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Abstract Wwe use fast synchrotron X-ray microtomography to understand three-phase flow in
mixed-wet porous media to design either enhanced permeability or capillary trapping. The dynamics of
these phenomena are of key importance in subsurface hydrology, carbon dioxide storage, oil recovery, food
and drug manufacturing, and chemical reactors. We study the dynamics of a water-gas-water injection
sequence in a mixed-wet carbonate rock. During the initial waterflooding, water displaced oil from pores of
all size, indicating a mixed-wet system with local contact angles both above and below 90°. When gas was
injected, gas displaced oil preferentially with negligible displacement of water. This behavior is explained
in terms of the gas pressure needed for invasion. Overall, gas behaved as the most nonwetting phase with
oil as the most wetting phase; however, pores of all size were occupied by oil, water, and gas, as a signature
of mixed-wet media. Thick oil wetting layers were observed, which increased oil connectivity and
facilitated its flow during gas injection. A chase waterflooding resulted in additional oil flow, while gas was
trapped by oil and water. Furthermore, we quantified the evolution of the surface areas and both Gaussian
and the total curvature, from which capillary pressure could be estimated. These quantities are related to
the Minkowski functionals which quantify the degree of connectivity and trapping. The combination of
water and gas injection, under mixed-wet immiscible conditions, leads to both favorable oil flow and
significant trapping of gas, which is advantageous for storage applications.

1. Introduction

Three-phase flow in porous media is observed in many natural and engineered processes. These include
nonaqueous phase liquid (NAPL) contaminant removal, gas storage in oil reservoirs, and enhanced oil recov-
ery (EOR) (Scanziani et al., 2018). EOR can be combined with gas storage, for example, when storing CO,
underground to mitigate climate change (carbon capture and storage, CCS) (Szulczewski et al., 2012). In this
case, it would be ideal if high oil recovery is combined with significant gas storage (Ampomah et al., 2017;
Scanziani, Singh, et al., 2020). Since depleted hydrocarbon fields contain injection infrastructure, CCS is an
attractive option with the potential economic benefit of additional oil recovery: Combining CCS with EOR
could be a key technology to enable storage at the gigatonne scale necessary to make a significant impact on
preventing dangerous climate change (Bellamy & Geden, 2019; Bickle, 2009; Scott et al., 2015).

The flow of three fluid phases—two liquid phases and one gaseous phase—is also important in many man-
ufacturing contexts, to synthesize emulsions containing droplets and microbubbles, for food manufacture
(Zuniga & Aguilera, 2008), drug delivery (Ferrara et al., 2009), and the synthesis of microcapsules (Chen
et al., 2019). Microfluidics devices can be designed to form porous media of desired structure and compo-
sition, controlled by the interaction of wettability, flow, and pore space topology. Three-phase flow is also
encountered in packed bed reactors and catalysis with applications in biological waste water treatment and
fluid separation, for instance (Kundu et al., 2008).

The optimization of these processes can be achieved only with an accurate study of the flow and trap-
ping of the three phases, bearing in mind that the physics controlling the flow are defined at the micron
scale of the pore space (Blunt, 2017). Previous studies have used micromodels to investigate three-phase
flow in porous media at the pore scale. @ren et al. (1992) visualized the formation of spreading oil layers,
in a quasi 2-D water-wet micromodel. The formation of spreading layers around droplets has also been
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observed in microfluidics devices (Chen et al., 2019). Other studies have identified the occurrence of multiple
displacements (when one phase displaces another which in turn displaces the third one) in micromodels
with variable wettability (Sohrabi et al., 2008; Van Dijke et al., 2006).

However, the use of micromodels may not capture the intricate behavior of multiphase flow in the complex
pore space of 3-D porous media which include rocks, soils, and catalysts. Advances in both X-ray imaging
and associated analysis methods, which allow direct in situ visualization of the pore space and the flu-
ids within it, have revolutionized our understanding of flow in porous media (Bultreys et al., 2016; Pak
et al., 2015; Wildenschild & Sheppard, 2013). Previous work on two-phase (oil and water or CO, and water)
flow with application to improved carbon dioxide storage and oil recovery highlighted the crucial role of
wettability as a determinant of flow behavior, trapping, and recovery (Alhammadi et al., 2020; AlRatrout
et al., 2018; Qin et al., 2019). In particular, mixed-wettability—where the solid surface has regions that
are both water-wet and oil-wet, indicating contact angles between oil and water both above and below
90°—leads to well-connected oil and water phases and favorable oil recovery (Kovscek et al., 1993;
Morrow, 1990; Scanziani, Lin, et al., 2020). The fluid-fluid interfaces have almost zero mean curvature, with
approximately equal but opposite principal curvatures in orthogonal directions, forming minimal surfaces
(Lin, Bijeljic, Berg, et al., 2019).

However, further complexities arise in three-phase flow, where the interaction among three phases at their
interface strongly influences multiphase flow phenomena and eventually oil flow and gas trapping. The
spreading coefficient of a phase i, C;, defines if the phase i is allowed to form spreading layers sandwiched
between the other two (Feali et al., 2012; Hirasaki, 1993). The formation of these layers is favored if C; ~ 0
(Adamson & Gast, 1997). In this study, we will employ fast synchrotron X-ray microtomography to examine
the dynamics of layer formation in mixed-wet media.

One principal characteristic of three-phase flow, which will be the emphasis of this paper, is the wetta-
bility order according to which different phases arrange in pore space (Piri & Blunt, 2005; Van Dijke &
Sorbie, 2002). The wettability of a phase with respect to another is directly defined by the contact angle 6
at their interface (Andrew et al., 2014; Blunt, 2017; Scanziani et al., 2017). The wettability order defines
which phase more favorably wets the surface of the rock and which one instead preferentially resides in
the center of the pores (Van Dijke & Sorbie, 2002). This arrangement of the phases in the pore space has
consequences on their flow and hence the relative permeability of each phase (Alizadeh & Piri, 2014;
Fenwick & Blunt, 1998; Hui & Blunt, 2000). Pore occupancy, defined as a relation between the dimension
of the pores and the phase which occupies them, can be provided by X-ray microtomography and used
to identify the wettability order in three-phase flow (Alhosani et al., 2019; Bultreys et al., 2018; Scanziani
et al., 2018). The phase which occupies the smallest pores is the most wetting phase, while the least wetting
phase preferentially occupies the largest pores. The most nonwetting phase has the largest flow potential
while it is connected but can also be trapped by the other phases, adding to storage security, for instance.

In three-phase flow, in situ pore-scale imaging studies have been concerned, to date, principally with
water-wet media (Alizadeh & Piri, 2014; Brown et al., 2014). In this case, the wettability order is water-oil-gas
from most to least wetting (Alhosani et al., 2019; Khishvand et al., 2016; Scanziani et al., 2018). In water-wet
media, as previously observed in micromodels (Feali et al., 2012; @ren et al., 1992) and porous rocks
(Scanziani et al., 2018), oil can form spreading layers sandwiched between water that wets the surface
and gas that preferentially fills the larger pores. Gas can become trapped by both oil and water. Indeed,
since spreading oil layers can completely wet the gas, the trapping of gas can be enhanced compared to
two-phase gas-water displacement, which provides a rapid and secure mechanism to retain gas in the sub-
surface for storage (Amaechi et al., 2014; Scanziani, Singh, et al., 2020). Even if the majority of oil fields are
not water-wet, only a few studies have investigated the effect of wettability alteration on three-phase flow.
Qin et al. (2019) studied gas and water injection in a weakly oil-wet carbonate. They observed favorable
oil recovery by gas injection as a result of gas-oil-water double displacement processes, with further recov-
ery combined with gas trapping after subsequent waterflooding. They studied the static arrangement of the
phases at the end of each injection. However, the evolution of the pore-scale arrangement of the phases
during a displacement was not studied.

The use of bright X-rays at synchrotron sources allows for images to be taken with a time resolution of
approximately 1min, and hence it is a powerful technique to study the dynamics of multiphase flow
(Armstrong & Berg, 2013; Berg et al., 2013; Wildenschild et al., 2005). In particular, it has the capability

SCANZIANI ET AL.

20of 21



 ¥eld
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2020WR027873

to visualize and quantify how displacement proceeds on a pore-by-pore basis providing great insight into
two-phase flow processes (Andrew et al., 2015; Reynolds et al., 2017; Singh et al., 2017). We will extend the
use of synchrotron imaging to the simultaneous flow of three phases in mixed-wet media.

Advances in visualization have been complemented by analysis methods derived from algebraic topology
(Armstrong et al., 2019). Specifically, the measurement of Minkowski functionals links the geometry and
topology of pore space with physical quantities, such as the connectivity of the fluid phases (Liu et al., 2017;
Mecke & Stoyan, 2000). Considering a solid in Euclidean 3-D space, four Minkowski functionals are defined:
volume, surface area, total curvature, and Gaussian curvature (Vogel et al., 2010). We will use this set of
measures to provide a complete characterization of the phases within the pore space, relating the topological
information with physical characteristics of the flow and trapping such as saturations, capillary pressure,
and connectivity.

The main objective of this study is to understand the dynamics of three-phase flow in mixed-wet porous
media and how this is controlled by the wettability order. To this end, we employ fast synchrotron tomog-
raphy to study gas injection followed by water injection in a mixed-wet carbonate sample. Scanziani, Singh,
et al. (2020) performed synchrotron experiments of three-phase flow on a similar carbonate rock under
water-wet conditions, observing the dynamics of the formation of spreading oil layers and the double
capillary trapping of gas.

In section 2, we describe the materials of the experiment and the methods that we used to dynamically image
three-phase flow in a mixed-wet carbonate rock and analyze the resulting 3-D images of the three phases
flowing inside the pore space.

As we seek to understand the key determinants governing displacement, in section 3.1, we discuss the
assessment of the wettability of the sample using contact angle measurements, pore occupancy, surface
area coverage, and visual inspection. In section 3.2, we describe the dynamics of gas injection and second
waterflooding, and in the next sections, we detail the formation of oil layers (section 3.3) and gas trapping
(section 3.4) and their effect on oil flow and gas storage.

We compare and discuss our results in the light of previous measurements made on a similar water-wet sys-
tem (Scanziani et al., 2018; Scanziani, Singh, et al., 2020) and the same rock under near-miscible conditions
(Alhosani et al., 2019) using the Minkowski functionals to quantify our observations (section 3.5). Finally,
we will place our work in context by exploring the implications for storage, recovery, and the performance
optimization of manufactured porous devices.

2. Materials and Methods

We used a cylindrical sample of Ketton limestone, with a length of 16.1 mm and a diameter of 5.8 mm. The
total porosity was measured to be 28.3% with a Helium porosimeter, while the apparent porosity obtained
with image processing was 14.3%. This latter value represents the porosity of the macropores resolvable in
the image; the oolithic grains of the rock are also porous, but these micropores cannot be explicitly seen in
the images. The pore volume (PV) of the sample, computed using the macroporosity, was 6.03 x 1078 m3. We
assume that the microporosity is water saturated throughout the experiment, as the oil pressure during wet-
tability alteration—described in the next section—was not sufficiently high to invade the micropores. The
sample was initialized with the injection of formation brine, prepared to mimic the chemical composition
of the brine in a giant producing oil reservoir in the Middle East.

2.1. Establishing Wettability

A process called aging was performed to restore the wettability conditions typically encountered in hydro-
carbon reservoirs (Alhammadi et al., 2017; Lin, Bijeljic, Krevor, et al., 2019). This was achieved using crude
oil provided from the same producing reservoir from which the brine composition was taken. More infor-
mation on crude oil composition are provided by Alhammadi et al. (2017). Pressure and temperature were
raised to the conditions representative of an oil field deep underground (10 MPa and 80°C). Crude oil was
then injected through the sample, increasing the flow rate stepwise from 0.01 to 0.1 ml/min at the bottom
of the sample. The flow was then reversed, and more crude oil was injected at the top of the sample at the
same flow rates. For a week, 5 PVs of crude oil were injected each day. The sample was then left at these
conditions of high temperature and pressure for a month and then conserved in an oven in the crude oil at
ambient pressure and 80°C for 2 months.
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Table 1

Physical Properties of the Fluids Used in the Experiments

Phase Density (kg/m?) Viscosity (mPa x s) Interfacial tension (mN/m)

Water (H,O + 20%w KI) 1,154.05 0.5471 o =52.1

Oil (Decane + 15%w CyqHy; I) 715.2 1.088 Ogo =112

Gas (N,) 83.98 0.01896 Ogyp = 63.7

diamond
Light Source

m PyrC Al Au
X-rays

Note. Densities measured at 40° and 7.6 MPa. Viscosities of nitrogen and water at 50° and 10 MPa are from Georgiadis
et al. (2010) and of decane at ambient conditions are from the National Institute of Standards and Technology (2018).
The interfacial tensions were measured directly using the pendant drop method (Alhosani et al., 2019; Li et al., 2012).

2.2. Experimental Fluids

After aging, the sample was transferred to the Diamond Light Source synchrotron facility in the United
Kingdom, where the experiments were performed. The experimental fluids used were pure nitrogen, water
doped with 20% by weight potassium iodide (KI) and decane doped with 15% by weight iododecane
(CyoH,; I). These dopants provided sufficient difference in the X-ray attenuation of each phase, so that they
could be distinguished in the final tomograms (Scanziani et al., 2018). The properties of the fluids used
are listed in Table 1: The interfacial tensions were measured using the pendant drop method (Alhosani
et al., 2019; Li et al., 2012).

2.3. Experimental Method

Figure 1 illustrates the experimental apparatus. The three-phase flow experiments were performed while
imaging the sample using high-energy X-rays. The sample was mounted inside the core-holder (Figure 1) on
top of a PEEK spacer, which was used during imaging to identify the exact times at which the fluids invaded
the sample. Before starting the synchrotron tomography experiment, the oil was injected in the sample to
displace and substitute the crude oil.

Pressure and temperature were then raised to the experimental conditions, 8 MPa and 50°C, and water
injection (WF1) was started at 0.5 ul/min, corresponding to a capillary number Ca = 3.3 x 10~° defined by
Ca = uq/o, where q is the Darcy flux per unit area, p is the viscosity of the injected phase (doped brine, the

Coreholder 4 Two-way valve

K Three-way valve
[ Three-way connector
m— Multifluids line

Detector Brine line

Filters @

N, line

=== Qil line

Thermocouple line

I Control room

-------- Wired connection

[ Valve connection

AR

B PID controller

AN

Viton sleeve

PEEK spacer

Confining Pump

Water Pump Oil Pump

Figure 1. Schematic of the experimental apparatus comprising three injection pumps, a receiving pump, and a confining pump to maintain high fluid
pressures. The sample is imaged using synchrotron X-rays.
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Experimental and Imaging Details
Displacement Flow rate (pl/min) Ca PV Sw S, Sg
WF1 0.50 3.3x107° 0.6 0.34+0.02 0.66 +0.03 -
GI 0.15 1.6x 10710 0.2 0.33+0.02 0.43+0.03 0.24+0.03
WEF2 0.30 2.0x107° 0.3 0.38+0.02 0.39+0.03 0.23+0.03

Note. The capillary number is defined by Ca = ug/c, where q is the Darcy flux of the injected phase and y is the viscosity
of the injected phase. We used the oil-water interfacial tension o, to calculate Ca during WF1 and WF2 and the gas-oil

interfacial tension oy, to calculate Ca during GI (see the values in Table 2). PV is the number of pore volumes injected.

The saturations, S,,, S,, and S, are computed from the segmented images at the end of each injection.

water phase), and o is the oil-water interfacial tension (see Table 2). All the injections were performed from
the bottom of the sample. When water was detected in the PEEK spacer, dynamic imaging of the center of
the sample (Figure 2) started. WF1 was stopped after 78 min (0.5 PV, injected), when no significant change
in the pore space had been observed for at least 15 min. This was assessed by checking differential images
between scans taken 15 min apart from each other: The flow was stopped when no difference was noticed
between the two scans (the differential image showed noise only). Gas injection (GI) was then performed
at a flow rate of 0.15 pl/min (Ca = 1.6 x 1071 using the gas flow rate and viscosity and the gas-oil interfacial
tension) for 92 min (0.2 PV). Second waterflooding (WF2) was then performed at 0.1 pl/min (Ca =2.0 X 10~°
using the water flow rate and viscosity and the water-oil interfacial tension) for 204 min (0.3 PV).

2.4. Synchrotron Imaging

The imaging was performed at the DiamondManchesterImagingBranchline(I13-2). High-intensity X-rays
were collected from the accelerator machine of the Diamond Light Source and brought to the beamline.
Here, three filters (1.3 mm Pyrolytic C, 3.2 mm Al, and 10 pm Au) trimmed the wavelength of the X-rays to
obtain a high-intensity pink beam (Marathe et al., 2019). The resulting X-ray spectrum has a thin peak at
15keV, corresponding to a flux of 9 x 102 photons per second (Rau et al., 2019). The distance between the
sample and the camera was set to 12 mm, which provided optimal image quality.

High-quality static images were collected before and after each injection step, scanning the whole sam-
ple with three scans at the predetermined locations in the vertical direction, and these were later stitched
together to obtain images of the whole sample (Figure 2). Each static image contains 1,280 x 1,284 X 1,080
voxels. During the injections, dynamic imaging was performed at the middle of the sample in the vertical
direction, as illustrated in Figure 2. The spatial resolution of all the images was 3.5 pm, while each dynamic
scan was taken every 74s (WF1 and GI) or 80 s (WF2): The time required to acquire each scan is obtained

End-state images

5.9 mm

5.2 mm

Figure 2. Static images were collected at the end of each injection, at three different locations in the vertical direction,
and stitched together to obtain images of the whole sample. These images were used to compute saturation, Table 2.
Dynamic images were acquired during the injections in a selected location at the center in the vertical direction.
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Table 3

Details on the Time of Each of the Three Dynamic Imaging Steps

Displacement

Time begin, time end (s)

Images

Projections (S-D)

Exposure time (S-D) (s)

WF1
GI
‘WEF2

0, 4,706
5,627, 9,553
10,665, 18,074

3,000-900
2,000-900
3,000-1,000

0.08-0.06
0.08-0.06
0.08-0.06

Note. Three static scans were collected at the end of each step. The exposure time is the time taken to image one pro-
jection: A 3-D image is then constructed from all the projections. Values for number of projections and exposure time
are reported for both S (static images) and D (dynamic images).

by multiplying the exposure time per the number of projections, provided in Table 3, with 20 s required to
bring the sample back to the initial position and transfer the data from the detector to the workstation in
the control room. Each of these dynamic images contains 1,280 X 1,284 x 1,080 voxels.

We collected a total of 227 tomograms over the whole experiment. The time stamp of each injection sequence
and the number of tomograms are listed in Table 4. The reconstructed images occupy a total of approximately

14 TB of memory.

2.5. Image Processing

The tomograms were reconstructed, obtaining 3-D gray scale images. Segmentation—the assignment of
each voxel to a phase (rock, water, oil, or gas)—was then required to obtain the quantitative results presented

in section 3.

The static scans were segmented using a seeded watershed segmentation algorithm (Jones et al., 2007). Prior
to segmentation, these images were stitched together to obtain the full image of the sample and filtered with
a nonlocal means filter (Buades et al., 2008; Schliiter et al., 2014). Injected water and gas were identified by
subtracting the image obtained at the beginning of the experiment from images acquired at the end of WF1,
GI, and WF2. The result was filtered again with the nonlocal means filter prior to performing watershed

segmentation (Buades et al., 2008).

The dynamic images acquired during the injection of fluids were taken using a lower number of projections
(see Table 3) to achieve higher time resolution. For this reason, another, more accurate but time consuming,
segmentation method was required for these images: We used the machine learning WEKA segmentation
method (Arganda-Carreras et al., 2017). The preliminary steps were similar, as we performed subtraction of
the image at initial condition to each of the dynamic images. However, filtering was not required, as WEKA
segmentation method has a filtering step embedded. A sample image was manually labeled to construct the
training data set. A random forest machine learning method was then applied to the image that uses the
training data set to classify all the voxels in the images. The details of WEKA segmentation are explained in

Figure 3.

Table 4

In the First Three Rows: Mean Values and Standard Deviations of the Contact Angles Measured in Degrees at the End of
Each Injection Step for Oil-Water (6,,,), Gas-Oil (i Ogo ), and Gas-Water (i Ggw) Solid Contacts, Using the Method Developed
by AlRatrout et al. (2017); in the Last Three Rows: the Number of Contact Points Where the Contact Angles Were Computed

by the Method
Displacement 0w (°) 0o (°) O (°) Predicted g, using Equation 2 (°)
WF1 109 +23.2 — — —
GI 105+27.5 57.1+£25.7 80.7+23.2 96.9
‘WEF2 103 +27.4 57.1+24.1 81.9+22.3 95.3
o No,, N
WF1 180,944
GI 319,882 167,174 47,193
WEF2 393,848 187,408 63,199
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Figure 3. Workflow for image segmentation. (a) Image with four phases: gas, oil, water, and rock from darker to brighter. Rock and water have a similar
attenuation coefficient. (b) Image taken before starting the dynamic experiment, with the sample filled with oil. Panel (c) is the differential image obtained
subtracting panel (b) from panel (a): Gas-filled pores are black, while water-filled pores are white. Panel (d) represents the creation of the training data set,
which is done on the differential image (c): Gas-filled pores were marked in purple, water-filled ones in green, and noninvaded regions in red. Panel (e) shows
the WEKA machine-learning training algorithm, which takes panels (c) and (d) as input and creates a classifier. Panel (f) shows the image features on which
the classifier is applied: These are the mean and variance of the gray scale values of the image. Panel (g) is the resulting segmented differential image, obtained
using the classifier and the image features: Gas-invaded pores are white, brine-invaded pores are gray, and noninvaded pores are black. Panel (h) is the final
segmented image, obtained by combining panel (g) with a segmented image of the sample before starting injection: Gas is green, oil is red, water is blue, and

the rock is gray.

The two segmentation methods give comparable results when applied to the same images with low level
of noise (Alhammadi et al., 2017; Garfi, John, Berg, et al., 2020). In contrast, for the dynamic images, the
watershed segmentation did not provide accurate results, which were instead achieved using WEKA.

The segmented images were postprocessed to obtain quantitative results. The saturation of each phase was
obtained from the images by computing the fraction of voxels assigned to the selected phase in relation to
the total number of voxels assigned to the pore space. The water volume in microporosity was ignored in the
analysis. Connectivity was obtained by selecting one phase and assigning its voxels to connected clusters (or
ganglia).

To obtain information on the dimension of pore openings (pores) or restrictions (throats) occupied by each
phase, the pore space was mapped using a generalized pore-network model (Raeini et al., 2018), obtaining
sets of maximum balls representing pores and throats with their inscribed diameter. This equivalent pore
diameter will be used as a proxy for pore dimension. Combining this map with the 3-D images of the pore
space, pore and throat occupancies were obtained from identifying the phase that occupied the voxel at the
center of the maximal ball (Scanziani et al., 2018). A similar maximum-ball concept was used to identify the
local thickness of the oil phase and obtain the oil layer thickness: The maximum ball that can be inscribed
in the space identified with oil in each location is the local oil thickness (Hildebrand & Ruegsegger, 1997).

The interface between the phases was identified as the surfaces meshed on voxels, which have neighbors
assigned to different phases (interfacial voxels). The interface was smoothed to remove voxelization artifacts
(Lin et al., 2018). The specific interfacial area was computed as the total area of the surface of the interface
between two phases divided by the total volume of the rock (pore and grain).

We define the total curvature between phases i and j as «; with a positive value when phase j bulges into
phase i and use it to estimate the capillary pressure P, ; = P; — P; = 0;x;; from the Young-Laplace equation
(Laplace & Fournier, 1805), where o is the interfacial tension between phases i and j. There is a general
constraint between the curvatures if the phases are connected:

OuKik = 01;Kij + 0Kk 1)
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6 mm

Figure 4. Three-dimensional rendering of oil (red), water (blue), and gas (green) at the end of (a) first waterflooding
(WF1), (b) gas injection (GI), and (c) second waterflooding (WF2). The arrows show the direction of the injection of
water and gas.

The total curvature is defined as the sum of the curvatures in the two principal directions, while the Gaussian
curvature is the product of the two principal curvatures (Armstrong et al., 2012; Lin et al., 2018). When
computing both Gaussian and total curvatures, we record the interfacial area-weighted average values.

3. Results and Discussion

We examine the pore-scale physics leading to either the enhancement of flow or trapping in mixed-wet
porous media. The 227 tomograms obtained during the experiment were segmented as described in
section 2.5 and used for computing pore-scale descriptors and to interpret the dynamics of three-phase flow
and trapping in mixed-wet porous media. After a first waterflooding (WF1), gas was injected in the sample
to study three-phase flow (GI), followed by further injection of water (WF2). The 3-D configuration of the
phases at the end of each injection is illustrated in Figure 4.

First, in section 3.1, we characterize the wettability of the sample. In section 3.2, we study the dynamics of
gas and water invasion during GI and WF2. Section 3.3 focuses on the formation and the thickness of oil
layers, which allowed for oil recovery, and section 3.4 shows how gas is trapped in the pore space during
WEF2, ensuring a high remaining gas saturation (see Table 2). In section 3.5, we use the four Minkowski
functionals of a 3-D object—volume, surface area, total curvature, and Gaussian curvature—to obtain a
complete characterization of the dynamics of three-phase flow. The overall context of the work is how the
wettability order controls the pore-scale fluid dynamics and the implication this has, in turn, for storage,
recovery, and design applications.

3.1. Wettability Characterization

The wettability of the system has a strong influence on flow properties such as relative permeability and
trapping (Alizadeh & Piri, 2014; Hui & Blunt, 2000; Piri & Blunt, 2005; Van Dijke & Sorbie, 2002). The direct
measure of wettability, defined for two-phase flow, is the contact angle between the interface of the two
phases and the solid (Andrew et al., 2014; AlRatrout et al., 2018; Riicker et al., 2019; Scanziani et al., 2017).
The geometric oil-water contact angle for this sample was estimated using the method of AlRatrout
etal. (2017) and resulted in a distribution of angles both lower and higher than 90° with a mean value of 109°
at the end of WF1. This defines the system as mixed-wet, as both oil and water can in turn favorably wet the
solid surface at different locations in the sample. Figure 5 shows the probability distributions of the geomet-
ric contact angles between the phases at the end of GI and WF2, while Table 4 reports their mean values.
These values suggest that, on average, water is the nonwetting phase with respect to oil, oil is wetting to gas,
while water and gas present an intermediate wettability between each other, with mean values of contact
angle close to 90°. The skewness of the distributions is related to the mixed-wet nature of the sample: Con-
tact angles tend to assume a wide range of values both lower and higher than 90°, but at the same time they
cannot—by definition—be lower than 0° or higher than 180°. The automatic method used to estimate the
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Figure 5. Estimations of probability density functions obtained from the histograms of the geometric contact angles,
computed from the static images at the end of each injection: (a) WF1, (b) GI, and (c) WF2. The contacts angles are
computed for oil-water (ow), gas-oil (go) and gas-water (gw) solid contacts. The vertical lines represent the mean values.

contact angles computes hundreds of thousands of angles for each image—as shown in Table 4—leading to
the smooth distributions shown in Figure 5 (AlRatrout et al., 2017).

The contact angles in a three-phase system, 6, are not independent but must obey the Bartell-Osterhof
constraint in equilibrium (Bartell & Osterhof, 1927; Van Dijke & Sorbie, 2003):

Oy COS Oy = 6, CO8 0;; + 04 COS O, @)
for any phases i, j, and k.

We use the interfacial tension values in Table 2 and the mean contact angles presented in Table 4 to predict
the gas-water contact angle from the measured oil-water and gas-oil values (Van Dijke & Sorbie, 2002). There
is a difference of about 15° between the observed and predicted values: The direct measurements imply
that on average, gas is nonwetting to water (albeit weakly so), while the predictions of Equation 2 suggest
that gas is slightly wetting to water. However, the Bartell-Osterhof Equation 2 is defined for three phases in
equilibrium at the same location in a system with constant wettability. This is not the case for the mixed-wet
medium studied here, where it has been shown that contact angles are variable in space and wettability is
not constant through the whole sample.

Furthermore, the contact angles are measured at static conditions and so may represent hinging angles
on rough or altered-wettability surfaces, rather than contact angles for a displacement process (Blunt
et al., 2019). In particular, it is possible that high hinging oil-water contact angles are measured at the end
of WF1, when the water pressure is high. These values, which do not represent the angles during a dis-
placement, particularly at the early stages (Scanziani, Lin, et al., 2020), persist in later injection sequences,
which leads to an overprediction of the actual gas-water contact angles using Equation 2. However, this still
represents some ambiguity in the wettability order: Is gas more or less wetting than water?

In three-phase flow, the wettability order establishes which of the three phases more favorably flows on the
surface of the rock grains and in which order the other phases tend to reside in the center of the pores and
where they can be trapped. Using the directly measured values of contact angles described previously, we
notice that oil is wetting to both water and gas, water is nonwetting to oil and neutrally wetting to gas, while
gas is nonwetting to oil and neutrally wetting to water. We would then expect that oil is the most wetting
phase and gas and water are both, on average, nonwetting.

To further clarify the wettability order of the system, we used pore occupancy (Figure 6), fluid-solid
interfacial areas (Figure 7a), and visual inspection (Figures 7b and 7c).

Pore occupancy has been previously used in three-phase flow to describe the arrangement of the three phases
in the pore space (Alhosani et al., 2019; Scanziani et al., 2018). Figure 6 shows the pore occupancy at the end
of each injection. We observe that we do not have a clear definition of most and least wetting phases. Water
occupied pores of a wide range of sizes, while oil and gas preferentially resided in smaller and wider pores,
respectively. Using the mean value of the diameter of the pores occupied by each phase at the end of WF2,
when all the phases have a similar saturation (Table 2), we can establish an approximate wettability order:
oil-, water-, and gas-occupied pores had an average diameter of 35.7 +24.9, 49.4 + 33.6, and 79.1 & 24.5 pm,
respectively. Using these values, we can suppose an oil-water-gas wettability order, from most to least wet-
ting, but the high standard deviations suggest that there is a mix of wettabilities, as evident in WF1, with
regions of the pore space that are wetting to oil and regions that are water-wet.
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Figure 6. Pore occupancy at the end of (a) WF1, (b) GI, and (c) WF2.

The pore occupancy quantification method described above searches for the phase residing in the center
of the pores. With a different approach, we can study which phase preferentially wets the surface of the
grains (Garfi, John, Lin, et al., 2020). Figure 7a shows the interfacial area, specific to volume, between each
of the three phases and the solid surface, computed from the segmented images, throughout the injection
sequence. Oil was the phase with highest interfacial area with the solid at all times, confirming that it is, on
average, the most wetting phase. This area decreased as gas was injected in the sample, but was still twice the
area between water or gas and the solid, even when the oil saturation approached the water saturation at the
end of GI (Table 2). The gas-solid interfacial area increased as gas was injected, approaching the water-solid
value. Since the gas saturation at the end of GI was still lower than the water saturation (0.23 vs. 0.37), we
cannot definitely state that gas was less wetting than water, as its lower interfacial area with the solid would
suggest. However, this approach again suggests an average oil-water-gas as the wettability order, consistent
with the measured contact angles and assessment of pore occupancy.

Another indication of the wettability order can be inferred from direct visual inspection of the images of the
rock and the fluids (Figures 7b and 7c). In the circled example of Figure 7b, as we noticed in many other
locations in the pore space, an approximately flat interface between gas and water is shown, with a contact
angle close to 90°. This suggests neutral wettability between these two fluids, which is consistent with the
gas-water contact angle, the occupancy of pores of similar size (Figure 6), and similar fluid-solid interfacial
area (Figure 7a), described earlier. In the squared detail of Figure 7b, we observe the presence of oil layers,
wetting the solid surface. This is again consistent with the occupancy of pores of similar size and large
oil-surface interfacial area, supporting the argument of oil being the most wetting phase. The formation and
thickness of layers will be discussed in section 3.3. In Figure 7c, gas-oil and water-oil interfaces are shown,
where oil is wetting to both water and gas.

All the different methods of wettability characterization illustrated above (contact angles, pore occupancy,
fluid-solid interfacial area, and visual inspection) consistently suggest an average oil-water-gas wettability
order. However, the geometrical and chemical complexity of the pore space of rocks with altered wettability
allows for a spatial variability of wettability through the sample, resulting in wide distributions and high

o0

WF1 GI WE2

water-solid
oil-solid
gas-solid

7
(
#

Specific interfacial area (mm'l]
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Figure 7. (a) The interfacial area between each phase and the solid, normalized to the total image volume; the width of
the lines indicate the uncertainty in the measurements, estimated by using different training data sets for
segmentation. (b) Two-dimensional slice of the gray scale image at the end of WF2, where G is gas, W is water, and O is
oil. (c) Another slice of the gray scale image at the end of WF2, where the rock phase has been masked out for easier
visual inspection. G is gas, W is water, and O is oil.
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Figure 8. Top row: 3-D rendering of the rock (light gray), oil (red), water (blue), and gas (green) at different times
during GI. Bottom row: area chart showing the distribution of throat size and their occupancy. PVg indicates the pore
volumes of gas injected at each time step.

standard deviations for contact angles, pore occupancy, and interfacial areas. This variability defines the
system as mixed-wet and allows for complex behavior of multiphase flow, with regions of the pore space
that are, locally, more water-wet and, at the other extreme, regions where water is nonwetting to gas.

3.2. Dynamics of Three-Phase Flow

Having defined the system as mixed-wet, with an average wettability order oil-water-gas, in the next sections,
we will describe the dynamics of three-phase flow during the injection steps and how some key pore-scale
descriptors—related to the Minkowski functionals—dynamically changed during the injections. A complete
description of the dynamics of WF1 is provided by Scanziani, Lin, et al. (2020), while here we will focus on
gas injection and second waterflooding, where three-phase flow is present.

3.2.1. Gas Injection

The principal displacement process during gas injection was direct piston-like displacement of oil by gas (top
row of Figure 8). This contrasts with the observations made in a weakly oil-wet sample (Qin et al., 2019) and
in a previous study using the same Ketton rock under water-wet conditions (Scanziani, Singh, et al., 2020)
where double displacement events—when one phase displaces a second which displaces a third—were
common, in particular double drainage where gas displaced oil that displaced water (Qren et al., 1992).
The reason for this is the wettability of the system. After contact with crude oil, much of the pore space
becomes oil-wetting (see Figure 5). This means that at the end of waterflooding, the capillary pressure
P, =P, — P, is negative—the water pressure is higher than the oil pressure, as water has to be forced into
the pore space. When gas is now injected, gas will fill pores for whom the entry pressure allows invasion at
the lowest gas pressure. If P, remains unchanged, then it is more favorable for gas to displace oil, as it has
a lower pressure than water, especially as gas is nonwetting to water in most of the pore space and has to
have a higher pressure than water to displace it. Double displacement is suppressed thanks to contact angle
hysteresis: The contact angle for oil to reinvade water occupied pores is likely to be lower—meaning less
favorable displacement—than during waterflooding (Morrow, 1990). This interpretation of the results will
be confirmed later when we quantify capillary pressures.

The bottom row of Figure 8 shows the occupancy of the throats or restrictions in the pore space during
GI: This contrasts with Figure 5, which showed the occupancy of the wider regions, pores. At the end of
WF1, water had invaded a wide range of throat size (Scanziani, Singh, et al., 2020), as a signature of mixed
wettability. The injected gas, being the most nonwetting phase, would be expected to invade the largest
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throats preferentially. However, even if most of the largest throats were indeed invaded by gas at the end
of GI, gas also invaded some smaller throats; this is most noticeable at the beginning of GI. The reason for
this behavior is twofold: First, not all the throats are available for displacement at any time, as some throats
are either far from the gas front or occupied by water (hence requiring higher capillary pressure). Second,
the wettability of the sample is not constant in space, but this is instead characterized by a wide spatial
distribution of contact angles (Figure 5). This means that some smaller throats which are less nonwetting
to gas will fill preferentially to larger throats where the gas-oil contact angle is closer to zero.

3.2.2. Second Waterflooding

Again, unlike the water-wet case, the principal displacement process during WF2 is direct displace-
ment of oil by water; there is little contact between water and gas, as the gas is surrounded by wet-
ting and spreading layers of oil—described in the next section. We observed some double displace-
ment events—water-gas-oil—as seen in water-wet rocks as well (Scanziani et al., 2018; Scanziani, Singh,
et al., 2020), where water displaces oil that traps gas. This causes oil layers to swell and trap gas by snap-off.
A detailed description of this trapping mechanism will be provided in section 3.4.

3.3. Layers

In this section, we will study oil layers since they can enhance oil connectivity and flow while facilitating the
trapping of water and gas. From Table 1, we can define a spreading coefficient Cy; for phase i in the presence
of phases j and k as follows (Blunt, 2017; Hirasaki, 1993):

C, = Ojx = Ojj = O 3)
Using the values in Table 2, we calculate an oil spreading coefficient C,, = 0.2 mN/m. This is close to zero
and indicates that it is possible for oil to spread between water and gas in the pore space. Furthermore, under
oil-wet conditions, the oil can reside next to the solid surface with gas or water occupying the center of the
pore space.

At near-miscible conditions, when the properties of the gas and oil are similar, it is possible to observe
layers of gas (Alhosani et al., 2020). However, in our experiments, where oil and gas are immiscible, using
Equation 3 and Table 2, Cy, = —22.7mN/m, which is large and negative, indicating that gas layers will not
form. The spreading coefficient for water, the intermediate wetting phase, is even larger and more negative

(Cy =—104.7mN/m), making it very unfavorable for water layers to exist.

The arrangement of a phase in layers causes an increase in its connectivity, allowing the flow in the pore
space at low relative permeabilities. For three-phase flow in a water-wet medium, with a wettability order
water-oil-gas from most wetting to most nonwetting, spreading oil layers have been observed (Scanziani
et al., 2018). However, with the same wettability order, under near-miscible conditions, oil layers were not
observed during gas injection, with oil and water confined to the smaller pores (Alhosani et al., 2019).

In this system, we did not observe any layers of gas, as the gas was not everywhere the intermediate wetting
phase and had a large and negative spreading coefficient. Gas competed with water to occupy the center
of the medium and larger pores. Instead, we observed oil layers. However, these usually did not spread
sandwiched between water and gas, as it happens in water-wet systems (Scanziani et al., 2018), but mostly
adhered to the surface as thick wetting layers next to the solid surface (as in the square of Figure 7b).

Figure 9 shows a 3-D representation of connected oil in a subset of the image (top row), at the end of WF1,
GI, and WF2. We define a wetting layer a portion of oil with thickness lower than 30 pm, as thicker volumes
more likely correspond to bulky chunks of oil filling pores of small or medium size. We could only visualize
layers thicker than the image resolution (3.5 pm).

Visible oil layers were present at the end of each injection step. However, we observe fewer and thinner
layers at the end of WF1, since the water pressure was high, forcing oil into smaller regions of the pore space
and squeezing layers closer to the solid surface. The injection of gas allowed the formation of more layers,
increasing oil connectivity (e.g., in the circle of Figure 9b).

The second row of Figure 9 shows how the thickness of these layers changed during the three injection
steps. At the end of WF1, the mean thickness of connected oil layers—Ilocally measured as the diameter of
the maximum ball which can be inscribed in the 3-D space segmented as oil—was 13.3 + 9.1 pm. During
GI, the thickness of the layers which were already present increased, as shown by the colors in Figure 9e,
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Figure 9. (a—c) Three-dimensional rendering of the connected oil phase in a subset of the rock at the end of WF1, GI,
and WF2, respectively. In the circled region of panel (b), we highlighted the formation of new oil layers during GI. (d-f)
Thickness map of the oil phase represented in panels (a)-(c).

while the formation of new thinner layers meant that the average thickness did not change significantly
(13.0 £9.2 pm). During WF2, more oil was drained from these connected layers, as again water-displaced
oil, which decreased the layer thickness to a mean value of 10.2 + 6.7 pm.

3.4. Gas Trapping

After gas injection, the gas was not produced and its saturation remained approximately constant when
water was reinjected during WF2 (see Table 2). As it is mentioned in the previous section, during WF2*
water mainly contacted and displaced oil, with much less direct interaction between water and gas. How-
ever, gas is indirectly affected by water injection through water-oil-gas double displacements. These double
displacements have an interesting consequence: Oil wetting layers swell in small regions of the pore
space—throats—and trap the gas by snap-off, disconnecting the gas phase in immobile ganglia that prevent
gas production.

A similar gas trapping during WF2 was observed in water-wet experiments in similar rocks (Scanziani
etal., 2018; Scanziani, Singh, et al., 2020). However, there are some fundamental differences between the two
cases. In water-wet media, the wettability order is water-oil-gas, and at immiscible conditions, oil spreads in
layers, sandwiched between wetting water and nonwetting gas. The gas trapping events in these water-wet
systems are double capillary trapping events, with water trapping oil which traps gas. The three-phases in
fact coexist in the same pores, with the trapped ganglia of gas surrounded by spreading oil layers which are
in turn surrounded by water wetting layers.

In the mixed-wet system presented in this work, instead, the wettability order is oil-water-gas (section 3.1),
and the intermediate wetting phase, water, does not spread in layers, as its spreading coefficient is very
negative (section 3.3). The gas snap-off events, hence, were the consequence of single capillary trapping of
the most nonwetting phase (gas) by the most wetting phase (oil), similar to what happens in two-phase flow
(Singh et al., 2017; Wildenschild et al., 2011).

An example of these events is shown in Figure 10. We monitored a subset of the image during WF2. A
fingerprint of water injection can be observed in the squared throat: Water was trying to invade the small
throat as its pressure increased while water was injected in the sample.

The circled throat, instead, presents an example of the double displacements mentioned above: First,
at T=15,789s, gas was pushed in the throat and in the adjacent pores through a double displacement
(water-oil-gas), and later (T = 15,931 s) oil snapped off the gas occupying the circled throat and confining it
as a disconnected cluster, trapped in the pore space.
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Figure 10. Three-dimensional representation of the fluids occupying the pores of a subvolume from the dynamic
images, at three time steps (a), (b) and (c) during WF2. Water is blue, gas is green, and oil is in semitransparent red. In
the circled throat, gas invasion is highlighted (b) with subsequent gas trapping by oil (c), while the square shows a
signature of WF2: water invading a small throat as its pressure increased during injection.

This trapping mechanism within pores has consequences at larger scales: The total amount of gas trapped in
this immiscible mixed-wet system was very high, with almost no production of the injected gas (Figure 11a).
Previous studies have shown that, in water-wet media, gas trapping by water is higher in the presence of
oil than in simple gas-water systems, as the presence of oil inhibits the direct gas-water contacts, favoring
capillary trapping over piston-like displacement of gas by water. This allowed the amount of gas trapped, in
three-phase systems, to increase to 60% of the gas injected, with respect to values around 50% for two-phase
systems (Scanziani, Singh, et al., 2020).

The increase of gas trapping to almost 100% of the gas injected observed in this study has to be attributed to
the strikingly distinct dynamics of three-phase flow in mixed-wet media: As observed in section 3.2, during
WEF2, water preferentially displaced oil, rather than directly contacting gas, as gas was surrounded by wetting
and spreading layers of oil. While water displaced oil, these layers swelled in small throats like the one circled
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Figure 11. (a) Dynamic changes in saturations, (b) interfacial areas specific to the total volume, (c) capillary pressures,
and (d) Gaussian curvatures between the phases involved in the experiment. The shadowed regions indicate the
measurement uncertainty, obtained by using different training data sets for segmentation, and vertical lines show
when each injection started. Horizontal dashed lines were added to the capillary pressure and Gaussian curvature plots
to help distinguish between positive and negative values.
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in Figure 10, trapping the gas. The gas in the pore space was then trapped as just described or bypassed, since
water preferentially displaced oil, as we quantify later by computing gas-water interfacial area. As a result,
gas storage is favored in immiscible mixed-wet three-phase systems, with respect to water-wet three-phase
systems, which in turn presented enhanced gas trapping with respect to the two-phase case. This conclusion
can have a considerable impact for gas storage applications, as discussed later.

3.5. Pore-Scale Descriptors (Minkowski Functionals)

For a detailed elucidation of the dynamics of gas injection, we computed saturation, interfacial area, capillary
pressure, and Gaussian curvatures, which can be related to the Minkowski functionals, providing a complete
description of the geometry of the phases in the pore space (Armstrong et al., 2018; Lehmann et al., 2008;
Mecke & Stoyan, 2000; Scanziani, Singh, et al., 2020).

3.5.1. Saturations

During WF1, water invaded a wide range of pore sizes, displacing and producing oil with a displacement
pattern controlled by wettability (Scanziani, Lin, et al., 2020). After the injection of about 0.5 PV of water,
the injection was stopped and the water and oil saturation were respectively 34.2% and 65.8% (Figure 11a
and Table 2). Subsequent injection of gas lowered the oil saturation to 43.2%, the gas saturation increased
to 23.8%, while the water saturation did not change substantially, as gas mainly contacted oil (section 3.2).
Second waterflooding (WF2) caused a further decrease of oil saturation to 38.5% and an increase in water
saturation to 38.6%, without a considerable change in gas saturation, due to a significant amount of gas
trapping (section 3.4).

These results suggest that immiscible gas injection, alternated with water injection, is an effective method
to increase oil recovery: The total recovery factor, with respect to initial oil saturation, is 60.7%. In addition,
the injected gas is retained in the pore space of the rock and was not displaced by a further injection of water:
Almost all the gas is not produced, as it is trapped by oil in the pore space (section 3.4). This is promising
for gas storage applications, as it suggests that chase water injection can rapidly and effectively trap the gas,
ensuring secure sequestration.

3.5.2. Interfacial Areas

While saturation is related to the zeroth-order Minkowski functional (the volume), the interfacial area is
the first-order functional (Armstrong et al., 2019; Lehmann et al., 2008). The interfacial area between the
phases, which was computed from the segmented images and divided by the total volume to obtain the
specific interfacial area, and its evolution during the experiment are shown in Figure 11b.

The interfacial area between oil and water increased as water was injected during WF1 and hence contacted
the oil already present in the pore space. During GI, the interfacial areas again show that the injected gas
mainly contacted oil (section 3.2), causing a steep increase in the gas-oil area, while the oil-water area only
slightly increased due to double gas-oil-water displacements. Throughout the displacement, the gas-water
area remained very low, indicating limited direct contact between gas and water: Their contact was pre-
vented by the presence of wetting and spreading oil layers (section 3.3). During WF2, the interfacial areas
did not change substantially, with the exception of an increase in the gas-oil area due to the multiple gas
trapping events described in section 3.4.

3.5.3. Capillary Pressure

The second-order Minkowski functional is the total curvature of the interfaces between two phases, ;.
This was computed from the segmented images following the methods developed in previous work (Arm-
strong et al., 2012; Lin et al., 2018) and can be used to obtain the capillary pressure using the Young-Laplace
equation P,; = ok (section 2.5). Using the values of ¢; reported in Table 1, we obtained the capillary
pressure between the three phases during the three injection steps (Figure 11c).

The negative capillary pressure between water and oil is a consequence of the oil-wet tendency of the sample,
as indicated by oil-water mean geometric contact angles higher than 90° (Figure 5 and Table 4). A negative
P, indicates that P, > P, as water has to be forced into the oil-wet pores. The oil-water capillary pressure
remains negative throughout the displacement. It does increase (become less negative) during gas injection,
consistent with the slight swelling of oil layers (see Figure 9). During WF2, the capillary pressure stays

approximately constant, albeit with fluctuations, even though water continues to displace oil.
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The gas-oil capillary pressure remains approximately constant once gas is injected, indicating that gas needs
to reach a threshold pressure to displace oil and, during WF2, to be trapped. The capillary pressure is positive,
since gas is nonwetting to oil.

The gas-water capillary pressure is the most interesting, since it assumes both positive and negative values.
This strengthens the observation that gas and water compete to be the most nonwetting phase. Initially,
during GI, the capillary pressure is negative, as gas will preferentially invade regions of the pore space where
it is wetting to water (this is an imbibition displacement). However, as evident from the saturation, the
amount of direct displacement of water by gas is limited. Later, the gas-water capillary pressure becomes
positive, indicating that gas reaches regions of the pore space where it is nonwetting to water. During WF2,
the capillary pressure is approximately zero to within the uncertainty of the measurements, indicating no
clear wettability preference. Again, however, the amount of direct displacement of gas is limited, as the gas
is trapped by oil.

Unlike conventional capillary pressure measurements, our curvature-based analysis includes all inter-
faces, capturing both connected phases and trapped clusters. As a result, Equation 1, which states that the
gas-water capillary pressure is the sum of the oil-water and gas-oil values, is only obeyed when all three
phases are connected. This is only seen at the beginning of GI: Later, water is trapped by gas, and then,
during WF2, gas is trapped by water. This change in connectivity can be quantified through the Gaussian
curvature, discussed next.

3.5.4. Connectivity and Gaussian Curvature

To study the potential mobility of each phase we computed their connectivity. In Figure 12, a different color
is assigned to disconnected clusters of each phase. This representation shows that oil was connected dur-
ing the whole experiment. This is in contrast with previous studies of water-wet systems, where WF1 and
WF?2 caused the segregation of oil in many disconnected ganglia (Singh et al., 2016, 2017; Scanziani, Singh,
et al., 2020). The oil stays connected next to the pore walls as the most wetting phase, spreading in wetting
layers of variable thickness (section 3.3).

The connectivity of water was also high as it was the injected phase during WF1 and WF2. Some water
is trapped in pores of intermediate size during GI, but, as gas mainly displaced oil, there was not much
change in the configuration of water (section 3.2). Gas connectivity decreased during WF2, as the injection
of water caused the fragmentation of gas into disconnected ganglia. This did not allow high gas recovery
and prevented its production with further water injection (section 3.4).

The third-order Minkowski functional, the Gaussian curvature of the interfaces, as a result of the
Gauss-Bonnet theorem is directly linked to the Euler characteristic of a 3-D object, which quantifies its
connectivity (Vogel et al., 2010) . As a consequence, negative values of Gaussian curvature indicate a
well-connected object, while positive values indicate ball-shaped objects or trapped clusters (Armstrong
et al., 2019; Blunt, 2017).

The Gaussian curvature between the phases during the experiment is shown in Figure 11d. As evident in
Figure 12, both water and oil remain connected throughout the displacement, and hence we see a negative
Gaussian curvature between these two phases in Figure 11d. Hence, even though the sum of the curvatures,
represented by the capillary pressure in Figure 10c, is negative, on average one curvature is positive while the
other is larger and negative. This is a topological constraint to allow the phases to remain continuous. The
Gaussian curvature between gas and water appears more noisy: As previously discussed, a small number of
interfaces were formed between these two phases during the experiment (Figure 11b). At the beginning of
GI, it is negative, since both gas and water are well connected. It increases and assumes a mainly positive
value later as first some water is trapped, and then gas is trapped during WF2.

The gas-oil Gaussian curvature is most interesting and mirrors the connectivity of the gas phase. During GI,
itis negative (Figures 11d and 13e), indicating that both the oil and gas phases are connected (see Figure 12).
During WF2, it becomes positive, as gas is trapped and assumes, on average, a more spheroid shape.

Figure 13 shows the gas-oil curvature and quantifies how the curvatures in the principal directions «; and
i, (where we define x; > k,) evolved during GI and WF2. From these two curvatures, the total curvature
K =K + k, and the Gaussian curvature k, = k; X k, are calculated. At the beginning of GI (Figures 13a and
13e; when T =5,770s), k; and k, have opposite signs, leading to negative Gaussian curvature, meaning
high connectivity of gas while it is injected; this connectivity was maintained until the end of gas injection
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Figure 12. Connectivity of oil, water, and gas at the end of the first waterflooding (WF1), gas injection (GI), and second
waterflooding (WF2). Different colors represent disconnected clusters of the same phase.

(Figures 13b and 13f; T=9,553s). Later, during WF2 (Figures 13c and 13g; T =13,8725s), gas become less
connected and k, approached zero values, indicating a flat interface in one direction, which leads to a zero
Gaussian curvature. Then later, all the curvatures became on average positive at the end of WF2 with a
positive Gaussian curvature as the gas was trapped (Figures 13d and 13h; T =18,074s).

Notice that this significant shift in the product of the curvatures occurs while the sum of the curvatures, see
the dashed distributions of Figures 11a-11d, was on average approximately constant, as the gas-oil capillary
pressure did not change significantly (Figure 11c).

The change in «; and x, physically represents an evolution of the shape of the oil-gas interface. An example
of a shape with curvatures with opposite signs in the two directions during GI can be observed in the squared
region of Figure 9b, where the oil formed a loop while wetting a solid grain. The interface with gas at this
location had a negative curvature in one direction, following the shape of the loop, and a positive value in the
other direction, as gas bulges into oil. When later water was injected, the multiple displacements described
in section 3.4 caused the rupture of the gas-oil interface, Figure 9c, changing the shape of the curvature
which became on average positive in both directions (Figure 13d), resulting in gas trapping.
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Overall, the capillary pressures and Gaussian curvatures provide a quantification of the key new features
of three-phase flow uncovered in these experiments. In this mixed-wet system, while there are regions of
the pore space that are water-wet, overall oil behaves as the most wetting phase with a negative oil-water
capillary pressure and good connectivity, demonstrated by the negative Gaussian curvature of the oil-water
interfaces. Gas is nonwetting to oil, and hence the gas-oil capillary pressure is positive: The Gaussian curva-
ture of the gas-oil interface reflects the connectivity of the gas phase, being negative during GI and assuming
positive values during WF2 when gas is trapped. Gas and water compete to be the most nonwetting phase
with no clear wettability order: There are few direct gas-water contacts, the gas-water capillary pressure can
be both less than and greater than zero, while the Gaussian curvature is positive when either water or gas
are trapped.

4. Conclusions with Implications for Storage and Recovery

We have studied the dynamics of immiscible gas injection followed by waterflooding in a mixed-wet car-
bonate rock sample using synchrotron X-ray imaging with high spatial and temporal resolution. We have
characterized the wettability of the system measuring contact angles, pore occupancy, and fluid-solid inter-
facial areas. As a result, the rock presented a mixed-wet behavior with oil-water-gas wettability order, from
the most to the least wetting phase. However, there is a range of wetttability across the rock, with regions that
are water-wet. Furthermore, the gas is not clearly nonwetting to water, and again some of the displacement
occurs when gas appears to be the intermediate-wet phase.

We have shown that the displacement process is strikingly distinct from that observed in a similar water-wet
system. In particular, gas directly displaced oil with negligible displacement of water, unlike in a water-wet
medium, where double drainage, where gas displaces oil that displaces water, is common. During subse-
quent waterflooding, the principal process was direct displacement of oil by water, resulting in additional
recovery. Gas was trapped by water displacing oil that then snapped-off gas in larger pores, as in a water-wet
system. However, since oil was the most wetting phase, it remained continuous in wetting and spreading
layers and was not trapped by water.

We quantified saturations, interfacial areas, and curvatures during the displacement. From the total curva-
ture, the capillary pressures could be estimated and used to interpret the displacement sequence that was
observed. These results can also be linked to the four Minkowski functionals which provide a complete
description of the geometry of the phases in the pore space, potentially facilitating theoretical developments
(Armstrong et al., 2018; Vogel et al., 2010). Specifically, the Gaussian curvature is a measure of connectivity
and can be used to quantify the degree of trapping during the displacement. A study of the principal cur-
vatures of the gas-oil interface demonstrated the evolution of the fluid configurations as gas was injected
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and later trapped. One curvature remained positive, since gas was nonwetting to oil with a positive capil-
lary pressure, while the other changed from being negative to zero and then positive on average as the gas
became less well connected.

Our results suggest that oil recovery is favored in this mixed-wet system, confirming previous work (Qin
et al., 2019). However, the local displacement efficiency is less favorable than observed under near-miscible
conditions (Alhosani et al., 2019). This corresponds to our traditional understanding of gas injection, where
driving the gas and oil properties toward miscibility aids recovery (Lake, 1989). More surprising though is
that we see significant trapping of gas during waterflooding, which is higher than in water-wet media, which
is promising for storage applications. This also implies limited gas recycling is needed during EOR schemes
if gas and water are both injected.

These results can serve as benchmarks to validate and calibrate pore-scale models and provide design cri-
teria for engineering gas injection at the field scale. This work also has implications for the design of
microfluidic devices where the wettability could be designed to produce fluid patterns and droplets with the
desired structure and composition for a range of applications from food manufacture to drug delivery (Chen
et al., 2019).

Future work could consider a wider range of samples, with perhaps more oil-wet conditions, and different
displacement sequences, including multiple water alternating gas (WAG) injection cycles to assess the cycle
dependency of gas trapping. We could apply this analysis to nongeological materials, such as gas diffusion
layers in fuel cells, membranes, catalysts, and microfluidic devices. A thorough assessment of wettability,
for example, using in situ contact angle measurements, should always be performed before applying this
analysis—which holds for mixed-wet systems—to other materials.

Data Availability Statement

Data are available on the Digital Rocks Portal (Scanziani, Blunt, et al., 2020).
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