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Abstract

We study how grain shapes impact multiphase flow in porous media in the quasi-static regime. An extended pore-network
model with consideration of menisci pinning at sharp edges of grains is presented. Our results show that the effective contact
angle distribution during displacement widens as the grain becomes more angular, which consequently modifies the macroscopic
fluid invasion morphology. By analyzing various characteristic metrics during displacement, including capillary pressure signal,
Haines jump size distribution, and fractal dimension, our results highlight the profound influence of particle shape on the

multiphase flow.
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Key Points:

» A novel pore network model algorithm is developed to probe the effect of grain
shape on multiphase displacement in porous media.

« Systematic simulations are conducted using the proposed algorithm across a wide
range of wetting conditions and particle shapes.

e Through analyzing various metrics during displacement, the results highlight the
profound influence of particle shape on multiphase flow.
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Abstract

We study how grain shapes impact multiphase flow in porous media in the quasi-static
regime. An extended pore-network model with consideration of menisci pinning at sharp
edges of grains is presented. Our results show that the effective contact angle distribu-
tion during displacement widens as the grain becomes more angular, which consequently
modifies the macroscopic fluid invasion morphology. By analyzing various characteris-
tic metrics during displacement, including capillary pressure signal, Haines jump size dis-
tribution, and fractal dimension, our results highlight the profound influence of parti-

cle shape on the multiphase flow.

1 Introduction

Fluid-fluid displacement in porous media is a common phenomenon encountered
in a wide range of natural and industrial processes, such as water infiltration into soil
(Lipiec, Ku$, SHowiriska-Jurkiewicz, & Nosalewicz, 2006), carbon sequestration (Mat-
ter et al., 2016; Szulczewski, MacMinn, Herzog, & Juanes, 2012), enhanced oil recovery
(M. Blunt, Fayers, & Orr, 1993; Lake & of Petroleum Engineers (U.S.), 1986), and re-
mediation of contamination in aquifer systems (Nadim, Hoag, Liu, Carley, & Zack, 2000).
As indicated by the pioneering works by Lenormand et al (Lenormand, Touboul, & Zarcone,
1988; Lenormand & Zarcone, 1989), the multiphase displacement patterns strongly de-
pend on the capillary number (i.e., relative strength of viscous force to capillary force)
and the viscosity ratio of the two fluids, and a phase diagram including capillary finger-
ing, viscous fingering, and stable displacement was presented. Since then, extensive ef-
forts have been devoted to further investigation of how fluid properties, flow conditions,
and topological characteristics of the porous media modify the invasion morphology (Arm-
strong, Georgiadis, Ott, Klemin, & Berg, 2014; Holtzman, 2016; Hu, Lan, Wei, & Chen,
2019; Ju, Gong, Chang, & Sun, 2020; Rabbani et al., 2018; Wang, Chauhan, Pereira, &
Gan, 2019; Xu, Ok, Xiao, Neeves, & Yin, 2014; Yortsos, Xu, & Salin, 1997). Specifically,
both numerical and experimental works have revealed the profound influence of wetta-
bility (i.e., contact angle) in two phase flows (Cieplak & Robbins, 1990; Holtzman & Segre,
2015; Jung et al., 2016; Primkulov et al., 2018; Ran, Jiamin, Zhibing, Yi-Feng, & Tetsu,
2018; Trojer, Szulczewski, & Juanes, 2015; Wang et al., 2019; Wang, Pereira, & Gan, 2020;
Zhao, MacMinn, & Juanes, 2016). However, the effective contact angle, as one of the key
controlling factors, is often unknown prior to the displacement process due to the com-
plex geometry of pore space. Even for chemically homogeneous porous media, a wide dis-
tribution of contact angles have been observed due to roughness and pinning of menisci
at sharp edges (AlRatrout, Blunt, & Bijeljic, 2018; M. J. Blunt, Alhosani, Lin, Scanziani,
& Bijeljic, 2021; M. J. Blunt, Lin, Akai, & Bijeljic, 2019). Therefore, it is important to
understand how particle shape affects the effective contact angles, which can consequently
alter the pore-scale instability events and macroscopic invasion morphology (AlRatrout
et al., 2018; Cieplak & Robbins, 1990; Geistlinger & Zulfigar, n.d.; Holtzman & Segre,
2015; Zulfigar et al., n.d.).

In the quasi-static regime of multiphase flow where capillary force dominates the
displacement, various numerical approaches have been developed to supplement exper-
iments, including Navier-Stokes equation solvers and pore-network models. The meth-
ods of the latter category have been successfully applied in investigation of macroscopic
invasion patterns due to significantly less computational cost (M. J. Blunt, 1998, 2001;
Cieplak & Robbins, 1988, 1990; Holtzman, 2016; Holtzman & Segre, 2015; Hu et al., 2019;
Primkulov et al., 2018). A subclass of pore-network models, the interface tracking al-
gorithm, initially proposed by Cieplak and Robbins (Cieplak & Robbins, 1988, 1990) and
recently extended by Primkulov et al. (Primkulov et al., 2018) for consideration of cor-
ner flow, has been found successful in reproducing multiphase displacement experiments
in Hele-Shaw cells (Holtzman, 2016; Holtzman & Segre, 2015; Ran et al., 2018; Trojer
et al., 2015; Zhao et al., 2016). This method captures the pore-scale invasion mechanisms
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by taking into account the local pore geometry, including the cooperative pore-filling event,
which stabilizes the invasion during imbibition (Cieplak & Robbins, 1988, 1990; Holtz-
man & Segre, 2015). However, up to now, this type of pore-network models is applica-

ble to perfectly spherical particles, whereas grains with irregular shapes are prevalent

in natural systems such as sand packs, and solid walls characterized by surface rough-

ness or sharp edges due to manufacture limitations are encountered in microfluidics. These
non-smooth surfaces can often lead to pinning of menisci during displacement process,
which results in apparent contact angles deviating from the intrinsic one, altering the
capillary resistance at local pore/throat.

Here, we develop an extended pore-network model (called EPONM) to probe the
effect of particle shape on quasi-static fluid-fluid displacement. The model incorporates
the explicit determination of basic pore-scale instabilities based on the work of Cieplak
and Robbins (Cieplak & Robbins, 1988, 1990). It also includes the volume capacitance
model (Furuberg, Malgy, & Feder, 1996; Malgy, Furuberg, Feder, & Jgssang, 1992), which
allows us to capture both the evolution of capillary pressure signal and sizes of Haines
jumps. Different from the original algorithm where the volume capacitance is a prescribed
constant (Furuberg et al., 1996; Malgy et al., 1992), it is calculated based on local pore
geometries without extra assumptions. More importantly, the sharp edge pinning effect
is added to consider the pinning of the menisci (Gibbs, 1961; Oliver, Huh, & Mason, 1977).
Our results for different grain shapes indicate that increase in angularity leads to wider
distribution of contact angles, which explains the observed greater fluctuations in cap-
illary pressure. Besides, it is found that comparing with more spherical particles, the mean
capillary pressure for angular grains is greater in drainage whereas smaller in imbibition.
We quantify and analyze the correlation between grain shape and size distribution of Haines
jumps, interfacial length, and fractal dimension across a wide range of wetting conditions.
The implications of our findings are then discussed.

2 Extended Pore-Network Model

To model the 2D flow patterns observed in Hele-Shaw cells filled with vertical posts
(Hu et al., 2019; Primkulov et al., 2018; Trojer et al., 2015; Zhao et al., 2016) with con-
trolled particle shapes, the porous medium is represented by polygons (instead of cir-
cles in past studies) placed on two-dimensional triangular lattice. The invading fluid is
injected from the center of the simulation domain. Based on a purely geometrical ex-
tension of Young-Dupre equation (Gibbs, 1961; Oliver et al., 1977), the equilibrium state
of apparent (or effective) contact angle 6 at the triple line follows:

0o <0 <6+ (180° — o), (1)

where 6y and « are the intrinsic contact angle and the angle subtended by the two sur-
faces forming the edge, respectively (Fig. 1(A)). Since in this work the focus is placed
on the regime of quasi-static displacement, the advancement of liquid front is governed
by capillary force, and the viscous effect is ignored.

In the framework of interface tracking algorithm, the menisci move forward through
two types of advancements: (1) pressure-driven events and (2) spontaneous events (re-
laxation). With a constant injection velocity boundary condition, the capillary pressure
builds up accompanied by change in shapes in menisci, until either the meniscus jumps
towards the next mesh point due to the local contact angle being greater than the up-
per bound according to Eqn. 1 (unpin event), or the meniscus touches other grain, form-
ing two new menisci (touch event). After each pressure-driven event, the newly invaded
area is subtracted from the total volume capacitance (Furuberg et al., 1996; Malgy et
al., 1992) (area between red and blue-dashed lines in Fig. 1(D)), from which the capil-
lary pressure within the invading fluid is updated according to the remaining volume ca-
pacitance. Then, potential overlap event and further advancement events including un-
pin and/or touch are checked and executed. This process is carried out until the small-
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Figure 1. (A) Pinning of menisci at corners leads to greater apparent contact angle. (B) In-
vestigated grain shapes in this work with different number of edges N. The black dots represent
the mesh points. (C) Schematic showing different invasion types. {1-2, 2-3, 3-4, 4-5(5")} corre-
spond to {unpin, overlap, touch, unpin} events, respectively. Blue arrows mark the movement
direction of menisci. (D) Snapshots of invasion morphology at two consecutive iterations. Blue
solid lines represent menisci after relaxation of previous step. Red solid lines represent menisci

at the critical state (in this case an unpin event marked by the red circle will take place). The
shaded area is invaded, accompanied by retraction of menisci from red lines at ir = N to blue

lines at i7 = N + 1.
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Figure 2. (A) Invasion morphology with hexagon grains (Number of edges N = 6) and
6o = 120°. The color represents displacement patterns at different number of iteration. (B)

Process of capillary pressure signal: (i) Evolution of dimensionless capillary pressure calculated
as the local curvature P; = 1/r" in terms of number of iteration. Red circle marks the critical
capillary pressure, where the pressure-driven advancement occurs. Yellow crosses represent the

consequent spontaneous events (relaxation). (ii) Conversion from the iteration step into time

*

expressed in terms of injected fluid area Af,; which is normalized by the average pore area. The
time for Haines jump is regarded as instantaneous, i.e., only the start and end of P} are “felt”
at the inlet. The P values at same invasion progress are marked by the same number in (i) and

(ii). (iii) Capillary pressure signal during the whole simulation. The black box is (ii).

est capillary resistance at the invasion front is greater than the remaining capillary pres-
sure within the invading fluid. Note that after each time step, trapping is checked and

all menisci that belong to trapped regions are deactivated to prevent any further move-
ment. Fig. 1(C) shows the schematic of several advancement steps initialized by a pressure-
driven unpin event. Fig. 1(D) shows local snapshot of invasion morphology at two con-
secutive time steps.

To investigate the effect of particle shapes, squares, hexagons, and dodecagons were
chosen as representative grains with decreasing angularity (Fig. 1(B)). The rectangular
simulation domain contains in total 7520 particles with constant porosity of 0.5912 +
0.0005. Disorder is introduced by (i) inducing 10 percent variation in particle size with
a uniform distribution and (ii) random rotation of particles in [0°,360°). The capillary
pressure signal, total injected fluid volume (area in 2D), and size of Haines jump are recorded
at each iteration, until the invasion front reaches the boundary. Simulations were car-
ried out for each particle shape with five randomly generated porous media under con-
tact angles ranging from 45° to 165° with 15° increment.

A typical evolution of the invasion front until breakthrough for hexagonal grains
with an intrinsic contact angle of 6y = 120° is shown in Fig. 2(A). Crimson represents
the initial stage whereas yellow indicates the late times. The displacement pattern con-
tains rather ramified structures with significant trapping, which represents the capillary
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fingering in drainage. Fig. 2(B-i) shows the evolution of the dimensionless capillary pres-
sure (curvature of menisci) associated with the pressure-driven events (red circle) and
subsequent spontaneous events (yellow cross). Clearly, multiple spontaneous events can
take place following a pressure-driven event, which is a manifestation of a Haines jump.
In the limit of vanishing capillary number, Haines jump can be regarded as effectively
instantaneous compared with the speed of fluid injection at the inlet. Thus, after con-
version from iteration step into time, which is expressed as volume of injected area nor-
malized by the average pore area, Fig. 2(B-ii) shows the pressure signal as a function of
Aj;- The Pr values at same invasion progress are marked by the same number in Fig. 2(B-
i) and Fig. 2(B-ii). Specifically, the processes marked by (1-2) and (2-3) represent a fast
Haines jump accompanied by drop in pressure, and slow injection of invading fluid un-

til the next critical Pr is reached, respectively. Fig. 2(B-iii) shows P’ signal for the whole
simulation. Similar pressure signal signatures in a stick-slip manner have been observed
in experiments at quasi-static condition (Furuberg et al., 1996; Malgy et al., 1992; Moura,

Malgy, Flekkgy, & Toussaint, 2020).

3 Results and Discussion

The phase diagram of the displacement patterns across a wide range of contact an-
gles for different particle shapes is shown in Fig.3(A). The invasion morphology for medium
with dodecagons at 6y = 45° is compact with rather smooth front. This hexagonal shape
is a direct result of the grain placement in the triangular lattice, which has been observed
in previous study (Holtzman, 2016). However, with increase in angularity, despite the
displacement pattern is still relatively stable without trapping, the invasion front becomes
more irregular, indicating a shift of the dominance of local pore geometry from lattice
structure towards grain shape. The results at §y = 60° demonstrate similar trend, with
trapping events starting to occur for angular grains. With the increase of g, the displace-
ment patterns experience a transition from compact displacement to capillary fingering.
The distribution of the normalized throat size L}, calculated as the shortest distance be-
tween adjacent grains divided by the throat size of the volume-equivalent spheres, is shown
in Fig. 3(B). Although the media have similar grain size distribution (10 percent vari-
ation with uniform distribution) and arrangement (placed on triangular lattice), the L}
distribution varies drastically for different grain shapes, with wider span for more an-
gular grains, similar to the effect from increasing topological disorder (Wang et al., 2019).
Another influence of particle shape is the smaller average throat size as angularity in-
creases, despite almost constant porosity. For media filled with dodecagons, the aver-
age throat size is close to 1, i.e., the average throat size is similar to media with perfect
spheres, which implies that the shape of dodecagons can be regarded as very close to spher-
ical particles. Fig. 3(C) shows the effective contact angle distribution 6 for the case with
an intrinsic contact angle 6y = 120°. Due to the sharp edge pinning effect, the distri-
bution narrows for grains with decreasing angularity. In the case of perfect spheres, one
can expect a single value of § = 6y according to Eqn. (1). Therefore, Fig. 3(B) and Fig. 3(C)
summarize the important influences of particle angularity on pore geometry features and
contact angle distribution, which will consequently impact the capillary pressure signal
and invasion morphology.

3.1 Capillary Pressure Signal

As indicated in Fig. 4(A), the evolution of dimensionless capillary pressure P shows

larger fluctuations for media with squares compared with more spherical grains (dodecagons),
implying greater randomness in local capillary resistance. At the same time, larger mean
value is observed with increasing g, which is a direct result from greater curvature of
menisci. The distribution of P, the avalanches starting pressure, can also be directly

obtained from the simulation (Fig. 4(B)), where PJ, . is the capillary pressure at pressure-

driven event (red circle in Fig. 2(B-i)). For experiments conducted using spherical glass
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Figure 3. (A) Displacement patterns at the end of the simulation for different wettability
conditions and grain shapes. Blue color represents the invading fluid injected from the center of
domain. The simulation ends when the invading fluid reaches the boundary. (B) Distribution

of normalized throat size for a typical set of porous media of different grain shapes, calculated

as the shortest distance between adjacent grains divided by the throat size of volume equiva-

lent spheres. (C) Contact angle distribution of one typical simulation with an intrinsic contact
angle §p = 120° for different grain shapes. The dashed lines marks the average value for the

corresponding data.
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0o = 60° and 8y = 120°. Only last 20 percent of invasion is plotted for visualization purpose.
(B) Corresponding avalanches starting pressure Py, distribution for cases in (A), which is the
P} at pressure-driven event (red circle in Fig. 2(B-i)). (C) Mean and standard deviation in P;
for all grain shapes and wettability conditions. Values are calculated from five individual simula-

tions.

beads in drainage, PZ, .. is found to distribute within a relatively narrow region (Furu-
berg et al., 1996; Malgy et al., 1992; Moura et al., 2020). The P}, distribution is linked
to the total volume capacitance stored in all active menisci (Furuberg et al., 1996), which
reflects the characteristics of pore geometry. For spherical grains with given packing struc-
ture, the capillary resistance is distinct between “pore” and “throat”, leading to the fact
that the avalanches are likely to initialize (and finish) at same location and consequently
similar PJ,... As the shape of particle becomes more angular, the distribution of P,
widens as a result of increased impact from random orientations of grains and pinning

of menisci, which is clearly demonstrated in Fig. 4(B). Fig. 4(C) depicts the mean and
standard deviation of P for all grain shapes and wettability with each value calculated
from five individual simulations. As expected, the average capillary pressure increases
with increasing contact angle, and the fluctuations in capillary pressure are found to be
larger for more angular grains across all wetting conditions. Interestingly, P* is greater
(smaller) for angular grains in drainage (imbibition) conditions, with a crossover at around
0o ~ 90°. This implies that the capillary pressure signal is more sensitive to variations

in wettability for angular grains.

3.2 Haines Jumps and Patterns Characteristics

The size of Haines jump can be obtained as the area filled between two pressure-
driven event (shaded area in Fig. 1(D)). Fast filling events of single and multi pores are
observed during the displacement process. Both the cumulative pressure jump sizes and
intervals distributions during drainage experiments have been found to follow an expo-
nential law (Furuberg et al., 1996; Malgy et al., 1992), which is consistent with the sim-
ulation results (inset in Fig. 5A). The time interval between two jumps is expressed as
the injected area of invading fluid, and the area of invading fluid is expressed in terms
of number of average pore volume, calculated as the total pore space divided by the num-
ber of pores. Note that the cumulative intervals distribution is shifted upwards by 0.5
for visualization purpose. The power exponent (5, which is regarded as a signature of the
displacement process (Furuberg et al., 1996; Malgy et al., 1992), is plotted for different
grain shapes and wetting conditions (Fig. 5A). It can be seen that § increases with the
intrinsic contact angle, reaching a plateau at around 6y = 120°. Also, in general, the
angularity positively correlates with the power exponent. The power exponent 3 from
Malgy et al. (Malgy et al., 1992) in drainage experiment with glass beads is added as
black-dashed line for comparison. Since the contact angle was not reported, it is assumed
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tively. (B) The normalized average meniscus width I3, as a function of intrinsic contact angle.
Solid (dashed) lines represent values calculated from all (active) menisci. (C) Fractal dimension
calculated using box counting method as a function of intrinsic contact angle, with shaded area

showing the standard deviation of five simulations.

that g > 120°. Their value of S is close to the less angular grains (hexagons and do-
decagons), which is consistent with the fact that glass beads are comparatively round
and smooth.

The average meniscus width [* , normalized by the throat size of porous medium
of same porosity filled with mono-dispersed spheres, can reveal the preferential distri-
bution of fluid-fluid interfaces with the tendency of minimization of free energy. Fig. 5(B)
shows [* as a function of intrinsic contact angle for different angularities with or with-
out consideration of menisci belonging to trapped region. For all active menisci (solid
lines), I*, decreases with increasing f, reflecting stronger stability of pinned meniscus
at small throat. Besides, despite constant porosity for all simulations, the average menis-
cus size is found to be smaller in angular grains as a result of (i) wider distribution of
throat sizes (Fig. 3(B)), and (ii) greater capacity of pinning (upper bound in Eqn. (1))
as the local corner becomes sharper, leading to wider distribution of effective contact an-

gles (Fig. 3(C)). If both active and inactive menisci are considered, however, a non-monotonic

relationship is observed. This is a result of incompressibility of the trapped ganglia that
prevent the menisci from further advancement and ultimately being pinned at narrower
throats. Due to increased amount of trapping at larger contact angle (see Fig. 3(A)), this
effect becomes significant at extreme non-wetting condition that leads to increase in I7,.
This also implies that the capillary pressure within the trapped ganglia could be lower
than the capillary pressure signal measured at the inlet.

To quantify the displacement patterns, the fractal dimension Dy, as a measurement

of the degree to which a pattern fills space, is calculated using box counting method. Fig. 5(C)

demonstrates the transition from stable displacement with a D¢ of around 1.96 towards
the regime of capillary fingering with D; =~ 1.84, which is consistent with previously
documented values of 1.96 and 1.83 for compact growth and invasion percolation, respec-
tively (M. J. Blunt, 2017; Lenormand & Zarcone, 1989; Primkulov et al., 2018; Trojer

et al., 2015; Wilkinson & Willemsen, 1983; Zhao et al., 2016). Furthermore, in spite of
considerable variability, an early transition towards capillary fingering, i.e., smaller Dy
at the same 6y, can be observed for grains with greater angularity, which confirms the
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qualitative observation in the displacement patterns in Fig.3(A). This could be partially
explained by, apart from the variation in local pore structure, the increase of average ef-
fective contact angles in angular grains assemblies due to sharp edge pinning effect, which
is evident in Fig. 3(C).

In this study, though we considered simplified particle shapes (regular polygons),
more general and complex shapes can be easily implemented by changing the coordinates
of grain vertices and updating the local corner angles accordingly. Furthermore, it is also
possible to consider the viscous effect by incorporating, for example, the recently pro-
posed moving capacitor model (Primkulov et al., 2019).

4 Conclusions

In conclusion, we presented an extended pore-network model (EPONM) to probe
the effect of grain shapes on quasi-static fluid-fluid displacement in porous media. The
model incorporates the mechanisms of pore-scale instabilities (Cieplak & Robbins, 1988,
1990), volume capacitance model (Furuberg et al., 1996; Malgy et al., 1992), and sharp
edge pinning effect (Gibbs, 1961; Oliver et al., 1977). This allows us to reproduce the
multiphase flow patterns across a wide range of wetting conditions for different grain shapes.
The algorithm is in theory applicable to porous media with arbitrary grain shape, of-
fering a rigorous approach for investigation of how topological features modify the mul-
tiphase displacement in porous media.

At the pore scale, increase in grain angularity not only introduces another degree
of heterogeneity in pore geometry apart from grain size, but also extends the effect of
menisci pinning at corners. This is directly reflected by the amplified fluctuations in pres-
sure signals (Fig. 4(A)) and the widened contact angle distributions (Fig. 3(C)) for more
angular grains. Macroscopically, an earlier transition from stable displacement towards
the regime of capillary fingering is observed both qualitatively from the invasion mor-
phology (Fig. 3(A)) and quantitatively as indicated by the fractal dimension (Fig. 5(C)).
Various characteristic metrics have been calculated for comparison with past experimen-
tal works, including the distribution of avalanches starting pressure, Haines jump size
and interval. Reasonable agreement is observed, and impacts of grain shape are discussed.
In particular, under the condition of same porosity for all studied cases, the average size
of menisci is found to be smaller in porous media with angular grains, showing a ten-
dency of pinning at narrower throats as a result of wider distribution of throat sizes (Fig. 3(B))
and greater pinning strength (Eqn. (1)).

Our results have provided direct numerical evidence of wide distribution of con-
tact angles observed experimentally in mineralogically homogeneous porous media. The
profound influences of grain shape are highlighted by systematically analyzing the dis-
placement processes, deepening the understanding of the interplay between pore geom-
etry and wettability. The proposed pore-network model offers an efficient approach for
investigation of multiphase flow in natural porous media.
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