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Abstract

Studies of NAPL dissolution in porous media have demonstrated that measurement of saturation alone is insufficient to describe
the rate of dissolution. Quantification of the NAPL–water interfacial area provides a measure of the expected area available for
mass transfer and will likely be a primary determinant of NAPL removal efficiency. To measure the interfacial area, we have used
a synchrotron-based CMT technique to obtain high-resolution 3D images of flow in a Soltrol–water–glass bead system. The inter-
facial area is found to increase as the wetting phase saturation decreases, reach a maximum, and then decrease as the wetting phase
saturation goes to zero. These results are compared to previous findings for an air–water–glass bead study; The Soltrol–water inter-
facial areas were found to peak at similar saturations as those measured for the air–water system (20–35% saturation range), how-
ever, the peak values were in some cases almost twice as high for the oil-water system. We believe that the observed differences
between the air–water and oil–water systems to a large degree can be explained by the differences in interfacial tensions for the
two systems.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Understanding of multiphase flow, transport, and
reaction processes in porous media is of critical impor-
tance to problems of groundwater supply and remedia-
tion, agricultural irrigation, and oil and gas recovery.
However, lack of information about the microscale
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geometry and the microscale processes that control
large-scale processes limits our ability to fully simulate
multiphase problems. On the other hand, solution of
field scale problems with a microscale level of detail is
impractical, if not impossible. Thus, physical processes
of interest must be described at larger length scales, a
scale referred to here as the macroscale or Darcy scale.
At this scale, rather than being adjacent, as at the micro-
scale, different phases in a porous medium are described
as overlapping continua, each occupying a fraction of
space at a point [1]. This means that some variables,
such as saturation and porosity, may be defined at
the macroscopic level that have no meaning at the
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2 Wetting fluid that is not controlled by capillary forces and for
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microscale. However, some processes that occur, such as
is the case for dissolution of non-aqueous phase liquids
(NAPLs), cannot be fully described by macroscale vari-
ables alone. The wetting–non-wetting interfacial area
has a large degree of influence on the mass transfer be-
tween the NAPL and the wetting fluid and therefore it
is a controlling factor in dissolution of the NAPL. Based
on this observation, measurement of microscale quanti-
ties such as interfacial areas are necessary complements
to traditional macroscale measurements. In an effort to
obtain microscale information, a number of researchers
have used X-ray computed microtomography (CMT) to
characterize the microscale structure of porous media
[2–6].

Synchrotron-based computed microtomography is a
non-destructive tool that can be used to investigate por-
ous media and characterize microscale pore geometry.
In general, medical computed tomography (CT) scan-
ners have been employed because of their availability
and relative ease of use. However, as interest in pore-
scale characterization of porous media has increased,
tools such as synchrotron-based X-rays, while limited
in availability, have gained in popularity. Wildenschild
et al. [4], for instance, demonstrated that the resolutions
that can be obtained using CMT are much greater
(5–20 lm) than those that can generally be obtained
using more conventional and accessible CT techniques.
Deriving quantitative information from images obtained
with synchrotron-based CMT is also easier because of
the absence of beam-hardening effects for the mono-
chromatic synchrotron radiation.

Recent applications of CMT include its use to de-
scribe the complex pore space in network and pore-scale
simulation models [7–9] as well as its use to support
thermodynamic relationships developed in Gray et al.
[10] that included the fluid–fluid interfacial area in the
functional dependence of the capillary pressure [6].
Immiscible fluid flow applications include the study by
Auzerais et al. [2] in which they used CMT to image
the microstructure of Fontainebleu sandstone at a reso-
lution of 7.5 lm per voxel.1 They compared their exper-
imental results to theoretical calculations made using a
range of numerical techniques, including the lattice-gas
method. They found good agreement between measured
and calculated values for porosity, pore-volume-to-sur-
face ratio, permeability, and end point relative perme-
ability. Coles et al. [3] imaged a 6 mm subsection of a
2.54 cm diameter sandstone core sample at a resolution
of 30 lm per voxel both prior to and immediately after
flooding to residual oil saturation. The rock matrix
images were used as input to both a pore network model
and a Lattice Boltzmann simulator, and the end point
saturation results were compared to the experimental
images. Qualitative agreement was found between the
1 A three-dimensional equivalent of a pixel.
experimental images and the simulated results. Culligan
et al. [6] used the Advanced Photon Source (APS) to
study unsaturated air–water flow through glass beads.
A 5 mm subsection of a sample that was 7 mm in inter-
nal diameter and 7 cm tall was imaged. Images were
taken over a range of saturations, and simultaneous cap-
illary pressure measurements were made. A number of
image processing techniques were used on the data col-
lected to measure the wetting–non-wetting interfacial
area. The interfacial area was found to increase as the
saturation decreased, reach a maximum in the 20–35%
saturation range, and continue to decrease as the satura-
tion went toward zero. These findings were in agreement
with a number of numerical studies reported in the liter-
ature (e.g. [11–13]).

Although air–water systems are predominant in nat-
ural multiphase flow problems, the flow and interaction
of water with NAPL is a problem of continued inter-
est. Modern groundwater contamination incidents
often begin with the release of a NAPL into the sub-
surface. Once in the subsurface, the NAPL resides in
the vadose zone or the saturated zone as a trapped
residual immiscible phase. Determination of a remedia-
tion strategy depends upon appropriate characteriza-
tion of the contaminated site. Studies of NAPL
dissolution in porous media have demonstrated that
the measurement of saturation alone is insufficient for
describing the rate of NAPL dissolution (e.g. [14–
17]). The wetting–non-wetting interfacial area provides
a measure of the expected contact with the flushing
solutions. It impacts the rate of transfer of NAPL into
a flushing agent and will likely be a primary determi-
nant of NAPL removal efficiency [18].

A number of researchers have used interfacial tracer
techniques to measure the amount of wetting–non-wet-
ting interfacial area available in NAPL–water systems
(e.g. [19,18,20–23]). Most of these interfacial tracer stud-
ies have suggested that the interfacial area approaches a
value just above the total solid phase interfacial area
close to zero saturation, however our findings in Culli-
gan et al. [6] did not support this, possibly because we
were unable to image contributions from thin films2 with
the microtomography technique at the resolution used.
A more likely reason, however, is that water held as
films, i.e., water that is not controlled by capillary
forces, is not expected to achieve thicknesses beyond
tens of nanometers for smooth glass beads [24–27]. To
further explore NAPL–water interaction in the subsur-
face, the present study presents LNAPL–water data col-
lected using the synchrotron-based CMT technique and
compares data to some of the air–water data presented
in Culligan et al. [6]. Additionally, data is presented that
which the thickness on glass beads likely is below the detection limit of
the imaging system at the resolution used.
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describes the fraction of the solid surface that is in
contact with the wetting fluid. The objective of this
paper is to understand better the differences between
the air–water and oil–water experiments: Are the ob-
served differences caused by the differences in interfacial
tensions for the two systems?, by wettability issues? or
perhaps by small differences in the experimental setup?
Fig. 1. Three-dimensional rendering of an AW data set. White (or
2. Methods and materials

2.1. Synchrotron X-ray computed microtomography

The experiments presented here were conducted at
the GeoSoilEnviroCARS3 (GSECARS) Bending Mag-
net Beamline (Sector 13 at the Advanced Photon
Source, Argonne National Laboratory) and were per-
formed using the same experimental setup as that used
to collect the three-dimensional air–water images de-
scribed in Culligan et al. [6]. During our use of the facil-
ity for the air–water experiments, the beam was run in
fill-on-fill mode, with current ranging from 60 to
100 mA. For the oil–water experiments, the beam was
run in top-up mode, which is a steady 100 mA, however,
corrections made during the mathematical reconstruc-
tion eliminates variability in the calculated voxel values
due to beam mode. As described in Wildenschild et al.
[4], the beam is collimated from a fan beam to a parallel
beam 50 mm wide and 5 mm high. A monochromator
(Si(111)) is used to decompose the white synchrotron
light to customized wavelengths in the energy range
from 8 to 45 keV. This makes it possible to enhance
the contrast between phases by selecting and scanning
at the peak photoelectric absorption energy of an added
chemical dopant. The monochromatic X-rays pass
through the sample, are converted to visible light with
a synthetic garnet (YAG) scintillator, and are imaged
on a MicroMAX, 5 MHz, CCD Camera. The stage on
which the sample is mounted is computer-automated
to translate and rotate in the beam. A full rotation is
180� in 0.5� or 0.25� steps during which a number of flat
fields (typically 25 or 50 angles apart) are taken, where
the sample is moved out of the field of view, and a base-
line intensity map is acquired. This information is used
in the reconstruction of the data to correct for beam
intensity decay, non-uniformities in the incident X-ray
beam, and non-uniform responses of the scintillator
and CCD camera. The camera dark current is also mea-
sured and used with the flat field to normalize each
frame such that the full range of complete to zero
absorption corresponds with an intensity range between
0.0 and 1.0. Reconstruction of the images was done with
a filtered back-projection algorithm using code written
3 CARS: Consortium for Advanced Radiation Sources.
in IDLTM (Research Systems Inc.) by Rivers (2003, the
online tutorial) [28].

2.2. Experimental setup

For both the oil–water (OW) and air–water (AW)
experiments, we used soda lime glass beads [6] with a
bead density of 2.50 g/cm3. They consisted of 35% (by
weight) beads with 0.600 mm diameter, 35% of beads
with 0.850 mm diameter, and 30% with bead diameter
ranging from 1.0 to 1.4 mm. The glass beads were
loosely packed in an acrylic sample tube for the AW
experiments, whereas the beads were sintered first for
the OW experiments, before packed in the acrylic tube.
Both the soda lime glass beads and acrylic tube were
preferentially water wet. In both the AW and OW experi-
ments, the porosity was 34%, as computed from the
number of air-filled pixels in the dry image. The water
used to saturate the sample was doped with KI (1:6
KI:H2O mass ratio), to enhance the contrast between
the wetting and non-wetting phases. An energy level of
33.3 keV, slightly above the peak photoelectric absorp-
tion energy for iodide, was used for sample scanning.
The sample was rotated twice through 180� in 1.0� incre-
ments, offset by 0.5� between the two passes, thereby
resulting in 360 angles and an effective angle spacing
of 0.5� for the AW experiments. A similar rotation
was employed for the OW experiments, except that
0.5� increments were used, resulting in 0.25� final angle
increments and 720 frames. Rotating the sample twice
and offsetting the frames allowed for determination of
possible bead movement between passes. The resulting
voxel size was 17 lm for both the AW and OW experi-
ments. Fig. 1 shows a three-dimensional rendering of a
sample image.
light gray) illustrates regions of maximum attenuation (wetting-phase),
black represents low attenuation (non-wetting phase), and the gray
regions represent glass beads.



Fig. 2. (a) Experimental setup for the air–water experiments. A 5 mm vertical section between the two transducers was imaged. (b) Experimental
setup for the oil–water experiments. The top of the sample was connected to an oil reservoir.

Table 1
Experimental settings

Experiment Flow rate

Air–water Primary imbibition
and drainage

0.25 ml/h, 1.8 · 10�4 cm/s

Secondary imbibition
and drainage

0.25 ml/h, 1.8 · 10�4 cm/s

Third imbibition
and drainage

2.0 ml/h, 1.4 · 10�3 cm/s

Oil–water Primary imbibition
and drainage (not imaged)

0.5 ml/h, 3.6 · 10�4 cm/s

Secondary imbibition
and drainage

0.5 ml/h, 3.6 · 10�4 cm/s

Third imbibition
and drainage

3.0 ml/h, 2.2 · 10�3 cm/s
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2.2.1. Air–water experiments

As reported in Culligan et al. [6], the acrylic column
used for the loosely packed glass bead experiments
was 7.0 cm in height with an internal diameter of
7.0 mm. The sample tube is presented in Fig. 2a (see also
[5,6]). Images were taken of a 5 mm vertical interior sec-
tion of the sample tube (between the two pressure trans-
ducers shown in Fig. 2a). The sample was packed dry
above a porous nylon membrane (1.2 lm MAGNA fil-
ter from Osmonics Inc.). This semi-permeable mem-
brane is permeable only to the wetting phase, and
separates the wetting phase reservoir from the bead
pack. The top of the sample was open to the atmo-
sphere. The wetting phase reservoir was connected to a
Harvard Apparatus, Inc., Model 44, programmable,
electronic, syringe pump. The sample was saturated by
a primary imbibition and drainage loop at a flow rate
of 0.25 ml/h (1.8 · 10�4 cm/s, Capillary number, Ca =
0.2643 · 10�7). Secondary imbibition and drainage took
place at a flow rate of 0.25 ml/h (1.8 · 10�4 cm/s,
Ca = 0.2643 · 10�7), while the third imbibition and
drainage loop rate was 2.0 ml/h (1.4 · 10�3 cm/s,
Ca = 0.2055 · 10�7). From, preliminary laboratory
experiments it was concluded that this range of flow
rates resulted in quasi-static capillary pressure–satura-
tion curves for both the AW and OW experiments
(i.e., conditions that approximate hydrostatic equilib-
rium). An overview of the experimental details is pre-
sented in Table 1. The starting point of the drainage
cycle was defined as the time when the capillary pressure
in the sample reached a minimum value of 0.0 cm. Be-
fore scanning the sample, the pump was stopped at reg-
ular intervals, corresponding to acquisition of 10–12
evenly distributed points on the capillary pressure–satu-
ration curve. After the pump was stopped, the fluids
were allowed to redistribute for 10 min and a 10-min
scan was taken. In addition to the two pressure trans-
ducers shown in Fig. 2a, a pressure transducer was lo-
cated in the wetting phase reservoir from which
capillary pressure readings were taken every 2 s. It was
this pressure reading that was used for the capillary
pressure curves.
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2.2.2. Oil–water experiments

The sample used for the OW experiments consisted of
a sintered 4.0 cm high and, 7.0 mm OD column, placed
inside a 7.0 cm tall cylinder. The glass beads were sin-
tered in a 7.0 mm internal diameter graphite crucible at
740 �C for 30 min. Once cooled the sintered core was
placed in the tight-fitting acrylic sample holder. A porous
nylon membrane separated the sintered bead pack from
the wetting phase reservoir. The wetting phase reservoir
was connected to a Precision Instruments SP210IW, pro-
grammable, electronic, syringe pump. The top of the
sample was connected to a static oil reservoir. The oil
used in the experiments was Soltrol 220 (Chevron Phil-
lips, q = 0.803 g/cm3 at 15.6 �C, which is negligibly solu-
ble in water), dyed red (Fig. 2b) with Oil Red O (Sigma
Aldrich). The sample was initially dry, from which point
a primary imbibition curve was run at a flow rate of
0.50 ml/h (3.6 · 10�4 cm/s, Ca = 0.9890 · 10�7). The
oil phase reservoir was then connected at the top of the
sample, and primary drainage was run, again at a flow
rate of 0.50 ml/h (3.6 · 10�4 cm/s, Ca = 0.9890 · 10�7).
Secondary imbibition and drainage were run at a flow
rate of 0.50 ml/h (3.6 · 10�4 cm/s, Ca = 0.9890 · 10�7).
The flow rate for the third imbibition and drainage cycle
was 3.0 ml/h (2.2 · 10�3 cm/s, Ca = 0.6044 · 10�6).
Again, the pump was stopped, the fluids were allowed
to equilibrate for 10 min and scanned. Due to changes
in the way the computer interfaced with the camera
and the number of angles being collected, the imaging
time increased to an average of 30 min.

Imbibition was stopped after the water rose to the top
of the 4.0 cm tall glass bead column. At this point, the
flow direction of the pump was reversed to initiate
drainage. This was done so that the water would not
enter the oil tubing leading to the oil reservoir.

2.2.3. Image analysis

The original gray scale data were segmented using
cluster analysis and median filtering [29], to separate
the beads, wetting and non-wetting phases. A subset of
the segmented image was cropped from the total image
to minimize the possible effects of wall flow. All subse-
quent image analyses were conducted using the cropped
subset. Saturations were determined as described in Wil-
denschild et al. [29]. The number of voxels of wetting
and non-wetting phase were counted, so that the wetting
phase saturation could be determined.

Interfacial area was computed using the commercial
image analysis program, AmiraTM [6]. The program uses
a modified marching cubes algorithm to generate isosur-
faces to represent a desired surface. The wetting–non-
wetting interfacial area awn (excluding the presence of
films, since they were not resolved) can then be deter-
mined according to:

awn ¼ 1

2
ðaw þ an � asÞ; ð1Þ
where aw is the total wetting phase interfacial area, an is
the total non-wetting phase interfacial area, and as is the
total solid phase interfacial area. The wetted fraction of
the solid surface, xwss , was computed from:

xwss ¼ aw � awn. ð2Þ
An REV analysis [6] demonstrated that the interior-seg-
mented section was larger than the required REV for
saturation and interfacial area computations for all
collected data. The average grain size for the AW
experiments was 0.8675 mm, corresponding to average
number of grain diameters in the x, y, and z directions
of 5.2, 5.9, and 5.7, respectively, for the interior imaged
section. REV analysis within this section showed that
the error on the wetting–non-wetting interfacial area
values and saturation values varied only 5% and 0.5%,
respectively. Thus, the imaging volume was represented
adequately.
3. Results

Tables including all of the data presented in the re-
sults section are not included in this manuscript, but
can be obtained by contacting the corresponding
author.

3.1. Capillary pressure–saturation curves

Capillary pressure–saturation curves obtained during
the course of the AW and OW experiments are pre-
sented in Fig. 3. The capillary pressure measurements
were adjusted, so that the measured water pressure
was zero when the water surface was level with the top
of the glass bead pack. The entry pressure for the AW
experiments is approximately 4.3 cm, while the entry
pressure for the OW experiments is much lower and
F
O
im
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not clearly defined. While the third imbibition and
drainage loop for the AW and OW experiments were
run at higher flow rates (2.0 ml/h and 3.0 ml/h, respec-
tively) than the second loop, no rate effects in the capil-
lary pressure–saturation curves were observed for either
flow rate. As can be seen, the OW drainage curves are
below the AW drainage curves. This is in accordance
with the differences in interfacial tensions for the respec-
tive fluid pairs (0.0364 N/m for Soltrol 220 and water,
and 0.0681 N/m for air and water). These results also
agree with the Soltrol–water studies by Liu et al. [30],
the dodecane–water, xylene–water, trichloroethane–
water, and butyl acetate–water studies of Demond and
Roberts [31], and the PCE–water study of Ferrand
et al. [32]. Imbibition curves are less frequently mea-
sured, yet our results are consistent with the differences
in interfacial tension for the involved fluid pairs and
with the results of Demond and Roberts [31].

3.2. Saturation profiles

Figs. 4 and 5 compare the vertical (wetting phase) sat-
uration profiles of both the AW and OW experiments
for secondary imbibition and drainage, respectively.
As can be seen in the figures, the AW experiments reach
a slightly higher wetting phase saturation on imbibition
(Fig. 4) than the OW experiments, attributed to the low
residual air phase saturation and relatively high residual
oil phase saturation in Fig. 3. An average residual wet-
ting phase saturation of 5.0% was reached along the sec-
ond AW drainage branch (Fig. 5), whereas an average
value of 13.1% was measured along the second OW
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Fig. 4. Wetting phase saturation profiles for secondary imbibition: (a) air–wa
for the imaged region. Air/oil enters on top, water flows in/out through the
drainage branch. The sharp fronts of the AW drainage
saturation profiles are an indication that the air phase
is not fully connected across the sample. This is in con-
trast to the more uniform flow of the OW system, where
oil phase connectivity is reached early in the drainage
process. However, the AW drainage saturation profiles
become more uniform at lower saturations, once air
phase connectivity has been achieved. Because the oil re-
mains behind at such high residual saturations in the
OW experiments, oil phase connectivity is achieved very
early on, resulting in a series of uniform saturation pro-
files. This result could also be caused by wall effects. De-
spite our efforts to create a tight fit of the sintered glass
beads within the sample holder, it was not as good as for
the loosely-packed bead sample. Nevertheless, wall ef-
fects in the resulting curves were minimized by consider-
ing only the center portion of the images in the data
analyses. The reverse process was observed during imbi-
bition (Fig. 4), where air phase connectivity is lost early
on in the AW experiments, whereas the oil phase main-
tains connectivity and a uniform distribution during the
OW experiments. Even in the presence of a wall effect,
the water phase pressure continues to decrease due to
the presence of the semi-permeable membrane at the
bottom outlet, so that water continues to drain from
the sample despite the presence of oil along the walls.

3.3. Wetting–non-wetting interfacial area

The wetting–non-wetting interfacial area, excluding
fluid film interfaces, are shown as a function of wetting
phase saturation in Fig. 6. A functional relationship
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among the wetting–non-wetting interfacial area, the
wetting-solid interfacial area, the wetting phase satura-
tion, and the capillary pressure was proposed in Hassan-
izadeh and Gray [33] and Gray et al. [10], where the
capillary pressure–saturation relationship is hypothe-
sized to be a two-dimensional projection of a complex,
multidimensional surface. The projection of this surface
onto a two-dimensional plane results in hysteresis of the
capillary pressure–saturation relationship. The two-
dimensional micromodel studies of Cheng et al. [34]
demonstrated the validity of inclusion of the interfacial
area as an independent variable in the capillary pressure
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Fig. 6. Wetting–non-wetting interfacial area versus saturation for AW
(solid blue) and OW (dashed red) experiments. Open and closed
symbols designate imbibition and drainage curves, respectively.
functional dependence, thereby lifting the ambiguity
associated with the hysteretic relationship between cap-
illary pressure and saturation. In agreement with our
study, the macroscopic theory of Hassanizadeh and
Gray [33] predicts that, in the absence of films, the inter-
facial area will increase from zero towards a maximum,
and decreases back to zero as the wetting phase satura-
tion decreases. This model of interfacial area behavior as
a function of saturation is supported by numerical
modeling studies as well [11–13]. Our results show that
the maximum interfacial area values of the AW experi-
ments are larger for drainage than imbibition, as is ex-
pected if the simple capillary tube theory is assumed.
Upon drainage, the fluid interface would be more
stretched, as apposed to imbibition where the interface
is expected to be flatter [6], as illustrated in Fig. 7. This
simple hysteresis analysis does not hold for the OW re-
sults. The OW second imbibition points lie above the
Fig. 7. (a) The interface in a capillary tube imbibing water is expected
to be flatter than the interface in a capillary tube that is draining (b),
resulting in less interfacial area. However, the contact points have not
moved, and the wetted fraction of the solid surface is the same in both
cases, meaning that the wetted fraction of the solid surface is a non-
hysteretic function of saturation.
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OW second drainage points in Fig. 6. This may be be-
cause the OW second imbibition curve crosses over the
other capillary pressure–saturation curves at the low sat-
uration end in Fig. 3.

The peak OW interfacial areas in Fig. 6 are higher
than those observed for the AW experiments, yet the
peaks occur in a similar saturation range of �20–35%.
As Fig. 8 shows, the oil is located in numerous smaller,
more disconnected fluid configurations in the vicinity of
these peak interfacial area values, whereas the air phase
is configured in larger, but fewer and more continuous
fluid configurations. This is the reason we observe
higher peak interfacial areas for the OW system than
for AW. The reason for the air to be in larger, more con-
tinuous fluid configurations is likely related to differ-
ences in interfacial tension. As mentioned previously,
the interfacial tension between Soltrol 220 and water is
0.0364 N/m, while that between air and water is
0.0681 N/m. Recall that
Fig. 8. Non-wetting phase distributions in three dimensions for the second im
configurations at sw = 24.4% compared to (b) the oil phase which is located in
sw = 23.9%, leading to higher interfacial area values at these lower saturatio

Fig. 9. Distribution and sizes of fluid configurations for two systems with diff
interfacial tension is a factor of two higher on the right than on the left. The
of M.G. Schaap, UC Riverside.
pc ¼ 2r
r
; ð3Þ

where pc is the capillary pressure, r is the interfacial ten-
sion, and r is the radius of curvature. This means that
for a given capillary pressure:

row < raw. ð4Þ
Therefore, the oil will distribute within the water such
that its interfacial curvature will be larger than that of
the AW interfaces. Such a distribution may be achieved
if the oil exists in smaller fluid arrangements. Fig. 9 de-
picts fluid configurations for an ideal situation, in a sys-
tem where there is no solid phase. The differences in
fluid–fluid interfacial tensions cause the fluids to config-
ure as illustrated in Fig. 9 where the higher interfacial
tension (on the right) results in large bubbles of red fluid
dispersed in the blue fluid, compared to the smaller and
more numerous bubbles of red fluid for the lower inter-
facial tensions on the left.
bibition branch. (a) The air phase is located in larger continuous fluid
smaller and less well-connected configurations at a similar saturation:

ns.

erent interfacial tension in the absence of a solid phase. The fluid–fluid
figures were generated with a Lattice–Boltzmann code and are courtesy
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To support our hypothesis, we calculated the number
of wetting–non-wetting interfaces in each horizontal
slice of both the AW an OW systems (Fig. 10). Our
analysis clearly supports the notion that air is located
in fewer, but larger continuous fluid arrangements, while
oil is located in smaller, more numerous and less well-
connected fluid configurations.

3.4. Wetted fraction of the solid surface

The extended functional dependence for the capillary
pressure included in the theory of Gray et al. [10] consid-
ers not only the wetting phase saturation, but also in-
cludes the wetting–non-wetting interfacial area, the
wetting-solid interfacial area, and the solid phase inter-
facial area. The wetted fraction of the solid surface is
a function of the wetting-solid interfacial area and the
solid phase interfacial area. These wetted fractions can
be calculated from the images, using Eq. (2). The wetted
fraction of the solid surface is shown in Fig. 11 as a
function of the wetting phase saturation. It is an almost
non-hysteretic function of the wetting phase saturation,
and similar for both AW and OW systems. Thus, for a
system in which it can be assumed that the solid phase
interfacial area is constant, this suggests that the wet-
ting-solid interfacial area is known as a unique function
of saturation. Therefore, it does not need to be included
as an independent variable in the capillary pressure
functional dependence of Gray et al. [10].

Fig. 12a and b, showing AW experimental results, at
similar saturations of 13.3% and 11.1% for the imbibi-
tion and drainage branch, respectively, have almost the
same wetted fractions of 0.255 and 0.251, yet have dif-
ferent fluid configurations. This can also be seen in the
higher saturation range in Fig. 12c and d where the sat-
urations are 74.9% and 77.2%, and the wetted fractions
are 0.840 and 0.847 for the imbibition and drainage
branch, respectively. These results are to be expected
if we again consider the simple capillary tube model
[6] shown in Fig. 7. Fig. 7a shows a capillary tube, just
prior to imbibing water. The interface has flattened, but
has not yet moved, and the interfacial area has de-
creased. Fig. 7b shows the same capillary, just prior
to draining. The interface has stretched, thereby
increasing the interfacial area. The wetted fraction of
the solid surface, however, has not changed between
these two different interface configurations. This phe-
nomenon of contact angle hysteresis results in different
fluid configurations for the same fluid saturation. It
suggests that when using CMT measurements to vali-
date numerical models, one should use caution and per-
haps compare macroscale variables, obtained from
microscale measurements, such as saturation and inter-
facial area.
4. Discussion and conclusion

While the dynamics of the air phase is generally ne-
glected in AW experiments, this cannot be done in
OW experiments. In capillary pressure–saturation mea-
surements, it is assumed that the air phase pressure is
everywhere at equilibrium with the atmosphere. The
air is essentially an inviscid fluid whereas the oil is a vis-
cous fluid flowing in conjunction with the water. This



Fig. 12. (a) Horizontal and vertical cross-section of an AW volume (sw = 13.3%) along the second imbibition branch. (b) Horizontal and vertical
cross-section of an AW volume (sw = 11.1%), along the third drainage branch. (c) Horizontal and vertical cross-section of an AW volume
(sw = 74.9%), along the second imbibition branch. (d) Horizontal and vertical cross-section of an AW volume (sw = 77.2%), which is located on the
third drainage branch.
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could explain some of the observed differences between
the AW and OW experiments. The more uniform satu-
ration profiles along with the images illustrate that the
oil phase connectivity is achieved much sooner than
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the air phase connectivity during both drainage and
imbibition. The higher observed residual oil saturation
was apparent in the saturation profiles as well as the cap-
illary pressure–saturation curves. The images showed
that the residual oil in the OW experiments is arranged
in smaller fluid configurations than the residual air
phase in AW experiments, likely because of differences
in interfacial tension between the fluid pairs. This leads
to a higher interfacial area for the OW fluid pair.

Differences between the AW and OW experiments
could also possibly be attributed to differences in the
experimental setup. For instance, it was clear from the
imaged fluid distribution profiles that some preferential
flow occurred along the walls in the OW experiments,
using sintered glass beads, that did not occur in the
loosely packed AW experiments. We could not be sure
how this affected the final results, however, we believe
that effects were minimized by limiting our analyses to
the cropped center section of the images.

Microscale experiments such as those presented here
have useful macroscale results. For example, mass
transfer processes such as NAPL dissolution are typi-
cally modeled using an effective rate constant that
implicitly represents the combined effects of interfacial
area and reaction rates, despite no knowledge of the
specific interfacial area in the system [35]. Therefore,
while not explicitly accounted for, interfaces are incor-
porated into mass transfer models. Thus, the specific
interfacial area is an important macroscale variable.
Incorporation of this parameter into transport models
will be an important step in the development of robust
simulators that correctly describe mass, momentum,
and energy transfer between phases [6]. We have shown
that the wetting–non-wetting interface can be an impor-
tant variable, unlike the wetted fraction of the solid sur-
face that may be neglected as an independent variable
[10]. However, the results pertaining to the wetted frac-
tion of the solid surface (Fig. 12) demonstrate that
comparisons between macroscale experimental data
(obtained from microscale measurements) and numeri-
cal simulations may potentially be more meaningful
than direct microscale comparisons, for instance com-
parison of measured and simulated fluid geometries in
a 2D slice (e.g. [3]).

We note that our results pertain to idealized porous
systems of glass beads that do not necessarily hold for
natural systems. Additional challenges must be over
come to apply the CMT technique to natural systems.
These include the effect of mineral heterogeneity on
attenuation and the difficulty to resolve small-scale fea-
tures such as small particles and films. Additional inter-
esting questions that could be investigated using CMT
include the physics of mixed wettability and three-phase
flow systems. We are convinced that the synchrotron-
based CMT technique will prove to be a very valuable
research tool in the years to come.
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