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Understanding of particle migration by fluid-particle interactions in immiscible two-phase flow systems in
porous media is crucial for subsurface applications. However, pore-scale investigations of particle migration in
immiscible two-phase flow systems remain limited for three-dimensional (3D) porous media because of the
complexities of fluid flow in such media. Here, we employed microfocus X-ray computed tomography (CT) to
investigate the effects of interfacial tension and viscous force on particle migration during fluid—particle in-
teractions in strong drainage and imbibition for the pore-scale process. A mixture of two differently sized par-
ticles was used as a 3D heterogeneous porous medium. The experimental conditions cover the logarithmic values
of the capillary number (LogCa) range between —7.476 and —4.777 and of a fixed viscosity ratio (LogM) of
—0.867, which are used to simulate the carbon dioxide (CO2) sequestration. The results show that particle
migration significantly proceeded throughout the medium for strong drainage compared to strong imbibition. At
a low injection flow rate or LogCa, interfacial tension strongly influenced particle accumulation, altering pore
networks. The combined effects of interfacial tension and viscous force enhanced particle migration with an
increase in LogCa. In strong drainage, the particles migrated with the interface expansion between the two
phases. However, in strong imbibition, they were displaced along with the fluid flow because of the presence of
film formations. The findings of this study improve the understanding of particle migration by fluid—particle
interactions under different injection flow rates and wettability conditions in 3D heterogeneous porous media.

CO-, is injected into the negative buoyancy zone (NBZ) with a depth
greater than 3.5 km (House et al., 2006; Qanbari et al., 2011; Schrag,

1. Introduction

Particle or fines migration has been extensively investigated in sin-
gle- and two-phase flows over the past decades because of its diverse
subsurface applications, such as hydrology (Russell et al., 2018; Wang
et al., 2022a), carbon capture and storage (CCS) (Chen et al., 2023; Ge
etal., 2022; Wang et al., 2022b; Xie et al., 2017), oil and gas production
(Alhammadi et al., 2020; Almutairi et al., 2023; Han et al., 2020, 2018;
Tang and Morrow, 1999; Xie et al., 2023; Zhu et al., 2017), hydraulic
fracturing (Boronin and Osiptsov, 2014; Derbyshev et al., 2024), and
suffusion in gap-graded soils (Ke and Takahashi, 2014; Nguyen et al.,
2019; Xu et al.,, 2024). For CCS processes, a large amount of CO,
emissions from the industry sector is injected into geological formations,
such as depleted oil and gas reservoirs and deep saline aquifers. When
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2007; Teng and Zhang, 2018), CO4 will reside in its liquid phase at high
pressure (35 MPa) and low temperature (3 °C) with a geothermal
gradient of 0.03 K/m (Teng and Zhang, 2018). Under these typical
conditions, the CO, density increased to 1027-1050 kg/m3, and its
viscosity is approximately 0.15 m Pas (Qanbari et al., 2011). The
interfacial tension is about 30 mN/m (Shiga et al., 2023). The
high-density CO injection increased the interactions between the
injected CO5 and the formation of brine and rocks. One of the challenges
for CO; injection in NBZ is the possibility of fractures or small-scale
seismic events due to the changes of unconsolidated properties of the
medium (e.g., porosity and permeability) and pore pressure during fines
migration in the flow stream with high injection velocity (Zoback and
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Gorelick, 2012). Studies have revealed a decline in permeability caused
by the migration and clogging of fine particles in narrow pore channels
(Civan, 2010; Xie et al., 2017; Zeinijahromi et al., 2016). Therefore, it is
important to understand the mechanisms of particle migration with the
injected fluid under different reservoirs and injection conditions to
optimize the CO5 injection and storage efficiency and prevent possible
risks such as formation damage or induced seismicity prior to COg in-
jection into NBZ.

In immiscible fluid—fluid displacement processes in porous media, i.
e., drainage or imbibition, the two important dimensionless numbers
that characterize fluid flow are the capillary number (Ca) and viscosity
ratio (M) (Hu et al., 2020; Lenormand et al., 1988; Patmonoaji et al.,
2020a). The Ca is the ratio of the viscous force to interfacial tension; Ca
= vippip/y, where vip and pyp are the characteristic velocity and viscosity
of the invading phase (IP), while y is the interfacial tension. Here, the
characteristic velocity vip = Q/¢A depends on the flow rate (Q), the
porosity (¢) and the cross-sectional area of the packed bed (A). The M is
the ratio of ppp to the viscosity of the defending phase (DP) (ppp); M =
Hip/ppp. A two-phase flow displacement diagram was developed using
the relations of LogM-LogCa, showing the displacement regimes among
the viscous fingering (VF) or unfavorable displacement (LogM < 0),
capillary fingering (CF), and stable or favorable displacement (LogM >
0) (Hu et al., 2020; Lenormand et al., 1988; Zhang et al., 2011) (Fig. 1S).
The fluid—fluid displacement for each regime influences particle
migration differently, as the displacement relies on the competition
between the forces. For example, the transition of CF and VF relies on
the competition of viscous and capillary forces (Glass et al., 2003;
Holtzman et al., 2012; Han et al., 2020; Patmonoaji et al., 2020a) and is
influenced by the wetting conditions (Glass et al., 2003; Hu et al., 2017;
Yang et al., 2019, 2016; Zhao et al., 2016). Holtzman et al. (2012)
investigated capillary fracturing in granular media by injecting air into a
thin bed of water-saturated glass beads. They observed that the differ-
ence in invasion morphology was related to the displacement of the
beads in the cell, as the air-water interface in VF continuously grows,
whereas it propagates intermittently in the CF. The invasion patterns of
the combinations of the air-water system and granular suspensions in
thin cells have been reported at varying injection rates and bead frac-
tions (Chevalier et al., 2009; F.K. Eriksen et al., 2015; J.A. Eriksen et al.,
2015). Meng et al. (2023) investigated the fluid-induced deformation
and fracture of the water—oil system in cohesive granular media. They
observed that the granular pack was dilated behind the water invasion
front while it was compacted ahead of the water invasion front, indi-
cating medium deformation due to particle or bead displacement. Most
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studies mainly discussed the evolution of invasion patterns between
immiscible two-phase flow and fluid-particle interactions in
two-dimensional (2D) homogeneous porous media by considering only
two forces, i.e., capillary and viscous forces. However, it is expected that
the invasion of injected fluid may exhibit different structures and
fluid-particle interactions in 3D heterogeneous porous media because of
the pore structure heterogeneity and the existence of additional forces
(e.g., buoyancy force and gravity) in the system. 3D studies provide a
more realistic representation of the flow and particle interactions for
real porous media.

The translational motion of particles with injected fluid in immis-
cible two-phase flow systems is mainly characterized by various forces,
such as (1) viscous or drag force by the friction at the fluid-particle
interface, (2) interfacial tension force between the two phases, (3)
pressure force by the fluid injection rate, (4) gravitational force, and (5)
buoyancy force (Han et al., 2020; Shang et al., 2009; Sharma et al.,
1992; Zeinijahromi et al., 2016). These forces influence the mechanisms
of particle migration with injected fluid in 3D porous media. Viscous
force and interfacial tension have a stronger impact on particle move-
ment than other forces. The strength of the viscous and capillary forces
relies on the flow rate conditions. At low flow rates, capillary force
dominates due to interfacial tension, while at high flow rates, viscous
force prevails in the system. Han et al. (2020) conducted
one-dimensional porous channel experiments using sandy sediments
with non-plastic silty fines to investigate the effects of fluid velocity and
mixed fluid flows on pore clogging. They found that drag or viscous
force significantly affected pore clogging in single-phase flow, while
interfacial tension between gas and water promoted pore clogging in
mixed two-phase flow. Jung et al. (2018) observed particle migration,
bridging, and clogging behavior in a two-phase immiscible gas-water
system through a microfluidic pore network using high-resolution mi-
croscopy. They found that fine particles aggregated near the two-phase
interface, clogging pore throats and increasing particle concentrations
within the pores. Once fine particles accumulated along the water-gas
interface, additional mobile particles easily gathered around the exist-
ing ones. Huang et al. (2018) studied fines detachment mechanisms
induced by single- and two-phase flow in fractured coal plugs, simu-
lating coalbed methane reservoir porous media using scanning electron
microscopy. They found that moving gas-water interfaces during
early-stage two-phase flow significantly increased fines detachment
compared to single-phase water flow. Fine particles detached and were
released from the fracture surface as the gas-water interface advanced.
However, when it receded, fines were released in the opposite direction.
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Fig. 1. (A) Schematic of the experimental setup and (B) porosity of water-wet and oil-wet porous media.
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Conventional methods (e.g., bulk pressure and flow measurements) are
inadequate for revealing key particle migration mechanisms, such as
accumulation, clogging, interface behavior, and local porosity changes
during pore-scale transport processes. The X-ray CT approach is
well-suited for studying these mechanisms through direct visualizations
(Iraji et al., 2024; Xu et al., 2024). To our knowledge, owing to their
complexities, very few experimental studies have provided qualitative
pore-scale visualizations of fluid-particle interactions to explain how
particles migrate under varying injection flow rates and wettability
conditions in 3D porous media.

By using an X-ray CT-based method, we investigated the effects of
interfacial tension and viscous force on particle migration by fluid-
—particle interactions during the pore-scale transport process of strong
drainage and imbibition in 3D heterogeneous porous media. The ma-
terials used in the experimental setup, procedures, and implemented
image processing methods are described in the following section. Sec-
tion 3 discusses the results of the study in two parts, namely “Drainage
system” and “Imbibition system”. Each system composes the results of
the 3D structure of the invading fluid and its saturation profile at various
injection flow rates, invasion front behavior of the invading fluid, effects
of interfacial tension and viscous force on particle migration, changes in
packing density in the medium, and evolution of injection pressure with
the injected volume. Section 4 summarizes the conclusions of the study.

2. Material and methods
2.1. Porous media

A mixture of two differently sized glass beads (As-one Inc., Japan)
was packed in an acrylic cylindrical tube with an inner diameter (d) of
11 mm and a height of 20 mm to represent a 3D heterogeneous porous
medium for single- and two-phase flow experiments (Fig. 1(A)). Large
and small glass beads represented coarse fraction grains and erodible
fine particles within the voids of coarse grains. The average diameters of
the large and small glass beads were dj = 1000 pm (As one, BZ-1) and ds
= 200 pm (As one, BZ-02), respectively. The density of the glass beads
was 2500 kg/m®, and the shape of the beads was mainly round or
spherical. The mixture of these particles contained 35% and 65% in mass
of the small and large particles, respectively. The porous medium was
internally unstable owing to internal erosion under continuous fluid
flow when the particle mixture ratio exceeded 4 (d/ds; > 4) (Kezdi,
1979). Two porous media were created by altering their wettability, i.e.,
strong water-wet (0 ~ 19°) and strong oil-wet (0 ~ 141°). The detailed
wettability alteration was given in the supplementary material. The
porosities of both porous media were identical and estimated to be
approximately 0.278 + 0.012 (Fig. 1(B)), which is the average value
over all samples, with variations from 0.268 to 0.312 (Table 1S).
Porosity variations of 10-20% between single- and two-phase flow ex-
periments significantly affect permeability of the medium, influencing
viscous forces on particle migration. These variations also affect fluid
distribution and pressure gradients during flow. Thus, considering ver-
tical variations is crucial for minimizing inconsistencies and ensuring
accurate experimental results. The porosity of the porous medium (¢)
was estimated as the ratio of the void fraction to the cross-sectional area
of the porous medium. The intrinsic permeability (k) roughly estimated
using the Kozeny—Carman relation fell within the range of 1.09 x 107!
<k < 2.75 x 1071 m? In most geological formations of CO, seques-
tration, the particle sizes and porosity values for highly porous and
permeable sedimentary typically vary from 60 pm to 2000 pm and 0.2 to
0.3, respectively (Carbillet et al., 2022; Payton et al., 2020; Nelson.,
2004), indicating that the choice of porous media used in the present
study can also represent the real porous media for CO5 sequestration.

2.2. Fluid pairs

Table 1 lists the fluid pairs used in the single- and two-phase flow
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Table 1
Physical properties of the fluids.
Exp. Fluids pairs Type Viscosity, Density, Interfacial
u' (m - " (kg/ tension, y©
Pas) m®) (mN/m)

Drainage Silicon oil (10 WP 8.4 935 34.4
cS) +5wt% 1-  (DP)
iodododecane
Water +1wt.%  NWP 1.14 997 -
blue food (1P)
coloring

Imbibition Silicon oil (10 NWP 8.4 935 34.4
cS) +5wt% 1-  (DP)
iodododecane
Water + 1 wt.% WP 1.14 997 -
blue food (IP)
coloring

Single- Pure water WP 1.0 997 -

phase
flow

Water +1wt.% WP 1.14 997 -
blue food
coloring

@ Viscosity was measured using a tuning fork viscometer at 22 °C (A & D Co.,
Ltd., SV 10).

b Density was measured using a hydrometer at 22 °C.

¢ Interfacial tension was measured using a drop shape analyzer at 0.1 MPa and
22 °C (DAS258S).

experiments and their physical properties. In the context of CO; injec-
tion in the NBZ, the two-phase flow displacement between supercritical
liquid CO5 and brine at low temperature and high pressure does not
induce slippage due to the absence of a gaseous phase. Therefore, water
and silicone oil were used to model liquid CO5 and brine as invading and
defending liquids, respectively, in the two-phase flow experiments. The
choice of using water to model the CO; injection in NBZ-CCS is also to
neglect the CO; dissolution effect and to handle laboratory experiments
easily, as utilizing the supercritical CO5 in flooding experiments requires
high-pressure setup systems. To observe the invading water flow in the
pipe or at the breakthrough time, the water was colored by adding 1 wt.
% of blue food coloring to the mixture. However, 5 wt.% of 1-iododode-
cane was added to the silicon oil (10 cS) because of its high X-ray
attenuation, enabling the identification of its contrast compared with
the other phases. For the drainage process, a non-wetting phase (NWP) is
injected into the porous medium saturated by WP. The displacement of
the saturated NWP in porous media by the injected WP is referred to as
an imbibition process. In most rock reservoirs, brine displacement via
injected CO; is a drainage process (Yang et al., 2019). It should be noted
that the wettability of porous media determines the nature of the IP or
DP. The viscosity and density of the fluids and interfacial tension were
measured at 22 °C. We estimated the bond number (Bo) to determine
whether or not the buoyancy effect exists during fluid—fluid displace-
ment. Bo is the ratio between the gravitational and interfacial tension
forces. Bo = ApgL2/y, where Ap is the difference between the densities of
water (py) and silicon oil (po) (Ap = pw — po), g is the gravity, and L is the
characteristic pore size (200-1000 pm). Thus, the estimated Bo ranges
between 7.07 x 10~ and 1.77 x 1072, showing that the buoyancy effect
was attributed to the fluids and particles displacement in this study
(Mubharrik et al., 2018).

2.3. Experimental procedures

The experimental procedures included four important steps: Steps
1-4 include the packed bed preparation; initial saturation and scan;
invading fluid injection; and final scan and reconstruction of CT images,
respectively. The detailed procedures of each step are as follows.
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Step 1: The inner cylinder tube was initially painted with vacuum
grease at a height of 20 mm. We filled the fine beads (d; = 200 pm),
which had water-wet and oil-wet surfaces near the inner wall of the
tube for single- and two-phase flow experiments. Since tiny particles
are easily attached to the grease on the inner wall, a small permeable
layer (<0.5 mm) was created to prevent a wall effect where the
invading fluid preferentially flowed throughout the tube wall. The
moist-tamping method (Ladd, 1978) was employed with a few drops
of defending fluid on the particle mixture to minimize the segrega-
tion of both grain sizes. Finally, we gradually filled the packed bed
with the particle mixture with gentle vibration to achieve a random
and uniform packing.

Step 2: Immediately after the packed bed was prepared, it was sub-
merged in a container filled with defending fluid and placed in a
vacuum chamber for approximately 1 h. This method enabled us to
complete the initial saturation of the porous medium. The detailed
description of this method is described by Patmonoaji et al. (2020a).
An X-ray CT scanner (Comscantechno, ScanXmate-CF110TSS300)
was used to investigate particle migration by fluid-particle in-
teractions for single- and two-phase flow experiments. The prepared
sample was vertically placed between the X-ray source and detector
in the X-ray CT scanner (Fig. 1(A)) for the initial scan to confirm that
the porous medium was perfectly saturated with the defending fluid
and no trapped air or bubbles were inside. Here, two full scans of the
top and bottom parts were conducted to cover the entire packed bed
(Fig. 1(A)). Each full scan produced 1300 images with 2400 pro-
jections at 1.0 frame per second during a 360° rotation of the packed
bed, and the complete scan took 40 mins. The intensity of the X-ray
source for each scan remained the same under all experimental
conditions (90 kV, voltage; 120 pA, current). The pixel size was set to
8.489 pm/pixel. Comparing the pixel size of the X-ray and the
average diameter of the fine and grain particles, the spatial resolu-
tion roughly corresponded to 23.6ds and 117.8d), respectively. This
was sufficiently accurate to visualize or trace the particle migration
in the medium during fluid injection (Fig. 2).

Step 3. After the initial scan, the invading fluid was upwardly
injected using a syringe pump (KD Scientific Gemini 88 Plus). For
strong drainage and single-phase flow experiments, 0.1 and 0.2 pore
volumes (PV) were injected into the packed bed to investigate the
suffusion or fine migration by fluid-fluid and fluid-particle in-
teractions. Except in the case of strong imbibition, the injected PV
was increased to 0.12 or 0.14 PV at Q = 10 and 50 mL/hr, respec-
tively, after 0.3 PV was injected. Table 2 summarizes the experi-
mental conditions for each experiment. The key parameters that
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were used to simulate or refer to the conditions of CO;, sequestration
were LogCa and LogM. Here, for strong drainage and imbibition, Q
was varied within the range of 0.1 mL/h < Q < 50 mL/h, corre-
sponding to a LogCa range of —7.476 < LogCa < —4.777, whereas
the viscosity ratio was fixed (LogM = —0.867). These conditions
were closely located in the transition of the CF to VF in the immis-
cible two-phase flow displacement diagram (Fig. 1S). However, for
single-phase flow experiments, the Q range was 1 mL/h < Q < 50
mL/h. The Reynolds number, Re = pyvds/pip, range 1.76 x 1074 <Re
< 8.81 x 1072, indicating that each experiment was performed in a
Darcy regime (Re < 10); thus, the inertia force was negligible. The
injection was stopped until a breakthrough was observed. The
breakthrough was confirmed, and the experiment ended when the
most advancing doped water or IP reached the wire-mesh, as evi-
denced by the reconstructed X-ray CT images. Consequently, only a
minimal IP amount accumulated between the wire-mesh and the
outlet, which does not affect particle migration. In the present work,
we investigated particle migration by fluid-particle interactions
when the system was purely governed by competition between
capillary or interfacial tension and viscous forces, which was before
the breakthrough. After the breakthrough, the fluid—fluid displace-
ment spanned the system and lowered the pressure gradient, main-
tained constant fluid-particle shear, and left the interface
unchanged. Therefore, particle migration is not significant after the
breakthrough. Immediately after each IP injection amount, fluids
and particles may redistribute due to residual pressure, particularly
at high flow rates, causing scans at quasi-equilibrium and affecting
CT image quality. Therefore, we waited about 5 min before scanning
the packed bed to ensure full stability. Hu et al. (2020) referred to
this process as a discontinuous injection method, where a small
amount of invading fluid was injected and then stopped and scanned.
Owing to the limitations of our X-ray CT’s static mode, we could not
perform continuous injection during the displacement, as capturing
3D images at breakthrough was difficult. The scanning required
twice (bottom and top) to cover the entire packed bed, with each
scan requiring 40 mins.

Step 4. The reconstructed images of each full scan comprised 1300 x
1300 x 1300 voxels in all directions, corresponding to 11.03 x 11.03
% 11.03 mm?®. During the reconstruction, filters, such as noise, ring
artifacts, and beam hardening reduction, mounted in the recon-
structed software (coneCTexpress) were applied to smooth the ob-
tained X-ray raw grayscale images (16 bits) before further processing
them using ImageJ. Next, we present the image-processing

D)

(1) Direct thresholding method
(2) 2D phase separations
(3) 3D reconstruction

(F) G)

B Particles
B Water

Fig. 2. Workflow of image-processing techniques. (A) X-ray CT images after filtering (the brightest is the glass beads or particles, whereas the darkest or black is the
water or invading phase; between them is silicon oil or the defending phase). (B) Binary image of combined phases via direct thresholding, (C) particle phase, (D)
water phase, (E) silicon oil phase. Three-dimensional (3D) reconstruction of (F) water phase and (G) 3D cross-sectional view of injected fluid-particle interactions.
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Table 2
Experimental conditions.
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Exp. Wettability Flow rate, Q [mL/ Characteristic velocity, v [mm/  Capillary number, LogCa Reynolds number, Re Viscosity ratio, LogM
h] s] [-] [-] [-]

Drainage Strong oil-wet 0.1 0.001 —7.476 1.76 x 107* —0.867
1 0.010 —6.476 1.76 x 1072
10 0.101 —5.476 1.76 x 1072
50 0.504 —4.777 8.81 x 1072

Imbibition Strong water- 0.1 0.001 —7.476 1.76 x 107* —0.867
wet 1 0.010 —6.476 1.76 x 1073
10 0.101 —5.476 1.76 x 1072
50 0.504 ~-4.777 8.81 x 1072

Single-phase Strong water- 1 0.010 - 1.76 x 1073 0.057
flow wet 10 0.101 1.76 x 1072
50 0.504 8.81 x 1072

procedures for the qualitative visualizations of 2D and 3D images
using ImagelJ.

2.4. Image processing

Image-processing software (ImageJ) was employed to visualize the
2D and 3D images of fluid-fluid displacement and particle migration in
the porous medium. Fig. 2 shows the workflow of the image-processing
techniques.

The images from each scan were initially realigned in the horizontal
and vertical directions. Each horizontal cross-sectional image was
centered before cropping. The cropped horizontal cross-sectional area
was 11.0 x 11.0 mm? (Fig. 2(A)). Each top and bottom scan of the
packed bed consisted of 1300 image slices. Owing to the cone-beam
scanning effect of the X-ray CT, where image quality near the top and
bottom regions is low, we discarded 125 and 75 slices from the top and
bottom regions of the top scan and 75 and 100 slices from the top and
bottom regions of the bottom scan. After removing and aligning the
images, 2227 images remained, corresponding to 18.91 mm?. Thus, the
entire 3D volume of the combined images for the visualization of flu-
id—fluid displacement and particle migration was 11.0 x 11.0 x 18.91
mm°.

Prior to binarization, the raw images from the X-ray CT were filtered
to remove noise using “remove outliers” and “median filter” in ImageJ,
indicating a clear difference between water, silicon oil, and glass bead
particles (Fig. 2(A)). Direct thresholding (Alhammadi et al., 2020; Pat-
monoaji et al., 2020a; She et al., 2022) with an automated threshold
value based on the image contrast was applied to separate the particle
and fluid phases (Fig. 2(B)). Thereafter, the separated phase images
were converted into binary images (8 bits) (Fig. 2(C-E)). The watershed
segmentation algorithm (Patmonoaji et al., 2020b; Rabbani et al., 2016)
defined the individual pores and particles between the large and small
particles from the 2D horizontal images. The segmentation of each phase
is highly accurate depending on the X-ray CT or image resolution
(Andrew et al., 2015; Hu et al., 2020; Patmonoaji et al., 2020b; Peng
et al., 2012; Rabbani et al., 2016). In our experiments, the X-ray CT is
high enough to accurately segment the particle and fluids phase, as
shown in Fig. 2. However, it is challenging to clearly observe the thin
film (= 1pm) (Krummel et al., 2012) between small particles when they
aggregated or are stick to each other during the flow. To reconstruct the
3D structure of the invading phase and fluid-particle interactions in the
porous media (Fig. 2(F-G)), the volume viewer in ImageJ was applied to
the stack images of each phase and combined phases (Fig. 2(B-E)). To
trace the particle movement for each invading fluid injection, the images
before each injection were subtracted from the images after each in-
jection consecutively using the “image calculator” in ImageJ.

Finally, based on the binarized images of the particle and fluid
phases, we roughly estimated various parameters, such as porosity,
packing density of particles, and invading fluid saturation. During the
fluid injection and packing process with vibration, fine particles may
accumulate at the top (near the wire mesh) and bottom regions. To

neglect this effect, the region of interest for evaluating these parameters
was 11.0 x 11.0 x 16 mm?, which implies that approximately 1.45 mm
of the top and bottom images were excluded. The pore fraction from
each horizontal cross-sectional area image was used to estimate the
porosity (¢) of both porous media (Fig. 1(B)). The saturation of the IP
was calculated using the ratio of the IP to the pore fraction corre-
sponding to each injected PV.

3. Results and discussion
3.1. Drainage system

3.1.1. Displacement structure of invading phase and saturation

Fig. 3 shows the development of the 3D structure of the IP and its
saturation with the injection PV at various flow rates. The transition of
the invading fluid structure can be observed with an increase in the flow
rate Q (left bottom to top). At a low flow rate (Q = 0.1 mL/h) (Fig. 3(A)),
immediately after injecting 0.1 PV, the IP rapidly invaded forward and
spread in various directions, even in the backward direction from the
injection point, forming a structure-like finger with several branches or
clusters. With the addition of the injection volume to 0.2 PV, the IP
further advanced by following the preferential flow paths along the in-
jection direction, increasing the individual cluster size or finger width.
At 0.3 PV, as the IP continued to develop in every direction, its structure
became compact, resembling CF characteristics. At 0.4 PV, the break-
through was observed, and the IP structure became more compact or
concentrated. At Q = 1 mL/h (Fig. 3(B)), similar to the case of Q = 0.1
mL/h, the IP structure rapidly formed after the injection. However, the
growth of the IP structure with the injection volume significantly
differed from that observed in the case of Q = 0.1 mL/h. The IP tended to
rapidly develop forward with just a few thin fingers, resembling VF
characteristics. In two-phase flow displacement, with an increase in Q or
LogCa, the viscous force enhances its strength over the capillary force.
This results in a faster displacement of the invading fluid in the mean
flow direction because of the enhancement of the pressure gradient in
the medium. Thus, the invading fluid exhibited a streak-like structure or
VF (Lenormand et al., 1988), and breakthrough occurred earlier. At Q =
10 mL/h (Fig. 3(C)), the IP preferentially extended along the central axis
of the packed bed and continued progressing to the outlet. The finger
volume was smaller compared with that at lower Q values. For Q = 50
mL/h (Fig. 3(D)), the IP aggressively developed vertically, exhibiting the
streak-like structure with the fingertip reaching the outlet at 0.1 PV, as
the viscous forces dominated the capillary forces. The transition of the
displacement pattern from a compact structure to a streak-like structure
with an increase in Q or LogCa for drainage has been discussed by Zhao
et al. (2016).

The IP or NWP saturation profiles corresponding to each Q value are
shown in Fig. 3 (right panels). The distance from the inlet was
normalized by the height of the packed bed (z/H). The initial saturation
was approximately 0.1 because only a small portion of the IP was in the
nozzle before the injection (0 PV). The IP saturation increased with the



S. Sin et al.

(D) 0PV 0.1 PV

Advances in Water Resources 202 (2025) 104998

—0PV
—0.1 PV[{
—02PV
—03PV|]
—0.4PV|]

ZH[]

0 005 01 015 02

(C) [orv 0.1 PV
| ,
-
3 . )
S ‘ o
o0 N
~ ]
-
o L
Qi 0 005 01 0I5 02
ol (B) [orv 0.1PV .
R7)
<
o —
=
: s
(A) [opv ‘ 0.1PV 02PV 03PV T
0.8 i
706 1
T o4
N
0.2} i

0 I L
0 0.1 02 03 04 05 06

SNWP [']

Fig. 3. Development of the 3D structure of invading fluid after injecting every 0.1 PV into the packed bed at (A) 0.1, (B) 1, (C) 10, and (D) 50 mL/h (left panels). Q
(flow rate) or LogCa increases from the bottom to the top (black arrow). The panels on the right show the saturation profiles of the invading NWP.

injection amount at all Q values and was larger at the front than that at
the top after the breakthrough. The invading fluid exhibited unstable
propagations along the flow directions because of the migration of fine
particles. The IP saturation at a low Q (0.1 mL/h) (Fig. 3(A)) signifi-
cantly increased to approximately 0.55 (z/H = 0.4-0.6) at breakthrough
time. The drastic increase in saturation value was attributed to a greater
interface expansion. When the NWP invades and displaces the particles,
the interface between the two phases will easily and locally expand in
that region. At a large Q (50 mL/h), the saturation remained low (Sywp
< 0.12) along the packed bed, reflecting the streak-like structure or VF
(Fig. 3(D)). The average saturation of the IP at breakthrough decreased
from 0.188 to 0.044 with an increase in Q or LogCa (Fig. 2S). The
decreasing saturation or displacement efficiency with an increase in Q or
LogCa reflects the transition of CF to VF at LogM < 0, consistent with
previous studies (Chen et al., 2017; Han et al., 2020; Islam et al., 2014;
Lenormand et al., 1988; Zhao et al., 2016). The displacement efficiency
or invading fluid saturation in heterogeneous porous media was lower
than that in homogeneous media because the heterogeneity during the
injection process diminished the displacement stability (Liu et al.,
2015).

3.1.2. Invasion front behavior of invading phase

Fig. 4 illustrates the displacement behavior of the NWP with the
injection PV at various Q values in the case of drainage. After the NWP
injection into the WP-saturated medium, the invasion front of the NWP
was established, and the interface between the NWP and WP became
unstable. The NWP invaded the large pores selectively due to lower
capillary pressure. At a low Q (0.1 mL/h) (Fig. 4(A)), the interface be-
tween the NWP and WP expanded with a continuous increase in the
injection PV (red circles), inducing particle displacement in all di-
rections and a sudden increase in the NWP saturation. In other words,
the interfacial area between the two phases was increased during the
interface expansion process, potentially changing the medium proper-
ties and fluid flow characteristics. Fig. 3S shows the interface expansion

during fluid—fluid displacement at Q = 0.1 mL/h. A similar behavior of
interface expansion near the invasion front was also observed at Q = 1
mL/h. The interface expansion gradually reduced with an increase in Q
(Fig. 4(C-D)) as the viscous force dominated the capillary force. Thus,
the invading NWP vertically extended forward to the outlet. The evo-
lution of displacement with injection volume was not observed in the
case of Q = 50 mL/h, as the breakthrough occurred considerably earlier
than in other Q cases.

Interface expansion was observed near the invasion front of NWP at
Q =1 mL/h (Fig. 4(E)). After injecting 0.1 PV, the invasion front of the
NWP bypassed the pores and left a large amount of the WP in the front,
generating structure-like fingers. As the injection volume increased to
0.2 PV, the finger or cluster volume increased because of faster coales-
cence between the neighboring fingers, indicating interface expansion
during fluid-fluid displacement. This characteristic is similar to the
Haines jump event, which often occurs at a low Q or LogCa at an
extremely rapid timescale. However, owing to the limitations of our X-
ray CT, we could not show the rapid evolution of the injected fluid or the
Haines jump event with continuous injection. High-performance X-ray
CT or a supercomputer is required to qualitatively capture or simulate
the Haines jump process in 3D or 4D porous media (Berg et al., 2013;
Cooper et al., 2017; Moebius and Or, 2012; Tekseth et al., 2023; Wang
et al., 2024). When the interface between the two phases continuously
expands, the fluid-particle interaction is enhanced, resulting in a greater
particle migration in the medium. Hu et al. (2020) studied 3D drainage
displacement in homogeneous porous media, where particle migration
was absent, under varying Ca and M conditions. They found that the
fluid-fluid displacement shifted from CF to VF under high Ca and low M,
which also aligned with current results. However, the invasion behavior
of the IP differs when particle migration is present due to fluid-particle
interaction and pressure fluctuation, which will be discussed later. With
particle migration, the IP invasion front is non-uniform due to
fluid-particle interaction that expands the interface between the two
fluids and fluctuating pressure distribution. In contrast, the IP front
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Fig. 4. Vertical cross-sectional images of invading fluid or NWP after injecting 0.1 PV into the packed bed at (A) 0.1, (B) 1, (C) 10, and (D) 50 mL/h (top panels). The
white, blue, and black colors denote the particle, NWP, and WP, respectively. The horizontal cross-sectional images of fluid—fluid and fluid—particle interactions at all
Q values are shown in Figs. 3S-6S. The bottom panels show the 3D cross-sectional views of the invasion front behavior of the IP at (E) Q = 1 mL/h, randomly taken
near the front with a region of interest of 1.07 x 3.92 x 4.24 mm®. The gray and blue colors denote the particle phase and IP, whereas the empty pore represents the
defending phase (DP). The region marked with red circles indicates the interface expansion between the IP and DP.

remains stable without particle migration, as the fluid-particle interface viscous force on particle migration for drainage displacement. The

remains unchanged. experimental results of single-phase flow were used as a reference
system.

3.1.3. Effects of interfacial tension and viscous force on particle migration Fig. 5 illustrates the migration of particles with injection PV at

This section discusses the combined effects of interfacial tension and varying flow rates for drainage and single-phase flow experiments. For
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previous scan after each injection. The horizontal cross-sectional images of particle migration for strong drainage and single-phase flow experiments at all Q values
are shown in Figs. 7S -13S.
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strong drainage (Fig. 5, top panels), at a low Q (0.1 mL/h) (Fig. 5(A)),
after the injection of 0.1 PV, the particles were displaced throughout the
medium as the NWP invasion propagated in various directions (Fig. 4
(A)). Particles continued to migrate with an increase in the NWP injec-
tion volume. The interplay between interfacial tension and pore struc-
ture heterogeneity caused localized particles accumulation or pore-
clogging in certain regions. However, the particle movement was less
significant than the first injection or invasion front due to preferential
flows. As discussed above, at a low Q or LogCa, interfacial tension
dominated the viscous force, promoting interface expansion between
the NWP and WP. Thus, particle migration significantly proceeded in all
directions, altering the pore networks of the entire medium (Fig. 5(A)).
The moving or expansionary interface promotes in-situ particle migra-
tion, or remobilization was also observed in immiscible gas-water sys-
tems (Han et al., 2018; Huang et al., 2018; Jung et al., 2018). As the Q or
LogCa increased, the viscous force was gradually enhanced and paired
with the interfacial tension when displacing the particles for each in-
jection. At Q = 1 mL/h (Fig. 5(B)), the particle migration tended to be
more significant, as fine particles were further displaced with the NWP
invasion. A similar behavior was observed at Q = 10 mL/h. At large Q
values (10 mL/h and 50 mL/h), the fluid-particle interactions were
strongly enhanced owing to higher shear forces, leading to a greater
particle displacement throughout the medium (Figs. 5(C&D)).

To elucidate the interfacial tension effect on particle migration in
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two-phase flow experiments, we conducted additional single-phase flow
experiments for comparison (Fig. 5, bottom panels). The displacement of
particles while varying the flow rate and injection PV was not strong
compared with the drainage displacement. In single-phase flow, viscous
or drag force is the only pronounced effect governing particle migration,
with no interfacial tension. Critical flow rate (Q.) is the threshold value
at which the flow is adequately strong to displace particles from the pore
structure and initiate internal erosion by suffusion. We roughly esti-
mated the Q. using the same particle ratio between small and large
particles and the same packed bed. As a result, Q. was approximately
140.42 mL/h in our system. Particle movement just slightly proceeds
near the injection point (Figs. 5(E-G)) because the utilized flow rates
were lower than the Q., consistent with Nguyen et al. (2019), who re-
ported that particle migration was insignificant under continuous
seepage flows if the inflow rate into the medium was below the Q..
Comparing the particle migration in the medium at the same flow rate
(Q =1 mL/h) in drainage (Fig. 5(B)) and single-phase flow experiments
(Fig. 5(E)), interfacial tension significantly impacted particle migration
in an immiscible two-phase displacement process, clearly indicating the
effect of two-phase flow on particle migration compared with
single-phase flow. In the current single-phase flow experiments, the
injected water has a higher viscosity than the water-saturated porous
media, creating a viscosity contrast that reduces the inflow rate and
pressure gradient, limiting particle migration. However, when the
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Fig. 6. Vertical profiles of p. and Ap. along the packed bed. The top panels show the distribution of the p of particles along the packed bed at various Q values (A)
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(bottom first row) and the Ap, for each injection volume of the IP at (L) 1, (M) 10, (N) 50 mL/h (bottom second row) in single-phase flow experiments. Q (flow rate)

or LogCa increases from left to right (black arrow).
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viscosities match, the pressure gradient is evenly distributed, promoting
particle migration (Prasomsri and Takahashi, 2021).

3.1.4. Packing density profile

The particle migration with injection volume at different Q values for
drainage and singlephase flow experiments were visualized to under-
stand the effects of interfacial tension and viscous force in the system
(Fig. 5). Fig. 6 shows the packing density (p.)(p. = 1 — ¢) of the particles
and the change in packing density ( Ap. ) for each injection at various Q
values. The packing density profile or value (at 0 PV ) slightly differed
for each Q condition because of the different constriction or segregation
between small and large particles during the packing process with the
moist-tamping method. As shown in Fig. 5 (first and third rows), the
measured p, for all Q values fell within the range of 0.7 — 0.775. Only a
slight change in p. in the vertical distribution was observed with an
increase in the injection PV. We estimated the Ap, for each injection flow
rate to understand the migration mechanism of the particles in the
medium. The Ap. was defined as Ap. = pcn + 1 — Pen, Where pep + 1 and
pen are the packing densities after and before each injection volume,
respectively. The positive increase in Ap, after each injection indicates
particle displacement from the low to high regions. The greater the
packing density, the lower the porosity of the medium. Contrarily, the
negative value might have been caused by the fall of particles due to
gravity, as the particle density exceeds that of the defending fluid, and
the backward movement of particles due to the invasion of the injected
fluid (Fig. 4). At the same Q values, in the drainage case (Figs. 6(F-H)),
particle migration occurred in the entire medium while it slightly pro-
gressed near the injection point during single-phase flow experiments
(Figs. 6(L-N)), reflecting the vertical images shown in Fig. 5. The effect
of the interfacial tension is a major factor that causes a difference in
particle migration in two-phase and single-phase flow experiments, as
discussed above.
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3.2. Imbibition system

3.2.1. Displacement structure of invading phase and saturation

Fig. 7 shows the development of the 3D structure of the IP and its
saturation profile with the injection PV at various flow rates. The tran-
sition of the invading fluid structure significantly differed from that in
the strong drainage case (Fig. 3). The IP structure shifts from a streak-
like structure to a compact structure with an increase in Q or LogCa
(Figs. 7(A-D)). At a low Q (0.1 mL/h) (Fig. 7(A)), the IP tended to
develop forward along the vertical direction, forming a streak-like
structure after 0.1 PV was injected into the packed bed. The IP was
continually displaced toward the preferential flow paths, reaching the
outlet at 0.2 PV. At Q = 1 mL/h, the IP propagated in all directions, even
backward, as the capillary entrance pressure increased (Herring et al.,
2017), leading to a compact structure with small connected clusters. At
Q = 10 mL/h (Fig. 7(C)), the IP structure became more compact or
concentrated, reaching the outlet at 0.54 PV. A similar structure was
observed at Q = 50 mL/h (Fig. 7(D)). At high flow rates, the capillary
pressure become weak, as the capillary shifted to viscous flow, allowing
the IP to penetrate smaller pores more easily. The invading fluid struc-
ture typically changes from compact to burst-like structures with an
increase in Q, whether the displacement is drainage or imbibition, as the
viscous force gradually dominates the capillary force (Hu et al., 2020;
Patmonoaji et al., 2020a; Yang et al., 2019; Zhao et al., 2016). However,
the wettability of the porous media influenced the invading fluid
structure. Zhao et al. (2016) studied the wettability control on immis-
cible fluid—fluid displacement patterns in 2D synthetic microfluidics.
The displacement became less efficient with an increase in Ca or LogCa,
except for strong imbibition, as observed in the present 3D heteroge-
neous porous media study.

The saturation profiles of the WP corresponding to each Q are shown
in Fig. 7 (right panels). As the invading WP rapidly propagated in all
directions, the bulk of the WP was observed near the injection point,
resulting in higher saturation near the front region than that near the
outlet region. The saturation of the invading WP increased with the
injection PV at all Q values, reflecting the 3D structure of the invading
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fluid (Figs. 7(A-D)). As Q or LogCa increased, the average saturation of
the IP at breakthrough increased from 0.06 to 0.19 (Fig. 14S), opposite
that of the strong drainage case. The main factors causing this discrep-
ancy were the capillarity and spontaneous displacement between the
strong imbibition and drainage. In strong imbibition, the smallest pore
spaces are spontaneously invaded as their surfaces have a higher affinity
for the WP. This results in a uniform spread of the invading WP, which
overcomes the capillary resistance and increases the WP saturation
through the medium as LogCa increases. However, in strong drainage, as
explained above, the NWP invasion followed the preferential flow
through the larger pores at larger LogCa values, leaving a large amount
of the WP in between the invasion front because the higher capillary
resistance in the smaller pores (Figs. 3 and 4).

3.2.2. Invasion front behavior of invading phase

Fig. 8 illustrates the displacement behavior of WP with the injection
PV at various Q values. The invading WP spread in all directions while
penetrating small and large pores and preferentially wet the particle
surfaces at all Q values (Figs. 8(A-D)). At a low Q (0.1 mL/h), after the
WP injection, the WP tended to slowly displace the NWP from the pore
spaces while fines migration may have also proceeded. The WP
continued progressing forward, following the opened channels as the
injection amount increased, although the capillary force increased at a
low Q or LogCa. This was because of film or corner flows influenced by
the wettability of the medium (strong water-wet). The strong affinity or
surface roughness of the hydrophilic or strong water-wet medium for the
injected WP enhanced the WP displacement, following the created flow
directions. At a high Q (50 mL/h), the WP further spread in all directions
and significantly displaced the NWP, as the invading WP perfectly
wetted the particle surfaces, leaving the NWP in the pore bodies and
producing the film or corner flows in the system. This phenomenon was
observed in 2D experiments in the flow cells for strong or forced imbi-
bition by Zhao et al. (2016) and Levaché and Bartolo (2014) and was
predicted in strong water-wet 3D porous media (Constantinides and
Payatakes, 2000; Idowu and Blunt, 2010; Patzek, 2001). In 3D hetero-
geneous porous media, the strongly interconnected pores between
coarse- and fine-grained sediments may have also contributed to the film
or corner flow because of the higher capillary pressure in the
fine-grained regions. The higher capillary pressure in interconnected
pores enhances the spontaneous displacement of the WP to the edges in
the smaller pores, producing film or corner flow along the grain surfaces.
Thus, the film formation in the system reduced the significance of the
interfacial tension effect between the WP and NWP at the interface and
produced a uniform pressure distribution in the medium compared with
the strong drainage case. As a result, the WP displaced the particles in its
invasion direction with an increase in the injected amount (Fig. 8(E)).

3.2.3. Effects of interfacial tension and viscous force on particle migration

Fig. 9 illustrates the particle migration with the injection PV at
various Q values in imbibition displacement. As the injection volume
increased, fine particles migrated with the WP invasion while large
particles remained in their initial position throughout the medium at all
flow rates (Fig. 9(A-D)). With an increase in Q or LogCa, the fine par-
ticles further migrated as the WP invaded small and large pores and then
spread in all directions (Figs. 8(A-D)). However, compared with strong
drainage, particle displacement tended to be less significant in strong
imbibition. When the film formation surrounded a particle, it created a
shield for the particle and stabilized the interface, reducing the shear
forces acting on the fluid—particle interactions and the effect of inter-
facial tension between the two phases.

3.2.4. Packing density profile

Fig. 10 shows the p. of the particles and the Ap, for each injection at
various Q values. Similar to drainage (Figs. 5(A-D), top panels), particle
migration proceeded throughout the medium with the injection volume
at all flow rates (Figs. 9(A-D)). However, the increase in Ap. indicating
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particle movement from the low to the high region was not larger, and
the Ap. was gentle compared with the drainage case at all Q values
(Fig. 6, top panels). This suggested that the particle migration for strong
imbibition displacement was less significant owing to the reduction of
the interfacial tension effect by film formations.

3.3. Injection pressure

An understanding of the injection pressure in fluid—fluid displace-
ment and fluid-particle interactions is crucial for geological applica-
tions. Thus, we conducted supplementary pressure measurement
experiments during continuous injection at all Q values to investigate
the evolution of injection pressure (Py,) before and after the break-
through. The pressure was measured near the inlet using a pressure
sensor (Keyence, AP-12S). Fig. 11 indicates the evolution of P;, with the
injection PV at different Q values. The P;, was evaluated as an average
pressure over time for each injection PV. The Pj, increased in two- and
single-phase flow experiments with an increase in Q or LogCa. The in-
crease in the pressure gradient of the injected fluid or fluid-fluid
interface influences the remobilization or migration of particles. For
strong drainage (Fig. 11(A)) and strong imbibition (Fig. 11(B)), the in-
jection pressure drastically increased with the injected volume and
sharply decreased after the breakthrough. However, the Pj, remained
stable after the breakthrough in single-phase flow experiments (Fig. 11
(C)). This indicates the impact of interface movement on injection
pressure during fluid-particle interactions for two-phase flow compared
with single-phase flow. The rapid increase in injection pressure and
fluctuation with the injected volume at Q = 0.1 mL/h (Fig. 11(A)) might
be caused by particle accumulation or clogging in random pore networks
owing to interface expansion (Figs. 5(A) and (B)).

It is important to estimate the heterogeneity of the medium (i.e.,
permeability reduction) caused by the clogging or bridging of fine par-
ticles in the pore channels for CO2 injectivity assessment in heteroge-
neous formation. In the present two-phase flow experiments, evaluating
the absolute or relative permeability change during transport was
complicated because the system had not attained a steady state. As is the
case of strong drainage at Q = 0.1 mL/h (Fig. 11(A)), the accumulation
of fine particles in random pore networks due to the interface expansion
between fluid phases induced fluctuations in injection pressure even
after the breakthrough, indicating that fine particles were continually
clogged or displaced to any regions during continuous injection.

4. Summary and conclusions

The particle migration and 3D fluid—fluid displacement of the
immiscible two-phase flow systems in 3D heterogeneous porous media
were visualized using a microfocus X-ray CT scanner. The experimental
conditions were —7.476 < LogCa < —4.777 and LogM = —0.8687. The
characteristics of fluid—fluid displacement at different injection flow
rates and wettability conditions were investigated, and the combined
effects of interfacial tension and viscous force on particle migration are
explained. Single-phase flow experiments were conducted to elucidate
the effect of interfacial tension compared with two-phase flow experi-
ments. The findings of this study are as follows.

For strong drainage, at a low Q or LogCa, particles migrate with
interface expansion in the entire medium and accumulate in random
pore networks, potentially inducing heterogeneity and fluid flow char-
acteristics. As Q or LogCa increases, the combined effects of interfacial
tension and viscous force promote particle movement. The 3D structure
of the invading fluid shifts from a compact structure to a streak-like
structure as LogCa increases, decreasing the average saturation in the
system. The accumulation of particles by the interface expansion in
random pore networks increases the injection pressure.

In strong imbibition, particle migration proceeds with the film for-
mations of the invading fluid surrounding the particle surfaces. The
combined effects of interfacial tension and viscous force are less
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Fig. 8. Vertical cross-sectional images of invading WP after each injection into the packed bed at (A) 0.1, (B) 1, (C) 10, and (D) 50 mL/h (top panels). The white,
blue, and black colors denote the particle, WP, and NWP, respectively. The horizontal cross-sectional images of fluid—fluid displacement for imbibition experiments at
all Q values are shown in Figs. 155-18S. The bottom panels show the 3D cross-sectional views of the invasion front behavior of the invading phase at (E) Q=1 mL/h
randomly taken near the front with a region of interest of 1.28 x 3.92 x 4.24 mm>. The gray and blue colors denote the particle and WP phases; the empty pore
represents the NWP.
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Fig. 9. Vertical cross-sectional images of particle migration with injection pore volume for imbibition displacement at various Q values (A) 0.1, (B) 1, (C) 10, and (D)
50 mL/h. The red color denotes the particle movement compared with its initial position after each injection. The horizontal cross-sectional images of particle
migration for imbibition experiments at all Q values are shown in Figs. 19S -22S.
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LogCa increased from left to right (black arrow).
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Fig. 11. Evolution of injection pressure at different flow rates for (A) strong drainage, (B) strong imbibition, and (C) single-phase flow experiments. The colored dash

lines indicate the breakthrough at its injection volume.

significant than in strong drainage because of the presence of film flows
that reduce the strength of the interfacial tension effect at the interface.
The 3D structure of the invading fluid transforms from a streak-like
structure to a more compact structure with an increase in LogCa,
increasing the average saturation of the system.

Our findings provide a better understanding of how particle migra-
tion proceeds with the invasion of the injected fluid and the transition of
the 3D structure of the injected fluid at different injection velocities
when medium wettability is altered, which are beneficial for the better
system design of CCS, enhanced oil recovery, etc. However, the reported
results in this work may not be sufficient to fully account for the effects
of single- and two-phase flow-induced all mechanisms of particle
migration and heterogeneity. Further studies and detailed quantitative
analysis are necessary to elucidate the effects of viscosity ratio and
particle mixture ratio on particle migration in single- and two-phase
flow and the effects of heterogeneity. Furthermore, it is also necessary
to verify the observation of film or corner flows with theoretical
frameworks.
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