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Abstract Wettability is an important factor in terms of
flow distribution and the amount of oil left behind in a
petroleum reservoir after primary, secondary, and tertiary
recovery processes. In fact, most alkaline flooding opera-
tions are aimed at wettability reversal. Therefore, a good
understanding of how wettability, and other relevant fac-
tors (e.g., fluid saturation and porosity), affects displace-
ment efficiency and fluid distribution at the pore-scale can
lead to successful predictions of flow properties at the
macroscale. In this study, pore-scale two-phase fluid flow
in a synthetic mixed-wet granular media was investigated
using X-ray microCT. Analysis of residual fluid structures
in granular media composed of a mixture of glass and
plastic beads (ranging from 0.4 to 0.6 mm in diameter)
showed that the number of trapped water blobs was 2.4
times greater than that of oil, whereas most of the blobs
were between 0.0001 and 0.001 mm? in size (i.e., 100
times smaller than in the case of uniform wettability), and
were smaller than the mean pore volume (0.03 mm3). The
ratio of surface area to blob volume showed a slight ten-
dency of water blobs to wet a higher surface area of the
grains than oil blobs, for blob volumes larger than the mean
pore size; this phenomenon can be attributed to stronger
wetting affinity of the glass grains to the water phase than
that of the plastic grains to the oil phase. Furthermore,
statistical analysis of the distance between residual oil and
water blobs to each solid surface confirms preferential
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wetting affinity of oil and water to plastic and glass sur-
faces, respectively.
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Introduction

The study of fluid transport in subsurface is important in
earth sciences applications, like geochemistry, ground
water remediation, and petroleum engineering. In the area
of hydrocarbon recovery, the industry has turned to
enhanced oil recovery techniques in which complex
chemical techniques are used to alter the original fluid and/
or rock properties to increase the production of the
remaining oil and gas in hydrocarbon reservoirs. However,
these processes depend on pore-level heterogeneities and
the ability of the injectant to contact the rock and in situ
fluids. Thus, it is essential to understand factors such as
interfacial tension, capillary forces, and wettability to
correctly predict fluid mobility and recovery efficiency
Speight (2009).

Over the last several decades, various research studies
have been conducted with the purpose of quantifying and
validating flow properties and transport mechanisms.
However, given the difficulty of obtaining direct pore-scale
measurements, pore-level models have been used to predict
both flow properties and transport mechanisms. These
include: network models, designed as simplified represen-
tations of a pore system consisting of pore bodies and pore
throats; Lattice-Boltzmann models (LB), used to calculate
single-phase and two-phase flow patterns van Dijke and
Piri (2007); and mesh-free Lagrangian particle methods,
such as smooth particle hydrodynamics numerical models
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(SPH), developed to simulate multicomponent immiscible
and miscible flow in porous media Tartakovsky and Mea-
kin (2006).

Network modeling has been successfully used in various
studies. Suicmez et al. (2008) studied the effects of wet-
tability for water-wet, weakly water-wet, oil-wet, and
weakly oil-wet media and pore-level displacement on
hydrocarbon trapping, using three-phase-flow pore-scale
network modeling. They found that as the medium
becomes more oil-wet, the amount of oil trapped by water
in the presence of gas increases. Zhao et al. (2010) also
used network modeling to study the effect of wettability on
oil recovery after water flooding, focusing on the effects of
initial water saturation, contact angle distribution and oil-
wet fraction on oil recovery. Similarly, Jackson et al.
(2003) studied the effect of wettability on water flooding at
the reservoir scale using a network model in conjunction
with reservoir scale conventional simulations. The three-
dimensional network model was derived from Oren et al.
(1997) to represent a sample of Berea sandstone in a study
suggesting that the assumption of uniform wettability leads
to an underestimation of oil recovery. Oren et al. (1997)
constructed a 3-D sandstone model as an input for a two-
phase model to simulate primary drainage and water
injection for water-wet and mixed-wet systems with the
purpose of predicting relative permeability and electrical
conductivity. Yet, there is still concern with regard to
extending a simplified network model technique to the field
scale due to the difficulty of adequately describing the
complex heterogeneous nature of porous systems.

Recently, X-ray microCT (MCT) has made it possible to
obtain high-resolution three-dimensional maps of porous
structures, and thus provides better insight into the pore-
scale processes taking place during fluid flow experiments
from direct three-dimensional imaging and resource data,
which allows the development of better network models.
MCT is a non-invasive technique that reveals the internal
structure of an object by capturing variations in density and
atomic composition. Thus, MCT images give a represen-
tation of the pore geometry of a system Chaouki et al.
(1997) and Karpyn et al. (2010). In dry granular samples,
the strong contrast between the solid phase and the pore
space provides information for studying the porosity dis-
tribution of the system Ketcham and Carlson (2001).

Additionally, MCT images have been used to construct
accurate three-dimensional networks for predicting the
transport behavior and characteristics of porous media. Ji-
ang et al. (2007) used network-extraction techniques based
on MCT images to extract a geometrical and topological
network representing the pore structures of three sandstone
core samples. The set of algorithms developed by Jiang was
designed to improve the efficiency of common thinning
algorithms; the method comprised calculating a three-
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dimensional Euclidean distance map, clustering voxels, and
extracting the network of the pore space. They also
described partitioning the pore space into nodes and bonds
and determining geometrical features, such as radii and
shape factors. Prodanovié et al. (2007) studied fluid dis-
placement in a Berea core sample, and used MCT to obtain
three-dimensional images of the pore structure. The high-
resolution images provided detailed pore geometry char-
acteristics (e.g., pore volume, and throat area) as input to
Lattice-Boltzmann models, which were used to relate pore-
scale parameters to bulk flow properties (e.g., absolute
permeability).

Properties such as residual trapping, interfacial area, and
capillary forces have also been defined based on high-
resolution images from synchrotron X-ray CT. Culligan
et al. (2006) suggested that quantifying the nonaqueous
phase liquid—water interfacial area provides a measure of
the expected area available for mass transfer dissolution in
porous media. Al-Raoush and Willson (2005) used syn-
chrotron X-ray tomographic images of a multiphase porous
media system to capture the entrapment of the nonwetting
phase at residual saturation. This study provided a frame-
work for using high-resolution three-dimensional imaging
to extract the pore network and quantify fluid distributions.
The results showed the non-wetting phase trapped pri-
marily in the largest pore spaces and in the pore bodies
with the highest aspect ratios. In addition, the use of high-
resolution X-ray CT provided datasets of a sufficiently high
quality to observe the representative elementary volume.
However, the size of these images was not sufficient to
provide estimates of some of the bulk properties, such as
residual saturations and interfacial areas.

Previous investigations of trapped oil clusters in water-
wet glass bead packs using X-ray microCT by Karpyn et al.
(2010) were performed at larger dimensions (approxi-
mately 254 mm in diameter and 90.53 mm long). The
granular system used in this experiment consisted of
spherical glass beads ranging from 0.40 to 0.60 mm in
diameter. A spatial distribution of the trapped oil clusters
for the entire bead pack was presented to explain fluid
distribution. Likewise, Landry et al. (2011) presented
quantitative evidence of immiscible fluid distribution in an
oil-wet acrylic bead pack, thereby offering a direct com-
parison with the results presented by Karpyn et al. (2010).
Landry’s experimental results showed how wettability and
saturation history affect fluid distribution. In addition, it
was found that the specific surface area of the wetting
phase of the acrylic bead pack was less than for the glass
bead pack, whereas the specific area of the nonwetting
phase of the acrylic bead pack was greater than that of the
glass bead pack. Thus, suggesting that the affinity of
acrylic beads- to oil was weaker than that of glass beads to
water.
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With the notable exceptions of Lebedeva and Fogden
(2011), Delshad et al. (2006) and Anderson (1987), the vast
majority of the work found in the literature focuses on
uniformly wetted systems (e.g., water-wet and oil-wet
systems). However, it is generally accepted that most
geologic porous media are not uniformly wetted. In addi-
tion, crude oil can alter the rock state by adsorbing or
depositing polar components, thus resulting in a mixed-wet
state of relatively oil-wet subareas where oil makes contact
combined with unaltered subareas covered by brine. The
term “mixed-wettability” was introduced by Salathiel
(1973) to describe systems with large pores that are pre-
dominantly oil-wet and smaller ones that are water-wet,
and in which the residual oil saturation is much lower than
that obtained in uniformly wetted systems. Donaldson et al.
(1969) reported that changes in wettability affect water
flood behavior. They treated the core samples with various
amounts of organochlorosilane to change the wettability of
the cores from water-wet to oil-wet. The results showed
that less oil was recovered after a water injection as the
system became more oil-wet. Moreover, according to
Morrow Norman and Geoffrey (2001) an infinite number of
possible wetting states exist between the strongly water-
wet and the strongly oil-wet, and similarly there are many
varied flow behaviors Tiab and Donaldson (2004).
Understanding the effect of wettability on fluid recovery
requires information pertaining to pore-scale fluid distri-
bution, wetting preferences, and pore geometry Kumar
(2008). Multiple pore-level models have been proposed to
explain the effect of mixed wettability. Heiba et al. (1983)
used network models to study the distribution of oil under
mixed-wettability conditions. Raeesi and Piri (2009) used a
pore-scale network model to study the effect of wettability
and trapping. Radke et al. (1992) developed a pore-level
illustration to explain how mixed-wettability forms and
how it affects the reservoir rock.

The purpose of this study is to analyze a mixed wetta-
bility granular pack, and to provide a comparative frame-
work for previous uniform wettability experiments reported
in the literature, focusing on the interplay of porosity dis-
tribution, fluid trapping behavior, and the effect of wetta-
bility. The study offers comprehensive information about
the pore structure and immiscible fluid spatial distribution.
Such information can be used to generate a basis for pore-
level modeling and macroscopic-level predictions. A bead
pack with a mixture of glass and acrylic beads was used to
represent mixed wettability conditions. The dimensions of
the system are representative to those of previous experi-
ments reported in the literature. The results were obtained
using the following approach: MCT was used to map the
residual fluids (oil, water) and the solid beads (glass,
plastic); the resulting image sets were segmented to iden-
tify the plastic and glass beads, the oil phase, and water

phase. From these data, the porosity, fluid blob size, and
saturation distributions were obtained. Finally, the obtained
results for the mixed wettability system were compared to
uniform wettability data.

Methodology
Summary of data set protocol

For the mixed wettability system, glass and plastic beads,
approximately 0.40-0.60 mm in diameter, were packed
into a cylindrical plastic core holder of 103.32 mm in
length with an inner diameter of 25.4 mm. The proportion
of glass and plastic beads in the mix was 66.61 and
33.39 %, respectively.

Flow distributors were added to the upper and lower
ends of the bead pack to achieve a uniform flow profile. In
addition, a metal screen was placed between the flow dis-
tributors and the bead pack. The core holder was placed in
the X-ray microCT scanner in the vertical position.

The dry bead pack was first evacuated and pre- saturated
with brine. Kerosene was then injected into the pack to
achieve irreducible water saturation, and finally brine was
injected into the pack until residual oil saturation was
achieved. The lighter phase, kerosene was injected from
the top of the core holder to minimize buoyancy effects,
whereas the heavier brine phase was injected from the
bottom to minimize gravitational segregation due to the
density difference of the fluids. At the end of each stage of
fluid injection, the core sample was scanned using MCT.
The experimental sequence is shown in Fig. 1.

In this project, MCT was used to determine the fluid
structures in the porous medium. The MCT system consists
of an X-ray source, a detector, a translation system, and a
computer system that controls motion and data acquisition
Karpyn et al. (2010). MCT imaging is a visualization
technique used for examining internal structure of opaque
three-dimensional objects by producing stacks of two-
dimensional images (slices) that reveal the interior of the
objects in a nondestructive manner Denison et al. (1997).
The scans of this core sample were composed of 3,900
slices, each of which consisted of 1,024 x 1,024 pixels.
The MCT system was tuned to a voxel resolution of
0.026 x 0.026 x 0.027 mm, in which 0.027 mm repre-
sented the height of the voxel or the thickness of each slice.

Data sets

Four sets of images were obtained using MCT at different
stages: dry sample, 100 % brine saturated sample, irre-
ducible brine saturation (Sy;,), and residual oil saturation

(Sor)-
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Fig. 1 Schematic diagram of the
experimental procedure showing the

sequence of the kerosene (oil) and X-ray

brine (water) injections Pre-
( i Dry [==p Saturation -ﬂ

]

Brine

Dry beads

The vacuumed bead pack was scanned dry to obtain an
accurate map of the beads and pore structure. Differences
in CT numbers for beads and pore space is large due to the
difference in density and atomic number. High-density
materials characteristically have a high CT number (rep-
resented by the light gray regions), whereas low-density
materials characteristically have a low CT number (repre-
sented by the dark gray regions). Therefore, at this stage, it
was easy to segregate the beads from the pore structure.

Wet beads

After the dry sample was scanned, the core sample was pre-
saturated with brine and scanned again. The resulting
images were used in the segmentation process to obtain the
fluid distribution in the pore space. Compared with the
plastic bead, the glass beads and the brine are denser and
are shown in light gray, whereas the plastic beads are
shown in dark gray in the images.

Irreducible water saturation (S,,;,,)

At this stage, kerosene was injected into the core sample to
displace the brine, until it reached irreducible water satu-
ration. Then, the core sample was scanned. For this stage,
most of the pore space was filled with kerosene with only a
small amount of brine. As the plastic beads and the kero-
sene are less dense than the glass beads and brine, the
regions occupied by kerosene and plastic beads are darker
than the regions occupied by glass beads and brine.

Residual oil saturation (S,,)

The last stage was to inject brine into the core sample to
displace the fluid in the previous stage, until it reached
residual oil saturation. Then, the core sample was scanned.
In contrast to the previous stage, most of the pore space
was filled with brine with only a small amount of kerosene.
Again, as the plastic beads and the kerosene are less dense
than the glass beads and brine, the regions occupied by
glass beads and brine are brighter than the regions occupied
by kerosene and plastic beads. Thus, the major difference
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between Sy and S, is that the pore space in Sy, appears
to be dark (dark gray), whereas the pore space in S,
appears to be bright (light gray).

Segmentation and quantification

In image processing, the most important step is to separate
two distinct materials from each other, i.e., foreground
(object) and background, using a proper thresholding
method. The simplest segmentation techniques employ
global thresholding in which one threshold value is
applied to the whole system. Values below the threshold
value are designated as one material, and values above are
designated to the other material Al-Raoush and Willson
(2005).

Various techniques have been used to obtain the most
accurate threshold value, such as k-means cluster analysis
used by Porter and Wildenschild (2010); local thresholding
criteria based on indicator kriging mentioned in Prodanovi¢
et al. (2007); and the Otsu method used by Otsu (1979).

Additionally, Mehmet (2004) reported a survey of over
40 image-thresholding techniques to categorize and com-
pare the performance of each. The thresholding techniques
were categorized into six major groups according to the
information explored such as histogram-shape-based
methods, clustering-based methods, entropy-based meth-
ods, object-attribute-based methods, spatial methods, and
local methods. The performance criteria were based on the
misclassification error, edge mismatch, relative foreground
area error, modified Hausdorff distance, and region non-
uniformity. The inclusive details are described in the sur-
vey of image-thresholding techniques and quantitative
performance evaluation (2004). The final evaluation per-
formance scores of each method were calculated and
ranked from highest to lowest. For the nondestructive
testing image datasets, clustering-based methods are
among the seven highest-ranking techniques.

One of the most effective clustering-based methods is
the Otsu thresholding, which works by iterating between all
the possible threshold values to find a particular value
where the sum of the foreground and the background is at
its minimum. Assume that the number of pixels at the gray
level i from all the L levels is denoted by n; and the number
of pixels (N) is the summation of n; which is
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probability, mean, and class variances for each class
can be described as follows:
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To evaluate the correctness of the threshold value, three
parameters are calculated,
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for within-class variance:
2 2 2
O'W = (/0060 + wlo-] (9)

between-class variance:

parameters must be optimized. In other words, the
threshold that provides the minimum within-class
variance (0%) and the maximum between-class variance
(aﬁ) will be the best threshold value.

In this study, the Otsu method was implemented via the
graythresh algorithm in MATLAB. Each pixel at the dif-
ferent gray level i was counted and stored to construct a
histogram, and the number i was used as the number of bin.
The advantages of this method are its implementation
simplicity; its stability is based on the integration of the
histogram, and it covers a wide scope of unsupervised
decision procedures.

This method can be applied to separate only two dif-
ferent materials at a time. To segment the three-phase or
four-phase systems using Otsu thresholding, a two-step
approach is applied. First, the pore space is segmented
from the solid (glass and plastic) beads by subtracting the
dry sample from the wet sample to remove the solid beads.
Thus, the two-phase system is obtained. Then, the gray-
thresh MATLAB algorithm was applied again to the
extracted sample set, such that all the voxels with a CT
number lower than the thresholding value (k) represented
the subtracted solid and all the voxels with a CT number
higher than the thresholding value (k) represented the pore
space (higher CT number). Once the pore space and the
subtracted solid space have been segmented, their discret-
ized 3D grids are used to remove the bead space or pore
space from the subsequent core sample scans. The next step
was to segment the kerosene from the brine and to segment
the glass beads from the plastic beads. The 3D grid of the
pore space binary 1 and the 3D grid of the solid space
binary 2 images were multiplied to the Sy, or S, and dry
sample sets to isolate the fluid in the pore space area, and
the mixed beads in the solid area, respectively. Similarly,
the graythresh algorithm was applied to the multiplied
samples to obtain their thresholding values. Once the
residual oil and water were segmented from the S, and
Swirr samples, respectively, their volume and the surface
area for each of the disconnected blobs were analyzed
using the three-dimensional visualization software Avizo
3D version 6.3. The stack of images was processed to
obtain volume and surface area individually for each sep-
arate body. The volume of each segmented body, X, was
approximated by the number of voxels forming it:
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V(X) :Zl(xivijzk)ﬂ (12)

ijk

where I(x;,y;,z) is the intensity of the pixels of the
coordinates x;, y;, and z;. The volume of the pixels was
scaled to give the true area in the unit associated with the
image. Note that, when applying this to binary images, / is
equal to 1, or 0. Moreover, the application area 3D was
approximated using the intercept, defined as the number of
entries in an object along a given direction to account for
the exposed surface of the outer pixels.

In addition to the quantification of the fluid saturation,
the residual fluid volume, and the surface area, the explicit
imaging of the plastic and glass beads was used to evaluate
the proximity of the residual fluid structure to the define
solid surface via MATLAB. This was achieved by com-
puting the shortest distance from each fluid pixel (blob) to a
particular solid type (plastic or glass) to describe the ten-
dency of the fluid trapping with respect to wettability. To
determine the shortest distance, the boundary pixels were
first defined for both the blobs and the beads by considering
the closest 26 neighboring pixels to each. Any pixels sur-
rounded by 26 neighboring pixels were not counted as
boundary pixels. The distance between the fluid blob pixels
and any solid bead pixel was calculated using the Euclidian
distance (Dg):

Dg = \/[((Xs = Xp) % 2P +((Ys = Yp) x 3)* + (2 = Z1) x 2)’]
(13)

where X, Y, and Z; represent the solid pixel coordinates;
Xt, Yy, and Z; represent the fluid pixel coordinates; and x, y,
and z represent the voxel size of x, y, and z directions,
respectively. Once a fluid voxel was found, then the
shortest distance to a solid surface is computed. In this
analysis, 800 slices were considered in the mid-region,
which was approximately one-third of the core sample.

Results and discussion
Porosity distribution

The average porosity of the bead pack was found to be
42.04 %, with local axial porosity values at different
heights along the z-axis varying from 39.99 to 44.55 %, as
shown in Fig. 2. The average porosity is in agreement with
the theoretical porosity for rhombohedral and cubic pack-
ing of regular-sphere grains, which is 25.96 and 47.64 %,
respectively. This suggests that the packing is mostly
cubic. Moreover, a small variation in percent porosity is
good evidence that the bead packing is relatively homo-
geneous, with the greatest variation at 10 mm in height.
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Fig. 2 Vertical profile of bead pack porosity

The average porosity for the mixed-bead pack is com-
parable to that of the glass bead and plastic bead packs
where their average porosity was 41.6 and 42.1 %,
respectively. All of the three bead packs show a drop in
porosity at the bottom part, at 20 mm in height that may
have resulted from localized compaction.

Fluid phase distribution

In addition to pore space and solid region segmentation,
each fluid phase within the pore space at Sy, and S,; was
defined. The segmentation procedure was similar to that
used for the previous two sample sets.

For Sy, kerosene was injected to displace the brine
from the pore space, resulting in a small proportion of brine
being trapped inside the pore space (irreducible water),
whereas the rest of the pore space was filled with kerosene.
For S, brine was injected to displace all the mobile ker-
osene from the previous stage, resulting in a small pro-
portion of kerosene being trapped inside the pore space
(residual oil). The rest of the pore space was filled with
brine.

Trapped fluid blobs segmented from CT data ranged in
size from 1.9 x 107> mm® (approximately one single
voxel) to 1.18 x 10> mm?® for water blobs, and from
1.9 x 107 to 1.95 x 10’ mm’ for oil blobs. The total
volume of the water blobs and the oil blobs was 2.7 x 10°
and 3.1 x 10> mm?®, respectively. Moreover, the single
largest oil blob found at residual oil saturation was larger
than any trapped water blob, suggesting that water
remained trapped at the crevices of grain-to-grain contacts
and therefore a more dominant wetting phase in this mixed-
wet system.

The blob cumulative frequency in Fig. 3 shows that
most of the blobs fell in a size between 0.0001 and
0.001 mm®, making them 100 times smaller in size than
those in the single-wettability glass and plastic bead packs
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reported by Karpyn et al. (2010) and Landry et al. (2011).
This difference in sizes of the blobs is expected since the
wetting fluid tends to be imbibed by the small pores in the
uniformly wet system, causing the nonwetting fluid to be
trapped in the larger pores Raeesi and Piri (2009), Kumar
et al. (2008), Zhao et al. (2010) and Al-Futaisi and Patzek
(2003).

Moreover, Fig. 3 demonstrates a larger quantity of small
water blobs as compared to oil blobs. This observation can
be explained by the higher proportion of glass beads
(water-wet surfaces) compared to acrylic beads (oil-wet
surfaces), given that water will remain trapped in the
pendular rings around the water-wet grain contacts. Inter-
esting analogies from natural systems can be found in Tiab
and Donaldson (2004), Sahimi (1995) and Kumar et al.
(2008), whereby water blobs formed from the pre-

100

0.01 0.1 1 10 100 1000

Blob volume (mm3)

saturation of brine, as the small water-wet pores are
spontaneously imbibed by water due to capillary suction.
Figure 4 shows the cumulative volume percent of each oil
blob group to the total residual oil trapped in the pore space
and each water blob group to the total residual water trapped
in the pore space. Disregarding the largest blob volume, the
steepest slope of the oil blobs plot and the water blobs plot
was found in the range of 0.01-1 mm°> and 0.001-0.1 mm°,
respectively, suggesting that the blobs in these groups
account for an important portion of the total residual fluid
trapped in the pore space. This examination is consistence
with the findings of Salathiel (1973), according to which
smaller pores are filled with water, whereas the oil prefer-
entially wets larger interconnected pores Anderson (1987).
The spatial distribution along the z-direction of all the
disconnected water blobs and oil blobs is presented in
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Fig. 5 The spatial distribution along the z-direction of the disconnected water blobs after oil injection
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Fig. 6 The spatial distribution along the z-direction of the disconnected oil blobs after water injection

Figs. 5 and 6, respectively, wherein each spot represents
the vertical location of the centroid of each blob. In the
water blob distribution plot, there are smaller amount of
medium size blobs on the upper parts and smaller amount
of large size blobs on the lower parts of the bead pack.
With regard to oil blob distribution, the plot shows that the
oil blobs were distributed homogeneously throughout the
bead packs. This suggests that oil blobs size is more uni-
form than that of water blobs.
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Individual water blob volumes and oil blob volumes
were plotted against their surface area in which each spot in
the plot represents one disconnected blob, as shown in
Fig. 7. The surface to volume ratio of a sphere was also
plotted using a solid line as a reference. The plots show that
the blobs were located close to the reference line when
their volume is small, and then start to deviate from the
reference line as their volume increases. The deviation
started at a volume of 0.02-0.03 mrn3, which is
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Table 1 Average percent water saturation

Pore system End of oil injection (%) End of water injection

Mixed-wet 14.08 83.61 % (16.39 % oil)
Oil-wet 8.32 76.14 % (23.86 % oil)
Water-wet - 82.28 % (17.72 % oil)

comparable to the mean pore volume. At volumes larger
than 0.03 mm?>, the blobs no longer behave like spheres and
start to extend from a pore through other interconnected
pores. The porosity was found to be similar to that reported
by Karpyn et al. (2010), given the grain size distribution
and packing was almost the same in both samples. The
largest blob volume, that of 10° mm?, has the largest sur-
face to volume ratio and was expected to have the highest
extension to other interconnected pores. For the small blob
volume, as these blobs were close to the reference line,
their shape was likely to be almost spherical. The trend of
surface area to blob volume for both oil and water was very
similar, with a slight tendency of water blobs to reach a
higher surface area for the same blob volume which can be
attributed to stronger water wetting affinity to the solid
surface than that of oil.

Percent water saturation

The average percent water saturation after the oil injection
and the water injection was shown in Table 1. As noted
earlier, the bead pack was saturated with water (brine)
followed by the oil (kerosene) injection from the top until
the amount of water collected at the outlet of the core was

negligible, which meant that the water trapped inside the
bead pack was at irreducible water saturation. The amount
of trapped water was measured per slice and was averaged
across the vertical direction. The average water saturation
was found to be 14.08 % and the rest of the pore space was
filled with oil (i.e., at 85.92 %).

In comparative analysis with findings reported by Landry
et al. (2011) for acrylic bead packs, average oil saturation
after the first imbibition (oil injection process) was reported
to be 91.68 % such that only 8.32 % of the water was trap-
ped. This behavior was expected, as acrylic beads are oil-
wet; therefore, an interface force between the oil and the
acrylic beads was stronger than that between the oil and
glass. And given that oil is more likely to attach to acrylic
beads, the result was higher percent oil saturation. This
observation also corresponds with findings reported by
Jadhunandan and Morrow (1995) on the relationship
between wettability and irreducible water saturation in
which water-wet rock has a water saturation of greater than
20-25 % whereas oil-wet rock commonly has a water satu-
ration of less than 15 % of pore volume and frequently less
than 10 %.

Moreover, McCaffery and Bennion (1974) found that
irreducible water saturation tends to decrease with
increasing oil wettability. The observation is based on the
fact that in water-wet rocks, water covers the pore surfaces
and thus exists as a continuous film; however, in oil-wet
rocks in which the solid grains are mostly covered by oil,
residual water is likely to behave like disconnected blobs in
the center of the pore space Anderson (1987) and Dandekar
(2006).
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In the next stage, brine was injected into the core sample
until the amount of oil collected at the outlet of the core
was negligible, indicating that the oil phase was at the
residual oil saturation. The average residual oil trapped was
found to be 16.39 % and the rest of the pore space was
filled with brine (i.e., at 83.61 %). Compared to related
findings reported by Landry et al. (2011) for acrylic bead
packs and by Karpyn et al. (2010) for glass bead packs, the
average residual oil saturation after water injection was
reported to be 23.86 and 17.72 %, respectively. In the case
of a uniformly wet system (e.g., the water-wet system), the
wetting fluid brine tends to form a continuous thin film
over the solid surface, and to fill in small or medium pores
while displacing the oil into the larger pores.

This results in the oil occupying the center of the larger
pores such that continuous channels of oil are formed or oil
becomes trapped as disconnected blobs. At slow flow rates,
the water moving in a fairly uniform front, displaces oil by
a piston-like mechanism (as the capillary pressure is
greater than the threshold pressure), and by spontaneous
imbibition (where capillary forces make the water phase
spontaneously displace the oil from small or medium
pores) Patzek (2001), Kumar et al. (2008), Wilkinson and
Willemsen (1983) and Wardlaw (1982). As the water
bypasses the oil, it swells (due to the decrease in capillary
pressure) and breaks down the oil, forcing it into the large
pores. This process is referred to as “snap-off” Lenormand
et al. (1983), Oren et al. (1997) and Patzek (2001). For oil-
wet systems, most of the oil in the large pores is recovered,
whereas the remainder is trapped in the smaller pores due
to capillary forces. And, as these pores are oil-wet, there is
no driving force to cause the water to displace the oil from
them.

Thus, the mixed-wet system significantly trapped
smaller amount of residual oil compared to oil-wet system,
which is consistent with Amott’s finding that extreme
wettability results in high residual oil, whereas weakly
water-wet conditions or slightly oil-wet conditions result in
low residual oil. It may be that the mixed wet system
trapped less residual oil as a result of the oil-wet solid
surface that allows the oil blobs that are close to each other
to connect and form a continuous flow path. As such, an
oil-wet solid surface prevents water from forming a con-
tinuous thin film, and prevents snap-off. Likewise, the oil
trapped in the smaller pores is reduced as compared to an
oil-wet system, because the small pores in a mixed-wet-
tability system are water-filled Anderson (1987). Accord-
ing to Anderson (1987), as compared to the water-wet
system, the mixed-wet system traps less oil because it traps
less oil in the larger oil-wet pores. However, in this
experiment, there was no significant difference between the
percent oil trapping in mixed-wet (16.39 %) and water-wet
systems (17.72 %). The residual oil was as small as that of
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Fig. 8 Residual fluid structures (in white) and selected solid material
(in gray) a oil and glass beads; b oil and plastic beads; ¢ water and
glass beads; d water and plastic beads

the water-wet system or perhaps even smaller, suggesting
that global phase trapping in porous media (residual satu-
ration) is sensitive to the wetting characteristics of the solid
matrix. Moreover, the saturation history of oil might affect
the amount of residual oil trapped after the water injection,
as the amount of oil saturation of the acrylic bead packs
(91.68 %) was higher than that of mixed-bead packs
(85.92 %), resulting in higher residual oil saturation.

However, the change in residual oil saturation is small,
whereas wettability ranges from one extreme to the other.
Masalmeh (2003) also reported that in mixed-wet condi-
tions, the small pore and grain contacts are preferentially
water-wet but that the surfaces of the larger pores are oil-
wet. As oil-wet paths were continuous through the larger
pores, water could displace oil from the pores and very
little oil would be held by capillary forces in small pores or
at grain contacts. This resulted in low residual oil and high
oil recovery, as reported by Salathiel (1973), and Anderson
(1987).

Wetting affinity

To evaluate the wetting affinity of the glass and plastic
beads, we examined the proximity of residual fluid struc-
tures to each solid surface (plastic and glass). Figure 8
displays sections of the mixed-bead pack relative to
residual fluid structures. Figure 8a represented the residual
oil structures and the glass beads whereas Fig. 8b repre-
sented the residual oil structures and the plastic beads. The
results showed that the positions of the residual oil were
closer to the plastic beads than to the glass beads such that
we observed the plastic beads surrounded by the residual
oil structures. In contrast to the residual oil, the positions of
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the residual water were closer to the glass beads than the
plastic beads as shown in Fig. 8c, d, respectively, and we
observed the glass bead surrounded by the residual water
structures.

In addition, the preferential affinity of each fluid type to
a particular solid surface was quantified by calculating the
shortest distance between fluid and solid surfaces. The
frequency distributions of the shortest distance were divi-
ded into 50 bins and plotted. The shortest measurable
distance was 0.026 mm, given by the imaging resolution,
which means that the pixel of the fluid blob is next to the
pixel of the solid bead. In general, the shorter the distance
between the fluid and the solid beads, the greater is the
wetting affinity of the fluid to a particular solid; i.e., the
more likely the fluid is to come into contact with and
spread over or adhere to a solid surface. Results of this
study are presented in Figs. 9 and 10. Figure 9 reveals a
narrower distribution of oil-to-plastic distances than that of
oil-to-glass. This is evidence that the plastic beads are
preferentially oil-wet relative to the glass beads. A similar

analysis of Fig. 10 confirms that glass beads are more
water-wet than the plastic beads, and that the wetting
affinity of the glass beads with regard to water was stronger
than that of the plastic beads.

Conclusions

Immiscible fluid flow through a synthetic bead pack with
mixed wettability was investigated. Three-dimensional
imaging of this bead pack after cycles of oil and water
injections allowed the characterization of the final satura-
tion distribution and of the trapped fluid structures in the
context of surface wettability. In addition, results were
compared against previous experimental findings in a
uniformly water-wet glass bead pack and oil-wet plastic
bead pack. The average porosity of the mixed-wet system
was 42.04 %, which is comparable to that of water-wet and
oil-wet systems at 41.6 and 42.1 %, respectively, sug-
gesting that the packing was mostly cubic.
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The blob analyses presented indicate that the number
of trapped water blobs at the end of kerosene injection
was 2.4 times greater than that of the oil blobs at the end
of water injection, for similar residual saturations.
Moreover, the single largest oil blob found at residual oil
saturation was larger than any trapped water blob, sug-
gesting that water remained trapped at the crevices of
grain-to-grain contacts and therefore a more dominant
wetting phase in this mixed-wet system. In addition, most
of the blobs fell in a size range between 0.0001 and
0.001 mm3, making them 100 times smaller than those in
the single wettability case.

The cumulative volume plot shows that oil blobs in
range of 0.01-1 mm® and water blobs in range of
0.001-0.1 mm® account for an important portion of the
total residual fluid trapped in the pore space. This result is
consistent to the finding of Salathiel et al. (1973), whereby
the smaller pores are occupied by water, whereas the oil
preferentially wets the interconnected larger pores. The
trend of surface area to blob volume for both oil and water
was very similar, with a slight tendency of water blobs to
reach a higher surface area for the same blob volume which
can be attributed to stronger overall water wetting affinity
to the solid surface than that of oil.

Moreover, the explicit imaging of plastic and glass
beads was used to evaluate the wetting affinity of fluid to
preferential solid surface by computing the shortest dis-
tance from each fluid surface (oil or water blobs) to a
particular solid type (plastic or glass beads). The results
confirm that oil blobs tend to adhere to plastic surfaces
rather than to glass whereas water blobs tend to adhere to
glass rather than to plastic. Results also suggest that glass
beads have a stronger wetting affinity to water than that of
plastic to oil, which is indicated by a narrower character-
istic distance between water and glass surfaces.

The average percent saturation showed that irreducible
water saturation tends to decrease with increasing oil
wettability. In the case of the residual oil saturation, the
mixed-wet sample had a trapped oil average of 16.39 %,
whereas the residual oil in the water-wet system and the
oil-wet system was found to be 17.72 and 23.86 %,
respectively. Results from this investigation confirm that
global phase trapping in porous media (residual satura-
tion) is sensitive to the wetting characteristics of the
solid matrix, but less intuitive is the evidence that the
spatial distribution, characteristic size, and surface area
of trapped fluid structures can vary drastically as a result
of local wetting properties. These differences are then
manifested in the magnitude and hysteretic attributes of
capillary pressure curves that are so critical for the
description of transport properties of natural permeable
media.
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