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Introduction

Understanding of multiphase flow, transport, and
reaction processes in porous media is of great importance to
problems of groundwater supply and remediation, agricultural
irrigation, and oil and gas recovery. However, lack of information
about the microscale geometry and the microscale processes that
control large scale processes limits our ability to fully simulate
multiphase problems.  For instance, the wetting-non-wetting
interfacial area has a large degree of influence on the mass transfer
between contaminants (non-aqueous phase liquids, NAPLs) and
the wetting fluid and therefore it is a controlling factor in
dissolution of the NAPL, and therefore for the remediation
process. Based on this observation, measurement of microscale
quantities such as interfacial areas are necessary complements to
traditional macroscale measurements.

Although air-water systems are predominant in natural
multiphase flow problems, the flow and interaction of water with
NAPLs are problems of continued interest. Modern groundwater
contamination incidents often begin with the release of a NAPL
into the subsurface. Once in the subsurface, the NAPL resides in
the vadose zone or the saturated zone as a trapped residual
immiscible phase. Determination of a remediation strategy depends
upon appropriate characterization 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. 1, 2, 3, 4]. 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 determinant of NAPL
removal efficiency [5].

To further explore NAPL-water interaction in the
subsurface, the present study presents LNAPL-water data collected
using the synchrotron-based computed microtomography (CMT)
technique and compares that data to some of the air-water data
presented in Culligan et al.[6].

Methods and Materials

The experiments presented here were conducted at the
GeoSoilEnviroCARS (GSECARS) beamline and were performed
using the same experimental setup as that used to collect the three-
dimensional air-water images described in Culligan et al.[6]. Soda
lime glass beads were used as the porous medium for both the air-
water (AW) experiments presented in Culligan et al.[6], and the
oil-water (OW) experiments presented here. The glass bead
column was loose-packed in an acrylic sample tube for the AW
experiments, while the beads were sintered for the OW

experiments and then placed in the tube. Both soda lime glass
beads and acrylic tube were preferentially water wet. In both cases,
the porosity was 34% and it was computed from the dry image as
the number of pixels out of the total number of pixels occupied by
air. The water used to saturate the sample was doped with Kl (1:6
KI:H,0 mass ratio) in order to enhance the contrast between the
wetting and non-wetting phases. We used an energy of 33.3 keV, a
level just above the peak photoelectric absorption energy for
iodide, for scanning the sample. The resulting voxel size was 17
pm for both the AW and OW experiments, see Figure 1 for an
example.

Figure 1: Three-dimensional rendering of an AW data set . White (or
light gray) illustrates regions of highest attenuation (wetting-phase), black
represents regions of lowest attenuation (non-wetting phase), and gray
regions are beads.

Results

Saturation Profiles

Figures 2 and 3 compare the vertical (wetting phase) saturation
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 much higher wetting phase
saturations on imbibition (Figure 2) than the OW experiments,
which corresponds to the low residual air phase saturation and
relatively high residual oil phase saturation observable in measured
capillary pressure-saturation curves. An average residual wetting
phase saturation of 5.4% is reached on second AW drainage
(Figure 3), while 10.7% is the average value achieved during
second OW drainage.
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Wetting-Non-Wetting Interfacial Area

The wetting-non-wetting interfacial area, which does not take into
account the presence of films, is shown as a function of wetting
phase saturation in Figure 4. The macroscopic theory of
Hassanizadeh and Gray [7] predicts that, as observed in the present
study, the interfacial area will increase from zero as the wetting
phase saturation decreases, reach a maximum, and then decrease
back to zero as the wetting phase saturation continues to decrease.
This model of interfacial area behavior as a function of saturation
is supported by numerical modeling studies as well [8, 9, 10]. The
maximum interfacial area values in the AW experiments are
greater in drainage than in imbibition, which is expected based on
consideration of a simple capillary tube. Upon drainage, the
interface would be more stretched, whereas upon imbibition it
would be flatter [6].
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Figure 2. Wetting phase saturation profiles for second imbibition (a) air-
water (b) oil-water. The legends are average wetting phase saturations for
the imaged region. Air/oil enters on top, water flows in/out through the
hottom.
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Figure 3. Wetting phase saturation profiles for secondary drainage (a) air-
water (b) oil-water. The legends are average wetting phase saturations for
the imaged region. Air/oil enters on top, water flows in/out through the
bottom.
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As can be seen, the peak OW interfacial areas occur in
the 15% to 25% saturation range and are larger than those
observed in the AW experiments which occur in the 20% to 35%
saturation range. In Figure 5, it can also be seen that in the vicinity
of these peak interfacial area values, the oil is located in numerous
smaller, more disconnected fluid configurations, while the air is in
larger, but fewer and more continuous fluid configurations and that

is why we see the peak AW values occurring at a higher saturation
than the peak OW values. The reason for the air to be in larger,
more continuous fluid configurations, while the oil is in smaller,
more disconnected fluid configurations is likely related to
differences in the interfacial tension. The interfacial tension
between Soltrol 220 and water is 0.0364 N/m, while that between
air and water is 0.0681 N/m. The relation between interfacial
tension and capillary pressure can be written:
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where pC is the capillary pressure, o is the interfacial tension,

and ris the radius of curvature. This means that for a given
capillary pressure:
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and 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 when the oil exists in smaller
fluid arrangements.
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Figure 4: Wetting-non-wetting interfacial area vs. saturation for the air-
water (blue) and oil-water (red) experiments. Open symbols are imbibition
curves, while closed symbols are drainage curves.

(a) (b)

Figure 5: Non wetting phase distributions in three dimensions. (a) the air
phase is located in larger continuous fluid configurations at s“=24.4%
compared to (b) the oil phase which is located in smaller and less well-
connected configurations at a similar saturation: s"=23.9% , leading to
higher interfacial area values at these lower saturations. Both images are
from the second imbibition branch.



Discussion and Conclusion

While the dynamics of the air phase have traditionally
been neglected in AW experiments, the dynamics of the oil phase
cannot be neglected in OW experiments. The air is essentially an
inviscid fluid whereas the oil is a viscous fluid flowing in
conjunction with the water. This could explain some of the
differences observed between the AW and OW experiments. In our
capillary-pressure measurements, we assume that the air phase
pressure is everywhere at equilibrium with the atmosphere. The
more uniform saturation profiles along with the images illustrate
that the oil phase connectivity is achieved much sooner than the air
phase connectivity in the drainage and imbibition processes. The
higher observed residual oil saturation can be seen in the saturation
profiles as well as the capillary pressure-saturation curves. From
the images, we can see that the residual oil in the OW experiments
is arranged in smaller fluid configurations compared to the larger
fluid configurations of residual air phase in the AW experiments,
likely due to the difference in interfacial tensions between the fluid
pairs for the two systems, as discussed previously. These
distributions of oil and air lead to the differences in maximum
wetting-non-wetting interfacial area, with the OW experiments
showing a much higher interfacial area than the AW experiments.

The differences between the AW and OW experiments
could also be attributed to small physical differences in the
experimental setups. For instance, the glass beads were loose-
packed in the AW experiments, whereas they were sintered in the
OW experiments, however the same porosity was obtained in the
two experiments. While the sintering was done to attempt a tight fit
in the cylinder, we believe that some preferential flow occurred
along the walls in the OW experiments and did not in the loose-
packed AW experiments. It is difficult to ascertain to what degree
this wall effect is responsible for some of the observed differences,
yet we believe that when limiting our analyses to the cropped
center section and to macroscopic variables (saturation, interfacial
area, and wetted fraction of the solid surface), this effect can
generally be overcome. As mentioned earlier, when a continuous
oil connection is made from top to bottom of the sample in the OW
experiments, the water phase pressure continues to decrease and
thereby drain water from the sample despite the oil presence at the
walls.

Microscale experiments such as those presented here
have useful macroscale results. For example, mass transfer
processes such as NAPL dissolution are typically modeled using
an effective rate constant that implicitly combines the effect of
interfacial area and the reaction rate constant, despite no
knowledge of the specific interfacial area in the system [11].
Therefore, while not explicitly accounted for, interfaces are
incorporated into mass transfer models. Thus, the specific
interfacial area is a particularly important macroscale variable. In
fact, incorporation of this parameter into models will be an
important step in the development of robust simulators that
correctly describe mass, momentum, and energy transfer between
phases [6]. With experiments such as those presented here,
interfaces can be accounted for in a variety of models. We have
shown that the wetting-non-wetting interface is an important
variable, as hypothesized in Gray et al. [12]. These results may
also be used as input to numerical simulators or, alternatively, as
verification of numerical simulators. It should be kept in mind that
the results presented here are for very specialized glass bead
porous media systems. It would be very interesting to continue
this work on natural systems and see if the same results hold.
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