation

for the 45/50 Accusand.  The pore aspect ratio (pore-body size: pore-throat size) is expected

to be closer to unity for the 45/50 Accusand than for the Mixed Accusand given the narrow

particle-size distribution of the former.  Therefore, the extremely narrow sections of large

multi-pore ganglia that promote separation are not anticipated to be as prevalent for the 45/50

Accusand. 



154

The dissolution dynamics of individual blobs appears to be influenced by the local

pore configuration.  In some cases, the organic liquid mass in close proximity to relatively

large water-filled pores appears to be preferentially removed (section highlighted by a circle,

Figure 2).  In other instances, a relationship between organic-liquid mass-removal rate and

adjoining pore size is less evident (section highlighted by a diamond, Figure 2).  MRI

imaging studies using glass-bead packs have shown that the velocity of water flowing

through a pore is not always a simple function of its cross-sectional area (Johns and Gladden,

1999; Okamoto et al., 2001).  For example, Johns and Gladden (1999) observed relatively

large pores that exhibited comparatively low aqueous velocities during column flushing (i.e.,

areas of stagnant water).  Organic-liquid blob dissolution rate was found to correlate with

adjoining aqueous-phase velocity rather than pore size.  A simple relationship between

organic-liquid dissolution rate and cross-sectional area of adjoining pores would therefore

not be expected.

The vast majority of organic-liquid blobs and porous-media grains occurred in the

same vertical location in succeeding images, indicating minimal mobilization.  However,

there is evidence of the movement of a small fraction of both porous-media grains and

organic-liquid blobs during column flushing, as shown in Figure 2a (e.g., section highlighted

by a square).  Organic-liquid blobs may have been mobilized due to a decrease in size

associated with dissolution-induced mass removal or separation, or alternatively, due to a

decrease in the water-organic liquid interfacial tension brought about by the presence of

HPCD in the flushing solution.  Several previous studies have noted that HPCD, at similar
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concentrations to those used in this study, did not appear to mobilize organic-liquid

entrapped in porous media (e.g., Bizzigotti et al., 1997).  Additionally, similar movement of

organic-liquid blobs was observed in reconstructed thin sections obtained from imaging of

a column flushed with an aqueous solution containing no HPCD (unpublished data).  It is

therefore unlikely that the presence of HPCD in the flushing solution caused the observed

mobilization of organic-liquid blobs.

Quantifying Changes in Size Distributions and Morphology of Organic-Liquid Blobs

Cumulative distributions of the total number of organic-liquid blobs initially and after

each dissolution step were quantified, and fit with log-normal distributions (data not shown).

For both media, the median blob size decreases by approximately a factor of two after the

first dissolution step.  However, the median blob size remains essentially constant thereafter

for both media.  As dissolution proceeds, the organic-liquid blobs are expected to become

smaller due to mass removal from individual blobs as well as separation of multi-pore blobs.

Reductions in the median size of the blobs are mitigated to some extent by removal of the

smallest blobs from the system as dissolution proceeds.  Log-normal distributions provide

good representations of the data for each dissolution step for both media.  The variance of

the log-normal distributions is relatively constant for all dissolution steps for the 45/50

Accusand.  Conversely, for the Mixed Accusand, it increased significantly after the first

dissolution step and then decreased to approximately the initial value after the second

dissolution step.
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Although few in number, the largest organic-liquid blobs (volume >0.1 mm3) account

for a significant portion of the total organic-liquid volume for both media (Table 1).  Initially,

the fraction of the total volume associated with these blobs is 40% and 66% for the Mixed

Accusand and 45/50 Accusand, respectively.  For both media, the fraction of total organic-

liquid volume associated with these blobs decreases as dissolution proceeds.  However, the

rate of this decrease was greater for the Mixed Accusand than the 45/50 Accusand.  For the

45/50 Accusand, the proportion of organic-liquid volume associated with the largest blobs

remains relatively constant in the final three scans (including the 96% mass-removed scan).

This relative persistence of large multi-pore blobs in the 45/50 Accusand can be attributed

at least in part to the lesser extent of blob separation and greater amount of blobs along the

column wall.

The fractal geometry of the organic-liquid blobs was assessed to evaluate if

dissolution may have caused changes in blob morphology (e.g., Fontenot and Vigil, 2002;

Schnaar and Brusseau, 2005).  The slope of a log-log plot of organic-liquid blob surface area

versus volume represents the ratio of area and volume fractal dimensions (data not shown).

This value is 2/3 for perfect Euclidean space filling objects (e.g., sphere) and approaches

unity for increasingly ramified (branched) geometries.  As in previous studies, this ratio is

approximately 2/3 for the smallest organic-liquid blobs (<10-4 mm3) and approachs unity for

larger, multi-pore blobs (e.g., Fontenot and Vigil, 2002; Schnaar and Brusseau, 2005).  The

ratio of fractal dimensions for all blobs in both columns are presented in Table 1, and

represent a composite over the range of blob sizes and morphologies.  The fractal dimension
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ratio remains constant at the 95% confidence level.  This analysis indicates that the

composite organic-liquid blob morphology did not change appreciably during dissolution.

The ratio of organic-liquid surface area to organic-liquid volume is similar for all four

scans for the 45/50 Accusand (Table 1).  For the Mixed Accusand column, the ratio is similar

for the first two scans.  The fraction of immiscible liquid removed prior to the second scan

of the Mixed Accusand column is similar to the fraction removed prior to the last scan of the

45/50 Accusand column.  Thus, over a similar range of mass removal, both systems appear

to exhibit a similar constancy of the blob surface area to volume ratio.  However, the surface

area to volume ratio increases for the Mixed Accusand column for the final two scans.

Because the fractal analysis indicates minimal change in morphology, this change is

attributed to the decrease in the size of the organic-liquid blobs in the Mixed Accusand

column, as discussed above.  The surface area to volume ratio of the organic liquid is greater

for the 45/50 medium relative to the Mixed Accusand system.  This is attributed to the

greater fraction of organic-liquid mass associated with large blobs for the 45/50 Accusand

column, given their similar blob morphologies based on fractal analysis.

The total surface area of the organic-liquid blobs is comprised of interfaces with thin

layers of water in contact with the porous-media grains as well as menisci associated with

the bulk aqueous phase (Figure 3).  The capillary associated organic liquid-water interfacial

area is likely the principal domain for dissolution.  The fraction of total organic liquid-water

interfacial area comprising capillary associated domains fluctuates during dissolution for the

45/50 Accusand (Table 1).  For the Mixed Accusand, the fraction of total interfacial area
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associated with the capillary domain was constant after the first dissolution step.

Discrepancy between the two media may be due to the greater fraction of organic-liquid

volume removed after the first dissolution step for the Mixed Accusand.

As dissolution of the organic-liquid blobs proceeds, the fraction of the total organic-

liquid interfacial area associated with the capillary domains is affected by two processes: 1)

as the organic-liquid blobs become smaller within a pore of fixed-size, the contribution of

capillary interfacial area to total blob interfacial area increases (illustrated by area highlighted

by a triangle, Fig 2); and 2) as portions of organic liquid in close contact with bulk fluid are

preferentially removed, the contribution of capillary interfacial area to total blob interfacial

area decreases (illustrated by area highlighted with a circle, Figure 2).  Additionally, organic-

liquid blobs in contact with the column wall are observed to have a smaller fraction of total

interfacial area associated with the meniscus relative to other blobs in the column.  This is

reasonable considering that the column wall is a concave surface, whereas the porous-

medium grains are convex and thus minimize organic liquid-solid contact area.  For both

media, the ratio of capillary associated interfacial area to total organic-liquid water interfacial

area increases by approximately 50% at the point where approximately 95% of the initial

mass has been removed (Table 1).

The decrease in both total organic-liquid and capillary-associated interfacial area

correlates well with the decrease in organic-liquid volume (Figure 4).  The organic-liquid

volume fraction (2o) is typically used as a surrogate for the specific organic liquid-water

interfacial area when modeling dissolution, under the assumption that the two are correlated.
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The data in Figure 4 are well described by a power-law relationship, consistent with previous

studies (Johns and Gladden, 1999; Zhang et al., 2002).  Furthermore, a single relationship

describes these correlations for both media.  The exponents of the power-law function are

close to unity, indicating a nearly linear relationship, as observed in prior studies (Johns and

Gladden, 1999; Zhang et al., 2002).  That this correlation is consistent over a wide range of

organic-liquid volume fraction (four orders of magnitude) implies that the morphology of the

organic-liquid blobs was relatively invariable.  This is supported by the fractal analysis

described above (Table 1).

Analysis of Effluent Concentration Data

Both trichloroethene and iodobenzene aqueous concentrations were measured for

effluent samples collected during the dissolution experiments.  Samples taken during the

aqueous-solution flush without HPCD were used to assess the change in organic-liquid

aqueous-phase mass flux due to dissolution of the organic-liquid blobs.  Effluent

trichloroethene concentrations normalized by its solubility (assuming Raoult’s Law

applicability) are presented in Figure 5.  The decrease in effluent concentrations is generally

well correlated with decreases in the number of organic-liquid blobs, organic-liquid surface

area and volume, and the organic liquid-water capillary area (Figure 5).

Elution curves showing solubility-normalized trichloroethene concentrations as well

as simulations based on Eq. 2 are presented in Figure 6.  For both data sets, use of ao and aow

provide similar fits to the measured data.  For the Mixed Accusand column, the change in
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the effluent trichloroethene concentrations are well described by Eq. 2 and a single k value.

However, good agreement is not found between simulations and experimental data for the

45/50 Accusand column.  In this case, it appears that k decreases initially to a steady value.

This may be due to organic-liquid volume associated with the polypropylene frit, which was

observed in the initial and first dissolution step scanned images.  Although a minimal amount

of organic-liquid was observed in the frit, due to the structure of the frit the surface area-to-

volume ratio of organic liquid in it is very large.  A model calibration to the 45/50 Accusand

including the estimated surface area of organic-liquid associated with the frit provides a

better fit to measured data (Figure 6).

Calculated k values using ao were 21.1 and 44.7 mm/hr for the 45/50 and Mixed

Accusand systems, respectively.  Values of k using aow were 59.1 and 155 mm/hr for the two

media, respectively.  The different values obtained for the two media may be related to

differences in system characteristics such as mean pore-water velocity and organic-liquid

surface area to volume ratio (Table 1).  It is likely that neither the total organic-liquid or

capillary-associated interfacial area are fully accurate representations of the effective organic

liquid-water interfacial area associated with mass-transfer, which is influenced by

heterogeneity of the pore-scale aqueous-phase velocity field (e.g., Johns and Gladden, 1999;

Okamoto et al., 2001).  This may lead to errors in determination of k, and differences

between observed data and model results.

The reported k values correspond to Sherwood numbers (Sh = k@ d50/D, where d50 is

the median grain diameter and D is the molecular diffusion coefficient of the organic liquid)



161

that ranged from 0.02 to 0.16 (Table 3).  Values of k and Sh are smaller than those calculated

using commonly reported correlation relationships based on dissolution of single spheres into

a flowing aqueous phase with no porous media (Table 3).  Values of k and Sh obtained herein

are for the most part also smaller than those reported in previous experimental studies in

glass bead systems (Table 3).  However, significant variability has been observed for mass-

transfer coefficients in previous studies (e.g., Kennedy and Lennox, 1997; Zhang et al., 2002;

Chomsurin and Werth, 2003).  For example, in the range of flushing velocities used in the

present study, Kennedy and Lennox report Sh values of approximately 1 - 40.  In a porous

media systems of angular silica gel, Zhang et al. (2002) observed Sh values that increased

during dissolution, from 0.1 - 2.5.

This variability has been attributed to the nonuniform pore-scale velocity of the

aqueous phase, which may be influenced by presence of the organic liquid (e.g., Kennedy

and Lennox, 1997; Johns and Gladden, 1999; Okamoto et al., 2001; Zhang et al., 2002).

Organic liquid blobs entrapped in proximity to low velocity channels are expected to exhibit

slower dissolution kinetics.  The pore-scale velocity field is likely more nonuniform in the

natural porous media used in the current study compared to the model porous media used in

previous studies.  In some cases, previous studies have additionally used experimental

methodologies that resulted in relatively simple configuration of the organic liquid (e.g.,

Kennedy and Lennox, 1997; Johns and Gladden, 1999).  These differences may explain the

smaller Sh values obtained in the present study.  This is supported by the relative similarity

of values presented herein to those obtained in angular porous media by Zhang et al. (2002).
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Implications

This study presents direct observations of the dissolution of organic-liquid ganglia

residing within natural porous media.  As the columns were flushed, organic-liquid blobs

were observed to decrease in size and number.  Several quantitative measures of the change

in organic-liquid blob size and morphology were similar for the two media used.  For both

systems, the median blob size decreased by a factor of two at the point when approximately

90% of the initial organic-liquid volume had been removed.  For both media, as dissolution

proceeded the fraction of total organic-liquid volume associated with large multi-pore blobs

decreased.  Over a similar range of mass removal, both systems had relatively constant

organic-liquid surface area to volume ratios and fractal dimensions.  For both media, the ratio

of capillary associated interfacial area to total organic-liquid water interfacial area increased

by 50% at the point where approximately 95% of the initial mass had been removed.  A

nearly linear relationship was found between both total organic-liquid and capillary-

associated interfacial area and organic-liquid saturation for both systems.  Furthermore, a

single relationship described each of these correlations for both media used in this study.

These measures of the change in organic-liquid morphology may be of great utility

when modeling organic-liquid dissolution in systems wherein the water-organic liquid

interfacial area cannot be directly measured.  Effluent concentrations were measured

independently in this study, and were well correlated with changes in organic-liquid volume,

surface area, and the number of blobs.  A one-dimensional first-order mass transfer

expression was able to match effluent concentrations reasonably well with a single value of
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the mass transfer coefficient.  This indicates that the first-order expression may be able to

accurately describe organic-liquid dissolution in natural porous media at the pore scale when

properties of the system have been adequately characterized.
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Table 1. Characteristics of the Organic-Liquid Blobs

Image Number Organic- Organic-Liquid Fraction Mass Fraction Mass TIA2/OVol3 TIA2/TVol3 CIA4/TVol3 CIA4/TIA2 Fractal Dimension

Liquid Blobs Saturation [-] Removed w/ Large Blobs1 [mm-1] [mm-1] [mm-1]  [-] Ratio5 [-]

Initial 285 12.72% 0.0% 66.8% 19.7 0.92 0.30 0.32 0.74 (0.73-0.76)
Dissolution Step 1 267 6.83% 47.5% 58.7% 20.5 0.50 0.20 0.40 0.73 (0.72-0.74)
Dissolution Step 2 66 1.63% 87.4% 50.9% 20.1 0.12 0.041 0.35 0.72 (0.69-0.74)
Dissolution Step 3 35 0.54% 95.8% 53.3% 22.9 0.045 0.022 0.50 0.72 (0.71-0.74)

Initial 855 10.0% 0.0% 36.6% 27.4 0.77 0.20 0.26 0.75 (0.74-0.75)
Dissolution Step 1 122 0.91% 94.5% 12.9% 26.6 0.073 0.025 0.34 0.71 (0.70-0.72)
Dissolution Step 2 21 0.12% 99.3% 0.0% 29.8 0.010 3.43E-03 0.34 0.72 (0.69-0.75)
Dissolution Step 3 1 0.004% 99.97% 0.0% 39.2 5.20E-04 1.78E-04 0.34 NA

1 Fraction of total organic-liquid volume associated with blobs greater than 0.1 mm3

2 'TIA' refers to the total organic liquid-water interfacial area, comprised of interfaces with bulk pore-water and thin water films coating solid grains
3 'OVol' and 'TVol' refer to the organic-liquid volume and total porous-medium volume respectively
4 'CIA' refers to the capillary associated organic liquid-water interfacial area, comprised of interfaces with bulk pore-water
5 Ratio of surface-area and volume fractal dimensions for organic-liquid blobs, as described in the text.  Values in parenthesis are 95% Confidence Interval

45/50 Accusand

Mixed Accusand
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Table 3. Comparison of Sherwood number (Sh) and k values obtained in previous studies

Reference Sh k Initial Organic Porous Media Physical Situation
[mm/hr]  Blob Length [mm] Diameter [mm]

2.1 1981 N/A N/A

2.0 1891 N/A N/A

0.4 398 N/A N/A

10.0 552 6.4 6.0

5.8 1920 2.2-4.9 0.45-1.7

28.0 10019 0.2 0.9

0.1-2.5 877 N/A 0.5

0.15-2.5 331 N/A 1.0

12.40 1368 1.6 3.0

21.21 1404 2.7 5.0

0.02-0.06 21.1-59.1 0.32 0.35

0.05-0.16 46.0-155 0.18 0.35

1For indicated studies, Sh  values are presented as a funtion of the Reynolds number (Re ). Values given correspond to Re  used in the present study (Re  = 0.02)
2For indicated studies, k  values are estimated from reported Sh  values
3For theoretical studies, k values calculated corresponding to characteristic length of the present study (0.35 mm)
4Sh  values estimated from k  values reported for interfacial area definition III (see reference)

Present Study, Mixed Accusand

Zhang et al., 20022

Johns and Gladden, 19994

Johns and Gladden, 19994

Present Study, 45/50 Accusand

Wilson and Geankopolis, 19621,2

Powers et al., 19941,2

Kennedy and Lennox, 19971,2

Zhang et al., 20022

Method for Determination of Mass-
Transfer Rate

Friedlander, 19571,2,3

Bowman et al., 19611,2,3

Levich, 19621,2,3

Change in organic-liquid saturation 
and interfacial area

Change in organic-liquid saturation 
and interfacial area

Change in aqueous-phase 
concentration and interfacial area

Change in aqueous-phase 
concentration and interfacial area

Measurement of aqueous-phase 
concentrations

Change in size and interfacial area 
of organic-liquid blobs

Change in organic-liquid saturation 
and interfacial area

Change in organic-liquid saturation 
and interfacial area

Theoretical Study

Theoretical Study

Theoretical Study

Measurement of aqueous-phase 
concentrations

 Spherical Liquid blobs in 3D 
column of glass beads

 Spherical Liquid blobs in 3D 
column of glass beads

Liquid blobs in 3D column 
with natural media

Liquid blobs in 3D column 
with natural media

Solid naphthalene spheres in 
sand

Liquid spheres in 2D model of 
glass beads

Liquid blobs in 3D column of 
angular media

Liquid blobs in 3D column of 
angular media

Flow around single spheres 
(no porous media)

Flow around single spheres 
(no porous media)

Flow around single spheres 
(no porous media)

Solid benzoic acid spheres in 
column of glass beads
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A.)

B.)

Figure 1.  Three-dimensional renderings of the organic-liquid blobs entrapped in the packed
columns, for (a) 45/50 Accusand and (b) Mixed Accusand.  The initial image was obtained
prior to column flushing, and the time sequence is presented from left to right.  Columns
were flushed upwards.  The organic-liquid blobs are white, and the surrounding matrix is
gray.  Image noise, inherent to x-ray microtomography data, is present along the longitudinal
axis.  This noise is removed by median smoothing prior to data processing. Column inner
diameter is 0.58 cm, and imaged length is approximately 1.5 cm.
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Figure 2. (Caption next page)
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Figure 2 (previous page). (a) Thin sections in the x-y direction (planar view) collected from
the same location in the Mixed Accusand column at three times during column flushing.
Organic liquid is white, porous-media grains are light gray, and the aqueous phase is dark
gray (column outer diameter is 6.35 mm).  Arrows indicate the time sequence, from the
initial image (i.e., residual saturation), to the second dissolution step; (b) Three-dimensional
renderings of the organic-liquid blob highlighted by a circle in part (a).  The blob is oriented
so that its longest dimension is parallel to the direction of flow, which was upwards.  After
the first dissolution step, the original blob was observed to separate into three distinct units.
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Figure 3.  An expanded view of the section highlighted with a circle in Figure 2a, shown
with a false-color overlay of the binary images obtained separately for each phase.  The
aqueous phase is blue, the solid porous-medium grains are gray, and the organic-liquid is red.
Thin films of water which are expected to exist between the organic-liquid and the porous-
medium grains are not visible as they are smaller than the spatial resolution of the imaging
method (11 :m).  The organic liquid-water meniscus interface is represented by the blue/red
boundary in the false-color overlay.
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Figure 4. The specific surface area of the organic liquid versus the organic-liquid saturation
(So).  Closed symbols are the total interfacial area, open symbols are the capillary associated
interfacial area.  Circles are for the Mixed Accusand, squares for the 45/50 Accusand.  Lines
represent the power-law function applied to each data set.  Resulting correlations were: ao

= 6.14 @ So
0.94 (R2 > 0.99); and aow = 2.05 @ So

0.93 (R2 = 0.97).
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Figure 5.  Normalized values of properties of the organic liquid versus the pore volumes of
aqueous solution flushed through the columns for (a) the 45/50 Accusand and (b) the Mixed
Accusand.  Organic liquid surface area, the number of blobs, volume, and organic liquid-
water meniscus are normalized by their initial value in each column (Table 1).  The effluent
trichloroethene concentration is normalized by its solubility concentration (assuming
Raoult’s Law applicability).
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Figure 6. Trichloroethene effluent concentrations normalized by trichloroethene solubility
(assuming Raoult’s Law applicability) for (a) 45/50 Accusand and (b) Mixed Accusand.
Lines represent simulations obtained with Eq. 2, where interfacial area  is represented by the
specific organic-liquid surface area (solid) and organic liquid-water capillary area (dashed).
For (a), the bold dashed line represents a simulation using the specific organic liquid surface
area and including organic-liquid volume associated with the polypropylene frit.
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ABSTRACT

Immiscible-fluid configuration and interfacial areas were compared among organic

liquid-water, air-water and air-organic liquid systems for two porous media.  Synchrotron X-

ray microtomography was used to obtain high-resolution, three-dimensional images of solid

and fluid  phases in packed columns.  The image data were processed to generate quantitative

measurements of the nonwetting phase in each system.  Images were obtained over a broad

range of nonwetting-phase saturation and for both wetting phase drainage and imbibition

conditions.  For both porous media, the size distributions and configuration of the

nonwetting-phase blobs, as well as wetting-nonwetting phase specific interfacial areas were

similar for the three two-fluid pair systems.  Under wetting-phase drainage, the nonwetting

phase existed primarily as a single, large, interconnected body which separated into multiple

distinct units during wetting-phase imbibition.  However, surface area-to-volume ratios of

nonwetting-phase blobs were similar for wetting phase drainage and imbibition for each fluid

pair.  The nonwetting phase was more interconnected and wetting-nonwetting specific

interfacial areas were generally larger for the medium with the smaller median grain size and

larger grain size distribution.  These observations indicate that nonwetting phase

configuration and wetting-nonwetting phase interfacial area are similar irrespective of the

specific fluid pair.  Properties of the porous medium appear to have a greater influence on

the magnitude of specific total interfacial area for a given saturation than fluid properties or

wetting-phase history. 
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INTRODUCTION

The configuration of immiscible fluids residing in porous media is of interest to the

fields of contaminant hydrology, soil and irrigation science, and petroleum engineering.  The

pore-scale distribution and morphology of immiscible fluids controls at a fundamental level

their transport behavior (e.g., displacement, mass transfer) in porous-media systems.  Of

particular interest is the influence of fluid and porous-medium properties on wetting-

nonwetting interfacial areas.  Recent advances in pore-scale imaging methods have allowed

for experimental investigations of these properties.

Methods used to investigate the three-dimensional distribution of fluids in porous

media include photoimaging of refractive-index matched systems (e.g., Montemagno and

Gray, 1995; Fontenot and Vigil, 2002), magnetic resonance imaging or nuclear magnetic

resonance methods (e.g., Johns and Gladden, 1999, 2000, 2001; Okamoto et al., 2001; Zhang

et al., 2002), and X-ray computed tomography (e.g., Wildenschild et al., 2002; Culligan et

al., 2004, 2006; Al-Raoush and Willson, 2005; Schnaar and Brusseau 2005, 2006; Brusseau

et al., 2006).  Recently, synchrotron-based x-ray computed microtomography has been used

to characterize the morphology and interfacial area of fluids in porous media, including air-

water systems (Wildenschild et al., 2002; Culligan et al., 2004; Brusseau et al., 2006;

Culligan et al., 2006), organic liquid-water systems (Al-Raoush and Willson, 2005; Schnaar

and Brusseau, 2005), and three-phase systems containing organic liquid, water, and air

(Schnaar and Brusseau, 2006).  Synchrotron based X-ray microtomography offers several

advantages compared to other imaging techniques, including improved spatial resolution and
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phase contrast.  This has allowed for the first pore-scale imaging studies of fluids in natural

porous media (e.g., Schnaar and Brusseau, 2005, 2006; Brusseau et al., 2006).

The objective of this study is to compare the pore-scale configuration and interfacial

area of immiscible fluids for organic liquid-water, air-water, and air-organic liquid systems.

Two porous media were used to investigate the influence of both porous medium and fluid

properties.  Synchrotron based X-ray microtomography was used to obtain high-resolution

images of immiscible fluids, from which was extracted detailed information regarding

configuration and interfacial areas.  Images were obtained over a broad range of non-wetting

phase saturation and for both wetting phase drainage and imbibition conditions.

MATERIALS AND METHODS

Materials

Tetrachloroethene and trichloroethene were the two organic liquids used in this study.

To enhance image contrast, the organic liquids were doped with either iodobenzene or 2-

iodopropane (10% by volume).  For the organic liquid-water systems, the aqueous phase was

doped with cesium chloride (60 g/L).  For the air-water systems, the aqueous phase was

doped with potassium iodide (120 g/L).  The surface or interfacial tensions of the fluid pairs

were measured with a ring tensiomat (Fischer Co.).  Values of the interfacial tension for each

fluid pair are presented in Table 1 and compared to the same fluids containing no dopants.

Based on these and previous results (e.g., Barranco et al., 1997) the presence of the dopant

compounds is not expected to significantly influence the phase-distribution behavior of our
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systems.  The selected dopants were chosen to exhibit minimal partitioning to non-target

fluids.  All chemicals were reagent grade (Sigma-Aldrich, Co.).

Two porous media were used in this study.  45/50 Accusand is a sieved,

commercially available quartz sand.  Vinton soil, collected locally in Tucson, AZ, is

primarily a quartz sand, with significant amounts of potassium-feldspar and plagioclase.  The

median grain size of the media are 0.35 and 0.23 mm for the 45/50 Accusand and Vinton

soil, respectively.  The uniformity coefficient (ratio of d60 to d10, di is the ith percent of grains

by mass that are smaller than a given sieve size) of the media are 1.0 and 2.4, respectively.

Both media contain relatively small amounts of organic carbon (foc < 0.03) and are

considered to be water wetting.

Establishment of Fluid Saturations

The porous media were dry-packed into thin-walled, X-ray transparent columns

constructed of aluminum.  A small subset of the columns used in the air-water experiments

were constructed of acrylic.  The aluminum columns were 4.4 cm long, with an outer

diameter of 0.64 cm and an inner diameter of 0.58 cm.  The acrylic columns were 5 cm long,

with an outer diameter of 0.7 cm and an inner diameter of 0.5 cm.  Polypropylene frits (10-

:m pores) were placed on both ends of the column to promote uniform flow and retain the

porous media.  The porosities of the columns were determined gravimetrically, and ranged

from 0.33-0.37 for the 45/50 Accusand and 0.36-0.45 for the Vinton Soil columns.  The bulk

densities of the columns ranged from 1.7-1.8 and 1.5-1.7 g/cm3 for the two media,
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respectively.  These values are similar to those obtained for larger columns packed with the

same media.

Organic Liquid-Water Systems

After packing, the organic liquid-water columns were purged with CO2 and saturated

for several days by pumping water upward through the column with a single-piston HPLC

pump (Acuflow Series II).  Several pore volumes of organic liquid were then pumped

vertically upward into the column at a Darcy velocity of 4.5 cm/hr using a syringe pump

(Sage).  Wetting-phase imbibition was then initiated by pumping cesium chloride aqueous

solution vertically downward at 20 cm/hr.  Seventeen data sets were collected for the 45/50

Accusand, and four data sets were collected for the Vinton soil.  The majority of these data

were collected under wetting-phase imbibition.  A portion of the data sets for each media

were collected during sequential wetting-phase drainage and imbibition events for a single

column.

Air-Water Systems

Similar to the organic liquid-water systems, images of the air-water systems were

collected under both wetting-phase drainage and imbibition.  For wetting-phase imbibition,

initially dry columns were flushed upwards with potassium iodide solution to varying

saturations.  In the case of the wetting-phase drainage experiments, columns were initially

saturated with potassium iodide solution and then drained to target saturations.  In some
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cases, water was then re-introduced and images were collected after secondary imbibition.

In the majority of experiments, water was imbibed into the columns at a Darcy velocity of

20 cm/hr.  Four data sets were collected for the 45/50 Accusand and twelve data sets were

collected for the Vinton soil.  Several of these data sets were collected from a single column

after sequential wetting phase drainage and imbibition events.

Air-Organic Liquid Systems

For the air-organic liquid systems, organic liquid was pumped vertically upwards into

the dry columns at a Darcy velocity of 4.5 cm/hr.  Images of the columns were collected after

introduction of the organic liquid (under wetting-phase imbibition).  Subsequently, the

columns were drained of organic liquid and additional images were obtained.  In this way,

two air-organic liquid data sets were collected for both the 45/50 Accusand and Vinton soil.

Synchrotron X-Ray Microtomography and Data Processing

Imaging was conducted at the GeoSoilEnviroCARS (GSECARS) BM-13D beamline

at the Advanced Photon Source, Argonne National Laboratory, Il. Methods for collecting

three-dimensional images of geologic and environmental samples using synchrotron X-ray

microtomography, specific to the instrumentation at GSECARS BM-13D, have been

reviewed elsewhere (e.g., Sutton et al., 2002; Wildenschild et al., 2002; Schnaar and

Brusseau, 2005).  For the organic liquid-water systems, date were collected sequentially

below and above the iodine K-edge (33.0169 and 33.269 keV) to specifically resolve the
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organic liquid, and below and above the cesium K-edge (33.269 and 36.085 keV) to resolve

the aqueous phase.  For the air-water and air-organic liquid systems, images were collected

below and above the iodine K-edge to resolve the aqueous solution or organic liquid.  The

length of the imaged zone was ten to thirteen millimeters in the majority of cases.  The

images were collected from the centers of the columns, thus minimizing the potential

influence of end effects.  The resolution (pixel size) of the images ranged from 11-12 :m.

Data sets obtained from the imaging were preprocessed and reconstructed with algorithms

developed by Rivers (2003).  The software package Blob3D (Ketcham, 2005), developed

specifically for high resolution X-ray microtomography data, was used for additional image

processing and extraction of quantitative information (Schnaar and Brusseau, 2005).

RESULTS AND DISCUSSION

Fluid Configurations

Two-dimensional thin section images for each fluid pair are shown for both media

in Figures 1-4.  The thin sections were obtained for columns at similar non-wetting phase

saturations (Table 2).  For a given fluid pair and porous medium, the images were collected

from the same vertical location within the same column for wetting-phase drainage and

imbibition.  Inspection of the reconstructed thin sections shows that the separate phases are

very well distinguished.  Also shown are false-color overlays of the binary images acquired

individually for each fluid during image processing.  Comparison of the thin-section images

and the false-color overlays reveals that the spatial distributions of the separate phases were
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successfully characterized.

The images presented in Figures 1-4 illustrate visually that the range of nonwetting-

phase blob size is greater for the porous medium with a broader grain-size distribution

(Vinton), regardless of the fluid pair present.  The nonwetting-phase blobs in the Vinton soil

are clearly more ramified and interconnected.  Additionally, it can be seen that the Vinton

soil has a greater proportion of smaller blobs than does the 45/50 Accusand.  For both media,

the nonwetting-phase blobs appear to be less interconnected for wetting-phase imbibition

than drainage.  The highlighted regions in Figures 1-4 show that during imbibition, the

wetting phase preferentially displaced the nonwetting phase in pore throats and relatively

small pore bodies.  Interestingly, the configuration and size distribution of nonwetting-phase

blobs appears to be similar for all three fluid pairs for a given porous medium and

drainage/imbibition condition.

Quantitative information regarding nonwetting-phase blobs parsed from data sets

with similar nonwetting-phase saturations is presented in Table 2.  For all three fluid pairs,

the median blob volume is smaller and the maximum blob volume is larger for the Vinton

soil than the 45/50 Accusand, indicating a broader range of blob sizes.  Additionally, a

greater proportion of the total nonwetting-phase volume is comprised of relatively large

blobs for the Vinton soil.  These findings are consistent with previous studies showing that

porous media with a greater grain-size distribution are more likely to entrap large, multi-body

nonwetting-phase ganglia (e.g., Powers et al., 1992; Schnaar and Brusseau, 2005).  

The vertical distribution of nonwetting phase saturation for the air-water and organic
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liquid-water systems under wetting-phase imbibition are presented in Figures 5-6.  The

distribution was significantly more uniform for the 45/50 Accusand than the Vinton soil for

both fluid pairs.  For the 45/50 Accusand, the coefficient of variation for the vertical

distribution of nonwetting-phase saturation was 21% and 25% for the air-water and organic

liquid-water respectively.  For the Vinton soil, the coefficient of variation was 59% and 50%.

The coefficient of variation for the vertical distribution of porosity was less than 9% in all

cases.  Areas of relatively large nonwetting-phase saturation in the Vinton soil appear to be

associated with regions of large grain and pore sizes.  This is shown in thin sections of the

air-water and organic liquid-water Vinton soil systems (Figures 3-4, 6).  The greater spatial

variability of fluid saturation observed for the Vinton soil is likely due to its larger pore-size

distribution (e.g., uniformity coefficient).

The total combined surface area of all nonwetting-phase blobs residing in a specific

image array can be normalized by the total associated blob volume to produce the global

nonwetting phase surface area-to-volume ratio, which can be used to compare organic-liquid

configurations among systems (Table 2).  The nonwetting-phase surface area-to-volume ratio

was similar for all three fluid pairs for the 45/50 Accusand, for both wetting-phase drainage

and imbibition conditions.  For the Vinton soil, the nonwetting-phase surface area-to-volume

ratio was similar for drainage and imbibition for each of the fluid pairs.  The ratios were

similar for the air-water and air-organic liquid systems, and somewhat smaller for the organic

liquid-water systems.  However, relatively few data were collected for the Vinton soil

organic liquid-water systems, and significant variability was observed among them.
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Cumulative distributions of nonwetting-phase blob frequency versus blob volume are shown

in Figures 7 and 8 for the data sets presented in Table 2.  For both media, the nonwetting-

phase blobs for each fluid pair have very similar cumulative frequency distributions,

especially under wetting-phase imbibition.

For both media and each fluid pair, the nonwetting-phase is more interconnected

under wetting-phase drainage than imbibition, as reflected in the connectivity index (Table

2).  In all cases, greater than 97% of the total nonwetting-phase volume is comprised of a

single, interconnected blob for wetting-phase drainage.  During wetting-phase imbibition,

these large blobs separated into distinct sub-units, and concomitantly the connectivity index

of the nonwetting phase decreased (Table 2).  Comparison of the two media shows that, after

wetting-phase imbibition, the nonwetting-phase is more interconnected for the Vinton soil

than the 45/50 Accusand for each fluid pair.  For both media and each of the fluid pairs, the

cumulative frequency distribution is broader and shifted to the left for wetting-phase drainage

versus imbibition (Figures 7-8). 

As discussed in the preceding paragraph, the nonwetting phase configuration was

significantly different for wetting-phase drainage and imbibition conditions.  However, the

nonwetting-phase surface area-to-volume ratios are similar (Table 2).  The morphology of

the nonwetting-phase blobs was assessed to elucidate its impact on nonwetting phase surface

area.  Surface areas were calculated for each organic-liquid blob, normalized by individual

blob volume (i.e., surface-area-to-volume ratio), and plotted as a function of blob volume

(Figure 9-10).  The surface-area-to-volume ratio of a perfect sphere is represented by the
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solid lines in Figures 9-10.  In general, the blobs tend to be more spherical at small blob

volumes (< 10-3 mm3), and increasingly deviate from spherical morphology at larger

volumes.  This is consistent with previous studies of nonwetting phase size and morphology

relationships (e.g., Johns and Gladden, 2000; Fontenot and Vigil, 2002; Schnaar and

Brusseau, 2005).  Interestingly, for each of the systems, the surface area-to-volume ratio of

the blobs is relatively constant for blob volumes greater than 10-1 mm3 (Figures 9-10).  As

blob volume increases, the blobs become increasingly ramified, which increases their surface

area-to-volume ratios.  This is offset by the decrease in surface area-to-volume ratio

associated with the increased size.  This explains why the total surface area-to-volume ratio

of the nonwetting phase is similar under wetting-phase drainage (blob volume is primarily

associated with blobs > 10 mm3 in volume) and imbibition (blob volume is associated with

blobs 0.1-10 mm3 in volume).

Wetting-Nonwetting Phase Interfacial Areas

For each of the fluid pair systems, the total surface area of the nonwetting phase is

comprised of interfaces with thin layers of wetting phase in contact with the porous-media

grains as well as menisci associated with the bulk wetting phase.  Treating the two media as

completely water wetting, the specific wetting-nonwetting fluid total interfacial area is

equivalent to the nonwetting phase specific surface area (an).  The specific wetting-

nonwetting fluid capillary (e.g., meniscus) interfacial area was calculated with the following

relationship (Dalla et al., 2002):
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[1]

where awn, as, and aw are the specific capillary interfacial area, specific solid surface area and

specific wetting-phase surface area, respectively.  The specific total and capillary interfacial

areas for each fluid pair system are shown as a function of nonwetting phase saturation in

Figures 9-10.  

Specific total interfacial area was observed to increase linearly with increasing

nonwetting phase saturation for each of the fluid pairs for both media.  This is consistent

with theoretical and experimental studies of the relationship between specific total interfacial

area and saturation (e.g., Leveret, 1941; Or and Tuller, 1999; Oostrom et al., 2001; Dalla et

al., 2002; Peng and Brusseau, 2005; Brusseau et al. 2006).  A linear regression was fit to the

fluid pair system with the most data for both media.  For the 45/50 Accusand, this was the

organic liquid-water data, and the resulting regression coefficient (R2) was >0.99.  For the

Vinton soil, a linear regression fit to the air-water data yielded an R2 = 0.98.  The linear fit

for both media, along with 99% confidence intervals, are shown in Figures 11-12.  The

relationship between total specific interfacial area and saturation is similar for all three fluid

pairs for a given porous medium.  There appears to be no difference between wetting-phase

drainage and imbibition conditions.

 The slope of the linear relationship was greater for the Vinton soil compared to the

45/50 Accusand (Figures 11-12).  This is consistent with previous studies that have observed

)(
2
1

wsnwn aaaa +−=
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larger specific interfacial areas for nonwetting fluid in media with smaller median grain sizes

(e.g., Anwar et al., 2000; Zhang et al., 2002; Peng and Brusseau, 2005; Schnaar and

Brusseau, 2006).  There is also more scatter in the linear relationship for the Vinton soil

compared to the 45/50 Accusand.  This may be related to the less uniform distribution of

saturation in those systems, as discussed above.

Previous experimental and theoretical studies have observed the capillary associated

interfacial area to increase and then decrease with increasing nonwetting-phase saturation

(e.g., Morrow, 1970; Gvritzman and Roberts, 1991; Hassanizadeh and Gray, 1993; Reeves

and Celia, 1996; Berkowitz and Hansen, 2001; Held and Celia, 2001; Dalla et al., 2002;

Cheng et al., 2004; Culligan et al., 2004; Brusseau et al., 2006).  The capillary associated

interfacial area in this study was observed to increase and then in some cases decrease with

increasing nonwetting phase saturation (Figures 11-12).  It is likely that insufficient data,

especially at large nonwetting phase saturations (>0.75) have been collected to fully

characterize this relationship.  Although capillary-associated interfacial area values at a

particular saturation were generally similar for wetting-phase drainage and imbibition, as

well as among the different fluid pairs, more data is necessary to fully evaluate these systems.

The magnitudes of the measured total and capillary-associated interfacial area values

are similar to the respective computational-based interfacial area values reported by Dalla

et al. (2002).  Culligan et al. (2006) recently reported X-ray microtomography measured

capillary-associated interfacial areas for air-water and organic liquid-water systems in a glass

bead media.  Capillary-associated interfacial areas reported by Culligan et al. (2006) are
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similar to those reported here considering the median grain size of the porous media.

Additionally, within the range of saturations observed in the present study, Culligan et al.

(2006) report similar values of capillary-associated interfacial area for wetting-phase

imbibition and drainage, and for the air-water and organic liquid-water systems.

Implications

The configuration and interfacial area of immiscible fluids in two porous media was

examined for three two fluid-pair systems varying significantly in interfacial tension and

density.  Several aspects of the nonwetting phase configuration were similar among the

different fluid pair systems for both porous media employed.  For both of the media, under

imbibition or drainage, the median-blob size was similar for the different fluid systems.  In

most cases, the surface area-to-volume ratios were similar among the different fluid pairs for

a particular porous medium.  The relationships between specific interfacial area and

nonwetting phase saturation were also similar for the three fluid pairs.  

These observations indicate that wetting-nonwetting phase configuration and

interfacial areas are similar irrespective of the specific fluid pair.  Properties of the porous

medium appear to have a greater influence on the magnitude of specific total interfacial areas

for a given saturation than fluid properties or wetting-phase history.  Further experiments are

warranted to observe these relationships among additional porous media varying in physico-

chemical properties.
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Table 1. Interfacial Tension of Fluid Pairs1

Fluid Pair Surface/Interfacial Tension 95% CI
[dyn/cm]

Air, Deionized water 74.9 74.3-75.4
Air, 6% CsCl 74.9 73.9-75.9
Air, 13% KI 74.3 72.1-76.6

TCE, Deionized water 37.7 37.1-38.2
TCE, 6% CsCl 35.3 34.5-36.1
TCE/IOB, 6% CsCl 37.2 35.9-38.6
TCE/IOP, 6% CsCl 36.3 33.5-39.2

PCE, Air 35.6 35.1-36.1
PCE/IOB, Air 36.1 35.1-37.1

PCE, Deionized water 46.2 43.6-48.8
PCE, 6% CsCl 45.7 44.5-47.0
PCE/IOB, 6% CsCl 42.6 41.9-43.3

1CsCl: cesium chloride; KI: potassium iodide; TCE: trichloroethene; IOB: iodobenzene;
IOP: 2-Iodopropane; PCE: tetrachloroethene
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Table 2.  Properties of the Nonwetting-Phase Blobs

1Fraction of the total nonwetting-phase volume associated with blobs > 0.1 mm3.
2Connectivity index = volume of the largest nonwetting-phase blob normalized by the total nonwetting-phase volume.  Values

closer to one indicate a more highly connected nonwetting phase.

Fluid Pair Imbibition or Nonwetting Phase Median Blob Largest Blob % Volume Connectivity Nonwetting-Phase # Nonwetting-

Drainage Saturation Size [mm3] Size [mm3] w/ Large Blobs1 Index2 SA:V [mm-1] Phase Blobs

Air/Water Drainage 0.20 2.32E-03 17.70 0.99 0.99 23.05 21
O.Liquid/Water Drainage 0.19 8.01E-04 17.80 0.998 0.998 22.81 10
Air/Water Imbibition 0.15 1.73E-02 0.66 0.55 0.05 22.39 302
O.Liquid/Water Imbibition 0.16 2.31E-02 2.07 0.65 0.14 22.37 233
Air/O.Liquid Imbibition 0.17 1.84E-02 1.11 0.57 0.06 22.22 355

Air/Water Drainage 0.28 1.51E-03 32.85 0.98 0.97 33.14 132
O.Liquid/Water Drainage 0.43 1.83E-04 51.66 0.9997 0.999 21.20 34
Air/Water Imbibition 0.20 3.96E-03 6.49 0.79 0.271 33.24 715
Air/Water Imbibition  0.25 3.05E-03 5.78 0.76 0.56 29.15 351
O.Liquid/Water Imbibition 0.38 9.26E-04 46.24 0.999 0.999 22.90 20
Air/O.Liquid Imbibition 0.26 2.15E-03 19.96 0.89 0.62 30.59 886

45/50 Accusand

Vinton Soil
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Figure 1.  Thin sections images in the plane perpendicular to the longitudinal axis of the
column of the 45/50 Accusand, with a.) air-water and b.) organic-liquid water under wetting-
phase drainage.  False-color overlays of the binary images obtained for each fluid are shown:
air is black, organic-liquid is red and the aqueous phase is blue.  Column inner diameter is
0.58 cm.
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Figure 2. Thin sections images in the plane perpendicular to the longitudinal axis of the
column of the 45/50 Accusand, with a.) air-water, b.) organic-liquid and c.) air-organic liquid
under water under wetting-phase imbibition.  False-color overlays of the binary images
obtained for each fluid are shown: air is black, organic-liquid is red and the aqueous phase
is blue.  Column inner diameter is 0.58 cm.
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Figure 3. Thin sections images in the plane perpendicular to the longitudinal axis of the
column of the Vinton Soil air-water under wetting-phase drainage.  False-color overlays of
the binary images obtained for each fluid are shown: air is black, and the aqueous phase is
blue.  Column inner diameter is 0.58 cm.
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Figure 4. Thin sections images in the plane perpendicular to the longitudinal axis of the
column of the Vinton soil, with a.) air-water, b.) organic-liquid and c.) air-organic liquid
under water under wetting-phase imbibition.  False-color overlays of the binary images
obtained for each fluid are shown: air is black, organic-liquid is red and the aqueous phase
is blue.  Column inner diameter is 0.58 cm.
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a.) b.)

Figure 5.  Vertical distribution of the nonwetting-phase saturation (closed) and porosity (open) for the 45/50 Accusand with a.)
air-water and b.) organic liquid-water.
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a.)

b.)

Figure 6. Vertical distribution of the nonwetting-phase saturation (closed) and porosity
(open) for the 45/50 Accusand with a.) air-water and b.) organic-liquid water.  Also shown
are thin sections in the plane parallel to the longitudinal axis of the column.  In the thin
sections, air is black, porous-medium grains are grey, and the iodo-doped phase (water in the
air-water system and organic-liquid in the organic liquid-water system) are bright grey.
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a.) b.)

Figure 7. Cumulative frequency distributions of the nonwetting-phase blobs for the 45/50 Accusand under a.) wetting-phase
drainage and b.) wetting-phase imbibition.

0%

20%

40%

60%

80%

100%

1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01 1.0E+02

Volume mm^3

C
um

ul
at

iv
e 

%

0%

20%

40%

60%

80%

100%

1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01 1.0E+02

Volume mm^3

C
um

ul
at

iv
e 

%

Air-Water

O.Liquid-Water

Air-O.Liquid



204

a.) b.)

Figure 8. Cumulative frequency distributions of the nonwetting-phase blobs for the Vinton soil under a.) wetting-phase drainage
and b.) wetting-phase imbibition.
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Figure 9. Volume-normalized surface area versus volume for each individual nonwetting-phase blob for the 45/50 Accusand: a.)
air-water under water drainage, b) air-water under water imbibition, c) organic liquid-water under water drainage, d.) organic-liquid
water under water imbibition and e.) air-organic liquid under organic liquid imbibition.
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Figure 10. Volume-normalized surface area versus volume for each individual nonwetting-phase blob for the Vinton soil: a.) air-
water under water drainage, b) air-water under water imbibition, c) organic liquid-water under water drainage, d.) organic-liquid
water under water imbibition and e.) air-organic liquid under organic liquid imbibition.
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Figure 11. Specific interfacial area as a function of nonwetting-phase saturation for the 45/50
Accusand: a.) total interfacial area, and b.) capillary associated interfacial area.  Open
symbols are air-water systems, red symbols are organic liquid-water systems, and black
symbols are air-organic liquid systems.  Circles represent wetting-phase drainage, and
squares represent wetting-phase imbibition.  The linear fit to the organic liquid-water data
in (a) is shown, along with 99% CI.
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Figure 12. Specific interfacial area as a function of nonwetting-phase saturation for the
Vinton soil: a.) total interfacial area, and b.) capillary associated interfacial area.  Open
symbols are air-water systems, red symbols are organic liquid-water systems, and black
symbols are air-organic liquid systems.  Circles represent wetting-phase drainage, and
squares represent wetting-phase imbibition.  The linear fit to the air-water data in (a) is
shown, along with 99% CI.
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