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ABSTRACT

The dynamic pore-network modeling, as an efficient pore-scale tool, has been used to understand imbibition in porous media, which plays an important role in many
subsurface applications. In this work, we aim to develop a dynamic pore-network model for imaged-based modeling of spontaneous imbibition in porous media. The
uCT scanning of a porous medium of sintered glass beads is selected as our study domain. We extract its pore network by using an open-source software of PoreSpy,
and further project the extracted information of individual watersheds into multiform idealized pore elements. A number of case studies of primary spontaneous
imbibition have been conducted by using both the pore-network model and a VOF model, under different wettability values and viscosity ratios. We compare those
model predictions in terms of imbibition rates and temporal saturation profiles along the flow direction. We show that our pore-network model can well predict
imbibition rates and temporal saturation profiles under different viscosity ratios and wetting conditions, in comparison to the VOF model. We explore the effect of
viscosity ratio on the trapping of nonwetting phase. Moreover, we discuss the difference between spontaneous imbibition and quasi-static imbibition in terms of

pore-filling mechanisms.

1. Introduction

Spontaneous imbibition plays an important role in many subsur-
face applications such as oil recovery in fractured reservoirs (Liu et al.,
2020; Morrow and Mason, 2001), shale gas extraction (Zheng et al.,
2018), and geological sequestration of carbon dioxide (Guo et al., 2016).
In those applications, the imbibition rate and the trapping of nonwet-
ting phase are of great interest. Spontaneous imbibition is usually cat-
egorized into cocurrent and countercurrent spontaneous imbibition. In
cocurrent spontaneous imbibition, the wetting phase enters a porous
medium through one boundary, while the nonwetting phase is displaced
from the medium via other boundaries. By contrast, in countercurrent
spontaneous imbibition, the wetting and nonwetting phases respectively
enter and leave a porous medium via the same boundary. In this work,
we focus on cocurrent spontaneous imbibition. Henceforth, spontaneous
imbibition is referred to as cocurrent spontaneous imbibition, unless
otherwise stated.

To predict the imbibition rate by the two-phase Darcy model, a
number of material properties need to be determined such as capillary
pressure and relative permeability (Alyafei et al., 2016; Schmid et al.,
2016). Moreover, sharp wetting fronts observed in many core-scale ex-
periments (Akin et al., 2000; Alyafei et al., 2016; Kuijpers et al., 2017)
indicate that dynamics in spontaneous imbibition is strong, particularly
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at its early stage. This challenges conventional measurements of mate-
rial properties which were mostly conducted in equilibrium or steady
state (Zhuang et al., 2017). In this regard, pore-scale models of sponta-
neous imbibition are invaluable to explore the dynamic effect on those
material properties. Furthermore, it helps to improve Darcy-scale imbi-
bition models.

There have been extensive pore-scale numerical studies of two-phase
flow in porous media, which cover a wide spectrum of research inter-
ests (Aker et al., 1998; Chen et al., 2020; Joekar-Niasar et al., 2010;
Joekar-niasar and Hassanizadeh, 2012; Kunz et al., 2016; Qin, 2015;
Raeini et al., 2015; Sweijen et al., 2016). In general, pore-scale mod-
els can be classified into first-principle models based on the Navier-
Stokes equation, and pore-network models. First-principle models in
porous media research are also called DNS (Direct Numerical Simula-
tion) models. Popular DNS models include VOF (Volume of Fluid) model
(Brackbill et al., 1992), LBM (Lattice-Boltzmann method) (Chen et al.,
2014), SPH (Smoothed Particle Hydrodynamics) (Tartakovsky et al.,
2016), and phase-field models (Shokrpour Roudbari et al., 2016;
Yue and Feng, 2011). Although DNS models resolve complex porous
structures directly, they are restricted by severe computational efforts.
In addition, favorable contact angle values have been often used in
simulations due to the deficiency of embedded contact line dynam-
ics in DNS models. Alternatively, pore-network models first discretize
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complex pore structures into connected pore elements. Then, in conjunc-
tion with local rules, mass conversation of each phase is solved with the
help of element-scale constitutive relations. In such way, pore-network
models not only reduce computational efforts considerably, but also rep-
resent the pore-structure information adequately (Aghaei & Piri, 2015;
Qin & van Brummelen, 2019). If dynamic effects can be neglected, pore-
network models reduce to be quasi-static. Quasi-static pore-network
models have been widely used in obtaining material properties such as
relative permeability and capillary pressure (Patzek, 2001; Raeini et al.,
2019). They have been widely used in the study of CO, trapping in the
geological carbon storage (Valvatne and Blunt, 2004).

Up to now, dynamic pore-network models have been mostly used
to qualitatively investigate fundamentals of two-phase flow in porous
media (Huang et al., 2016; Joekar-Niasar et al., 2010; Li et al., 2017;
Médici and Allen, 2013; Qin, 2015; Qin et al., 2019; Sheng and Thomp-
son, 2016). Although a few imbibition models (Aghaei and Piri, 2015;
Hughes and Blunt, 2000; Li et al., 2017; Nguyen et al., 2006; Sun et al.,
2016; Tora et al., 2012; Wang et al., 2015; Yang et al., 2017) under
the constant-flux condition have been reported, either the used pore
networks did not represent complex pore structures or the used local
rules are not adequate to spontaneous imbibition. Verification studies
of the dynamic pore-network modeling are scant in the open literature,
because for a core plug (1) experimental data with high temporal res-
olution is difficult to obtain, and (2) oversimplified pore elements may
not represent complex pore spaces. Recently, a verification of pore-scale
models against experimental data of oil-water two-phase displacements
in patterned microfluidics has been conducted (Zhao et al., 2019), which
considered different wetting conditions under different injection rates of
water (i.e., different capillary number values) (Zhao et al., 2016). The
capabilities and limitations of their dynamic pore-network models were
discussed in detail. However, for spontaneous imbibition, instead of a
flux boundary condition, a pressure boundary condition is relevant. In
principle, pore-scale events in spontaneous imbibition processes are dif-
ferent from those in drainage processes. Thus, a pore-network model for
spontaneous imbibition requires specifically-defined local rules such as
the competition of arc menisci (AMs) filling and main terminal meniscus
(MTM) movement (Mason and Morrow, 1991).

We have developed a dynamic pore-network model specifically
for spontaneous imbibition in porous media (Qin and van Brumme-
len, 2019). Multiform idealized pore elements have been used to rep-
resent complex pore structures so that our model bears the poten-
tial to quantitatively predict spontaneous imbibition in a ‘real’ porous
medium. Preliminary case studies show that our model captures es-
sentials of spontaneous imbibition such as imbibition rates and sharp
wetting fronts (Gruener et al., 2012). In this work, we further de-
velop the model to investigate spontaneous imbibition in a digital
porous medium obtained by uCT. Moreover, as a first attempt, we com-
pare our pore-network predictions with direct numerical simulations
by the VOF model in terms of imbibition rates and temporal satura-
tion profiles under different wettability values and viscosity ratios. Al-
though direct numerical simulations are computationally heavy, they
could provide us good references to study the efficient pore-network
model (Raeini et al., 2015). To this end, we use a small piece of uCT
scanning of sintered glass beads (Hoang et al., 2018), which resem-
bles highly-permeable sandstones or carbonate rocks in terms of the
complexity of pore spaces (Yang et al., 2019). In this work, we fo-
cus on the early stage of primary spontaneous imbibition in porous
media where dynamics is strongest. In other words, the MTM move
in a pore is predominant. PoreSpy (Gostick, 2017) is used to extract
the pore-network information, which is properly projected into well-
defined idealized pore elements. It is worth noting that the verifi-
cation of VOF simulations or the pore-network modeling of sponta-
neous imbibition against experiments is excluded in this work, because
benchmark data of spontaneous imbibition for the verification of pore-
scale models are still absent in the open literature, to the best of our
knowledge.
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The remainder of the paper is structured as follows. In section 2, we
introduce the dynamic pore-network model for spontaneous imbibition
in porous media. In section 3, we present the used VOF model, which is
implemented in the commercial solver FLUENT. A comprehensive com-
parison of pore-network modeling results and VOF results is given and
discussed in section 4, which is followed by main conclusions in section
5.

2. Pore-network model

Our dynamic pore-network model comprises three elements: (1) a
pore network representing the topology and the morphology of porous
structures, (2) governing equations of mass conservation, and (3) con-
stitutive relations assisted by local rules. The details of the pore-network
model can be found in (Qin and van Brummelen, 2019). Here, we briefly
present governing equations and key local rules. We focus on the pore-
network extraction via PoreSpy (Gostick, 2017), and the preparation of
the pore network to be used in the modeling.

2.1. Pore-network extraction

An open-source extraction code, PoreSpy, has been used to obtain
the pore-network connectivity and geometric information of individual
pores (Gostick, 2017). Watershed segmentation is used in the construc-
tion of pore bodies, while pore throats connecting pore bodies are vol-
umeless (Rabbani et al., 2016). The key steps in the PoreSpy algorithm
include (1) peak identification in the distance map, (2) removal of peaks
on saddles and peaks which are too close to each other, and (3) water-
shed segmentation of pore spaces into pore bodies.

By PoreSpy we obtain the following pore-network information: (1)
the connectivity map, (2) pore-body locations, inscribed and extended
radii, and surface areas, and (3) pore-throat locations, inscribed and
extended radii, perimeters, and cross-sectional areas. We project those
information into idealized pore elements used in the dynamic pore-
network model as follows. First, the inscribed radius in a pore body
is equal to the inscribed radius of the corresponding watershed as
Tonm = T¢r, Where the subscripts pnm and ct refer to the pore network
and the original CT data respectively. Second, the pore-body length is
approximated as r.; + R.; where R, denotes the extended radius. Third,
by virtue of volume conservation, the cross-sectional area of the pore
body can be calculated as:

Appm = Ya__ M
prm Fet + Rct

where V,, is the watershed volume. Fourth, together with r,,,,, the cross-

sectional perimeter is given as (Patzek and Kristensen, 2001a):

L )

rct (rcr + Rcr)

Finally, the shape factor of the pore body is calculated according to
Gpum = Apum /sznm. Once the shape factor is known, an idealized pore
body can be generated (Patzek and Kristensen, 2001a). We notice that
surface areas cannot be directly projected due to the limitation of used
idealized pore bodies. Although they would determine the flow resis-
tance between neighbouring pore bodies, in this work we obtain the
flow conductance of each pair of watersheds by the LBM modeling
(Zhao et al., 2020a, 2020b). The shape factor of a pore throat is ap-
proximated as G;; = 0.5(G; + G;) where the subscripts i and j denote the
pair of pore bodies.

The nuCT image of sintered glass beads in the case studies has 200,
100, and 100 voxels along the X, Y, and Z directions, respectively. The
voxel resolution is 25 pm. After segmentation, the pore voxels are shown
in Fig. 1B. Fig. 1A shows the extracted pore network by PoreSpy, which
has 346 pore bodies and 779 pore throats. Fig. 1C and D shows the pore-
body and pore-throat size (i.e., the inscribed radius) distributions, and
the shape-factor distribution of pore bodies.

P =

pnm
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Fig. 1. (A) The pore network extracted by the
open source software of PoreSpy. The color
map shows the pore-body size (i.e., the in-
scribed radii of pore bodies). (B) The pore vox-
els of the pCT scanning of sintered glass beads.
The color map shows the single-phase pressure.
(C) The distributions of inscribed radii of pore
bodies and pore throats. (D) The shape factor
distribution of pore bodies.
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Table 1
Geometrical and physical parameters used in the case studies.
HCT data
Number of voxels in X, Y, and Z directions 200 x 100 x 100
Voxel resolution 25 pm
Porosity 0.27
Permeability by DNS 6.0 x 10-"1 m?

Pore network information
Number of pore bodies and pore throats 346/779

Number of inlet and outlet pores 24/29

Porosity 0.27

Permeability 6.1 x 10°1" m?

Mean pore size 97.3 ym

Physical parameters and model settings

Water/air density 1000/1.2 kg/m3

Water/air viscosity 1.0 x 103/1.79 x 105 Pa s
Surface tension 0.073 N/m

Inlet/outlet pressure 0.0/0.0 Pa

Pre-wetting film capillary pressure 10° Pa

With pore-throat sizes from the PoreSpy, the calculated pore-
network intrinsic permeability is 35 Darcy, which is around half of the
DNS result (60 Darcy). This may indicate that the current network ex-
traction needs to be improved (Gerke et al., 2020), or a new approach
to parameterizing hydraulic conductance would be needed (Miao et al.,
2017). As mentioned above, on the early stage of primary spontaneous
imbibition, the MTM move is predominant, so that the imbibition rate
would strongly depend on the intrinsic permeability. Therefore, we run
LBM simulations of each pair of watersheds to obtain its single-phase
conductance, and assign it to the corresponding pore throat (Zhao et al.,
2020Db). In this way, the pore-network intrinsic permeability is 61 Darcy,
which is very close to the DNS result. The details of the nCT data and
the pore-network information are given in Table 1.

|l o

0.03 0.04 0.05 0.06 0.07 0.08
Shape factor (-)
D

2.2. Governing equations

By virtue of the incompressibility assumption, conservation of mass
of the two phases translates into conservation of volume. The volumetric
conservation of each phase is given as (Thompson, 2002):

dslq al o o a

n7=—j211<,.,(p,—p,) a=(nw) )
where i is the pore-body index, ij is the pore-throat index, n and w indi-
cate the nonwetting and wetting phases, respectively, N; is the coordina-
tion number of pore body i, V [m?] is the volume, s [-] is the saturation,
K [m3/Pa/s] is the conductivity, and p [Pa] is the pressure. The gravity
is neglected, since Bond number in our case studies is much smaller than
1.

With the definition of mixture pressure, p = p"s" + p*s*, and adding
the two conservation equations together (Eq. 3 for the wetting phase and
for the nonwetting phase), the pressure equation is derived as (Joekar-
Niasar et al., 2010):

Nr Ni
(ki + k) (5= 5y) = = X { [Kste = Ky (1= s)|of
j= =1
w w n w C
+[K,.j<1—sj>—K,.jsj]pj} @

where the capillary pressure in pore body i is defined as p¢ = p" — p".
2.3. Local rules and constitutive relations

To consider a wide range of wetting conditions and real pore spaces,
we have used capillary tubes of circular, square, and triangular cross-
sections as our idealized pore elements (Qin and van Brummelen, 2019).
Pioneering work has been done on the development of their local rules
and constitutive relations (e.g., single-phase and two-phase conduc-
tance) (Blunt, 1997; Patzek, 2001; Patzek and Kristensen, 2001a, 2001b;
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Competition of MTM move and AMs filling

MTM move
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Time (s)

Fig. 2. Effect of local rules on the imbibition rate for the air-water system. The legend of ‘AMs-remobilization-P5000’ means the model uses the local rule of combining
AMs filling and remobilization, as well as the inlet wetting pressure of 5000 Pa. The insert shows the schematic of the wetting-nonwetting interface move in a pore

body: (Left) the MTM move, and (Right) the AMs filling.

Valvatne and Blunt, 2004). However, most previous studies have been
focused on quasi-static displacements, to obtain two-phase material
properties. We notice that, distinct from quasi-static displacements and
dynamic drainage, spontaneous imbibition possesses a key feature of
the competition of MTM move and AMs filling as shown by the insert
in Fig. 2 (Mason and Morrow, 1991). Therefore, we cannot simply re-
verse a drainage process to simulate spontaneous imbibition. Instead,
we should specifically develop local rules for facilitating the above-
mentioned competition mechanism.

In our model development, the following local rules have been used.
As shown in the flow chart in Fig. 3, first the wetting filling in a pore
body is flagged as the MTM move, if one of the following three condi-
tions is satisfied: (1) the AMs filling is unfavorable in the pore body;
(2) any of its connected pore bodies is with the MTM move as well
as its wetting saturation is larger than 0.5, and its capillary pressure
is smaller than the MTM pressure of the pore body; (3) snap-off hap-
pens in any of its connected pore bodies, and its capillary pressure is
smaller than the MTM pressure of the pore body. Second, when a pore
body is with the MTM move, all of its pore throats are assumed to be
wetting-filled. Meanwhile, the nonwetting is allowed to escape from the
pore body. Third, when the MTM move is triggered in a pore body with
the AMs filling, the wetting at corners instantaneously joins into the
MTM. Fourth, when a pore body is with the MTM move, we assume
single-phase conductance of both the wetting and nonwetting in the
pore body. When the wetting saturation is close to 1.0 (e.g., 0.98 which
is used in this work), we assume all of its connected pore throats are
blocked to the nonwetting. Fifth, when the wetting saturation in a pore
body is close to 1.0, we switch to a transition function of capillary pres-
sure which forces capillary pressure to fast approach to the inlet wetting
pressure (zero in spontaneous imbibition by default). Obviously, imple-
menting the above local rules not only allows our dynamic pore-network
model to simulate primary spontaneous imbibition of great interest, but
also makes our model applicable to other imbibition conditions such
as main imbibition and imbibition under a flux condition. It is worth
noting that another proposed mechanism of remobilization of the non-
wetting phase has been proposed in the modeling of spontaneous imbi-

bition in a regular pore network with pore bodies of regular octahedron
(Joekar-Niasar and Hassanizadeh, 2012). However, this mechanism at
least has been proven to be not applicable to our idealized pore elements
(i.e. capillary tubes with circular, square and triangular cross sections)
(Patzek, 2001). Fig. 2 shows the effect of several local rules on the pre-
diction of imbibition rate for the air-water system (water is the wetting).
It is seen that the model drastically underestimates the imbibition rate
and cause severe trapping of air, with the local rule of neglecting MTM
move (i.e., sole AMs filling) or the local rule of combining AMs filling
and remobilization.

Although we concentrate on spontaneous imbibition in an initially
nonwetting-filled porous medium, in the model development we set
a thin pre-wetting film at corners of a dry pore body when the wet-
ting reaches any of its neighboring pore bodies. Additionally, the pore-
throat capillary pressure is approximated by the smaller capillary pres-
sure value of its two connected pore bodies.

The governing Egs. (3, 4) are numerically solved for the primary
variables: wetting saturation, si’, and mixture pressure, j;. At the end
of each time step, the remaining quantities such as capillary pressure
and phase conductivity are updated based on the primary variables. The
details of the calculation of constitutive relations of the used idealized
pore elements are presented elsewhere (Qin and van Brummelen, 2019).
For all case studies in this work, the mass imbalance of the wetting phase
can be negligible, see Appendix C for the detail.

3. VOF (volume of fluid) model

Regarding direct numerical simulations of spontaneous imbibition,
we use the VOF model to explicitly track interfaces between the non-
wetting and wetting phases. Both phases are incompressible, and the
flow is isothermal. In the VOF model, each computational cell is either
one-phase or two-phase occupied. The phase fraction is defined as:

N
-

cell

a={n w} ®)
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Set k7 > 0 to allow and pj < pitm.

End

Fig. 3. Flow chart of the local rules for determining capillary pressure and phase conductance.

where « [-] is the phase indicator, V*[m?3] is the volume of phase « in
the computational cell, and V,,; is the volume of the computational cell.
Neglecting the gravity, the governing equations of an isothermal, incom-
pressible two-phase flow of Newtonian fluids are given as (Shams et al.,
2018):

V-v=0 ©)
ov 2

p§+pV~Vv=—Vp+uV v+F 7
w

‘)ait +V-(a®v) =0 ®)

Here, p [kg/m3] and u [Pa s] are the mixture density and viscosity,
respectively, which are defined as:

pzawpw+(l—a’”)p" ®

u=a"uy" + (1-a“)p" (10)
In Eq. 7, the source term, F [Pa/m], due to the addition of sur-
face tension, is calculated by the continuum surface force (CSF) model
(Brackbill et al., 1992) as:
2pkVa"”
P+ p"
where ¢ is the surface tension (N/m), and k [1/m] is the curvature of
the nonwetting-wetting interface calculated by V e (Va*/|Va®|).
To consider the wall adhesion, the meniscus normal in a two-phase
occupied computational cell next to the wall is given as:

F=0¢ an

n=n’cosd +t*sinf (12)

where n® and t® are the unit vectors normal and tangential to the wall,
respectively, and 6 is the static contact angle.
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The commercial solver FLUENT 17.2, which is (Finite Volume
Method) FVM-based, is used to solve the governing Egs. (6-8). The SIM-
PLE scheme is used to solve the Navier-Stokes Egs. (6, 7). The second-
order upwind scheme is used for the momentum discretization. Eq. 8 de-
scribes the transport of the volume fraction of wetting phase, which
is a hyperbolic partial differential equation. Its discretization is crucial
to VOF simulations. In this work, we use the geometric reconstruction
scheme, which represents the nonwetting-wetting interface in a com-
putational cell by a piecewise-linear approach (FLUENT 17.2 User’s
Guide).

For transient VOF simulations, the time step is crucial to numeri-
cal accuracy and computational cost. A large time step would give rise
to smeared interfaces and even unreliable results, while a small time
step entails huge computational efforts. To balance the two effects, we
choose time steps such that the global Courant number is less than 0.5.
For all simulated cases, in each time step, either the globally scaled
residuals of all the equations are less than 10~® or the maximum iter-
ation number is over 50. The results show that before breakthrough of
the wetting phase, the residual of 10~ can be always reached.

The pore voxels of the uCT scanning as seen in Fig. 1B have been used
as the computational cells in the VOF simulations. Since the mean pore
size in radius is around 97.3 um, this means that we have at least 8 x 8
cells of an average flow cross-section. Initially, the domain is saturated
with the nonwetting phase (air or oil). The inlet pressure is set to zero,
while the volume fraction of water is set to 1.0. The outlet pressure is
set to zero, only allowing the nonwetting phase to flow back.

4. Results and discussion

A number of case studies of spontaneous imbibition in an initially
nonwetting-filled porous medium are conducted by both the pore-
network model and the VOF model, under different contact angle values
and viscosity ratios. The used physical parameters and boundary condi-
tions are given in Table 1. We compare the prediction results of pore-
network modeling and VOF simulations in term of imbibition rates and
temporal saturation profiles along the flow direction. We explore the
effect of viscosity ratio on the trapping of nonwetting phase. Moreover,
we discuss the difference between spontaneous imbibition and quasi-
static imbibition in terms of pore-filling mechanisms. Regarding the
mesh study and the verification of the used VOF model, one can refer to
Appendix B for the detail. In summary, a mesh density with the voxel
resolution of 25 pum is adequate for our VOF simulations of spontaneous
imbibition in the pCT scanning of sintered glass beads. Similar mesh
densities have been also reported in the VOF simulations of two-phase
flow in porous media (Ferrari et al., 2015; Raeini et al., 2014).

4.1. Imbibition for the air-water system

Fig. 4 shows the imbibition rates under four different static contact
angle values predicted by the VOF model. The wetting and nonwetting
phases are water and air, respectively. It is seen that the VOF model pre-
dicts two almost overlapping imbibition curves for the contact angle val-
ues of 20° and 40°. There are two possible reasons for this observation:
(1) the current mesh density cannot resolve highly curving interfaces,
particularly when interfaces move through converging pore spaces, and
(2) voxel-induced roughness impacts the wall adhesion model used in
the VOF simulations. When the contact angle is set to 80° corresponding
to a weakly water-wet medium, the imbibition front ceases near the in-
let region as shown by the inset in Fig. 4. This is mainly due to diverging
pore spaces which may locally flatten the nonwetting-wetting interfaces
so that the imbibition driving force approaches to zero (Pavuluri et al.,
2019). Furthermore, the CSF model (see Eq. 11) for calculating cap-
illary forces may fail under extremely small capillary number values
(Shams et al., 2018), which would numerically halt the wetting front
movement. It is worth noting that experimental data show that the wa-
ter imbibition front can continuously travel through porous materials
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Fig. 4. Imbibition rates under four different static contact angle values pre-
dicted by the VOF model for the air-water system. The inset shows that the im-
bibition front stops at the inlet region under the static contact angle of 80°. The
‘overall saturation’ denotes the water saturation of the whole porous medium.

with the static contact angle even larger than 80° (Kuijpers et al., 2017).
To sum up, for our case studies, the VOF model does not work well on
the strongly or weakly water-wet porous medium which is represented
by pore-space voxels. Therefore, in this work, we select VOF simula-
tions with the contact angle values of 40° and 60° (corresponding to
intermediately water-wet porous media) to compare with pore-network
modeling results. Furthermore, in Appendix C, we show that for all case
studies in this work, the capillary number values are smaller than 10~3.
This indicates that the dynamic effect on the contact angle is minor
(Heshmati and Piri, 2014).

Fig. 5A shows the comparison of the imbibition rates predicted by the
VOF model and the pore-network model, still for the air-water system.
Two contact angle values of 40° and 60° are used. It is seen that the two
model predictions match very well. The pore-network model has the big
advantage of computational efficiency. It takes less than one minute for
one case study running on a single core, while the VOF model needs a
few days of 16-core parallel computation. Fig. 5B shows the comparison
of the slope values predicted by the VOF model and the pore-network
model. The slope value is calculated by AS/ A(\/z:) where S denotes the
overall saturation, and 1/7 is the square root of the imbibition time. It is
seen that the two models predict close slope values as the overall satu-
ration increases. From Fig. 5, however, we observe slight mismatch of
the amount of trapped air in the end of the imbibition. This is because
in the development of imbibition local rules, we set a maximum value
of the wetting saturation of 0.98 in a pore body, above which all con-
nected pore throats will be blocked of the nonwetting phase, while the
VOF results show slightly less amount of trapped air. Nevertheless, this
parameter does not impact the prediction of imbibition rates, and the
trapping due to the connectivity/topology of pores.

Fig. 6A shows the water distributions in the porous medium under
different overall saturation values predicted by the VOF model and the
pore-network model. The nonwetting phase is air. The static contact
angle is 40°. It is seen that the two models predict very close water
distributions. As expected, a sharp wetting front propagates in the flow
direction. The imbibition is predominated by the MTM move, along with
minor corner fillings observed in the wetting front. Fig. 6B shows the
corresponding water saturation profiles along the flow direction. For
the pore-network modeling results, the cross-sectional saturation at each
location is calculated by averaging a domain length of 500 um, while
for the VOF results, the cross-sectional saturation values are directly
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Fig. 5. (A) Comparison of the imbibition rates predicted by the VOF model and the pore-network model for the air-water system. Two contact angle values of 40°
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Fig. 6. (A) Water distributions in the porous domain under different overall saturation values predicted by the VOF model (upper row) and the pore-network model.
In the upper row, the red color denotes the water phase, while the empty denotes air. The static contact angle is 40°. (B) The water saturation profiles along the flow
direction. For the pore-network modeling results, the cross-sectional saturation at each location is calculated by averaging a domain length of 500 pm.

calculated at the same locations. It is found that the saturation profiles
match each other at each overall saturation value.

4.2. Effect of viscosity ratio on imbibition

So far, we have shown that our dynamic pore-network model can ad-
equately predict spontaneous imbibition in a complex porous medium,
in comparison to VOF-based direct numerical simulations. In this subsec-
tion, we extend the comparison to cases with a more viscous nonwetting
phase. Fig. 7A shows the comparison of the imbibition rates predicted
by the VOF model and the pore-network model for the oil-water system.
The viscosity ratio is assumed to be unity. The static contact angle is 60°.
It is seen that the two model predictions match well. In comparison to
the air-water system, oil is more viscous and much harder to be dis-
placed so that the water front advances much slower. Fig. 7B shows the
corresponding distributions of water saturation along the flow direction
under different overall saturation values. The pore-network model pre-
dicts slightly rougher wetting fronts in comparison to those predicted
by the VOF model. This discrepancy is partially due to that for the pore-
network modeling results we calculate cross-sectional saturation values
by averaging a domain length. Moreover, in the local rules (section 2.3),
the assumption of nonwetting conductance in a pore body with the MTM
move may deteriorate the prediction of wetting front, which is seen to
be more pronounced in the case of a smaller viscosity ratio.

We further increase the viscosity of the nonwetting phase to 0.01
Pa s to test our dynamic pore-network model. Fig. 8A shows the com-
parison of the imbibition rates predicted by the VOF model and the
pore-network model for the viscosity ratio of 0.1. Surprisingly, the im-
bibition rate predicted by the pore-network model matches well with
that by the VOF model. Also, the saturation profiles are comparable as
shown in Fig. 8B. In comparison to the saturation profiles under the vis-
cosity ratios of 55.9 (i.e., the air-water system) and 1.0, the saturation
profiles under the viscosity ratio of 0.1 are much spreading. In other
words, the imbibition fronts are much rougher, which are in consistent
with experimental observations (Akin et al., 2000).

From the above studies, we see that the viscosity ratio of the wet-
ting to the nonwetting phases influences the roughness of wetting fronts.
It further influences the trapping of the nonwetting phase. For the air-
water system, the wetting phase itself depresses the roughness growth of
the wetting front (Gruener et al., 2012), while much less viscous air does
not play a role. Both experimental data (Akin et al., 2000; Kuijpers et al.,
2017) and numerical results in this work show that a sharp wetting
front advances through porous media. Moreover, a sharp wetting front
is maintained over a long distance (Alyafei et al., 2016; Schmid et al.,
2016) with little air trapped. As the increase of the nonwetting vis-
cosity, wetting fronts in spontaneous imbibition become rougher and
rougher. In principle, the nonwetting phase assists the roughness growth
of the wetting front so that a diffusion-type wetting front is seen
in the distributions of wetting saturation along the flow direction
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values.

(Schembre and Kovscek, 1998; Vizika et al., 1994). Meanwhile, more
and more nonwetting phase is trapped in the medium mainly due to the
topology of pores. For instance, in the case of Fig. 8, around 40% of the
nonwetting phase is trapped in the end of imbibition under the viscosity
of 0.1.

Given the fact that the wetting phase flow deviates from the assump-
tion of sing-phase regime, we would expect that the single-phase Darcy
model is not applicable to a highly viscous nonwetting phase. To con-
firm this, we compare the Darcy predictions of imbibition rates with
those by the pore-network model. The single-phase Darcy model for
spontaneous imbibition is presented in Appendix A. The key assump-
tion in the single-phase Darcy model is that a sharp wetting front holds
in the imbibition process. The ordinary differential equation (Eq. A6)
for the imbibition rate is numerically solved by Matlab. We use the
effective mean pore size to approximate the REV-scale capillary pres-
sure, which is estimated by R” = 1.2R" by considering a mean shape
factor of the pore bodies (Qin and van Brummelen, 2019). R™ is the
mean pore size given in Table 1. The water saturation behind the wet-
ting front is set to 0.9. Fig. 9 shows the comparison of the imbibition
rates predicted by the VOF model and the single-phase Darcy model un-
der different viscosity ratios. The contact angle is 60°. It is seen that
the Darcy model well predicts the imbibition rate for the air-water
system, even though the porous medium under study is smaller than
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Fig. 9. Comparison of the imbibition rates predicted by the PNM model and the
single-phase Darcy model (Eq. A6) under different viscosity ratios. The contact
angle is 60°. The notation of ‘Darcy, M=55.9’ in the legend detonates the case
study by the Darcy model under the viscosity ratio of 55.9 (i.e., the air-water
system).
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its REV size. The predictions by the Darcy model, however, deviates
from those by the pore-network model under the viscosity ratios of 1.0
and 0.1, which show faster imbibition. Obviously, this is mainly due
to the failure of the assumption of a sharp wetting front. Moreover, it
is seen that the discrepancy is larger in the case of the viscosity ratio
of 0.1.

In the case of small viscosity ratios, and the case that the late stage of
spontaneous imbibition is of interest (F. Zarandi and Pillai, 2018), the
single-phase Darcy model will not be applicable any more. Then, one
would resort to the two-phase Darcy model, in which capillary pressure
and relative permeability curves are needed. To obtain two-phase ma-
terial properties of spontaneous imbibition, the pore-scale modeling of
a whole porous core up to several centimeters would be needed. In this
context, an efficient and reliable pore-network model will be very useful,
given the fact that DNS simulations are computationally prohibitive.

4.3. Comparison between spontaneous and quasi-static imbibition

The trapping of nonwetting phase is of great interest in a number of
subsurface applications such as oil recovery and CO, storage. In prac-
tice, different imbibition conditions may be encountered such as cocur-
rent spontaneous imbibition, countercurrent spontaneous imbibition,
and imbibition processes which are close to quasi-static. It is acknowl-
edged that cocurrent spontaneous imbibition is fast, and its microscale
dynamics is strong (Mason and Morrow, 2013). Here, with the help of
our pore-network model, as a first attempt, we compare cocurrent spon-
taneous imbibition with quasi-static one, in terms of nonwetting-phase
trapping and pore-filling mechanisms (i.e., the sequence of pore fillings).
In the case of cocurrent spontaneous imbibition, we simulate the air-
water system (i.e., the wicking process). The static contact angle is set
to 40°. Regarding the quasi-static modeling, we use an in-house quasi-
static pore-network code (Hefny et al., 2020), which considers key two-
phase displacement mechanisms such as cooperative filling of pore bod-
ies, piston-type move, and snap-off (Jackson et al., 2003; Patzek, 2001).
We put the wetting reservoir at the inlet and the nonwetting reservoir at
the outlet as shown in Fig. 10. We first run the primary drainage to the
irreducible saturation of 0.05; then, we run the imbibition to the end
(i.e., the nonwetting reservoir pressure reduces to zero).

Fig. 10 (Left) shows the water distribution in the end of spontaneous
imbibition. It is seen that most pores are fully filled with water, with a
few partially-filled large pores. The total amount of trapped air is only
around 6%. This value is close to experimental data of a relatively ho-
mogeneous porous medium (Kuijpers et al., 2017). For the quasi-static
imbibition in Fig. 10 (Right), as expected, water prefers to fill small
pores, while much air is trapped in large pores. The resultant amount
of trapped air is up to 48%, which is much higher than that in the
spontaneous imbibition. The difference in the air trapping is because
the two imbibition processes have different pore-filling mechanisms. In
the spontaneous imbibition, we observe a co-filling mechanism between

small and large pores, which results in a sharp wetting front. It is ex-
pected there will be less and less co-filling events as the increase of the
nonwetting viscosity. In the quasi-static imbibition, however, the wet-
ting filling shows a capillary-finger pattern. This is because in the ab-
sence of imbibition dynamics, the wetting filling follows the mechanism
of percolation-invasion.

5. Conclusions

We have presented a dynamic pore-network model with specifically
developed local rules for image-based modeling of spontaneous imbibi-
tion in porous media. A piece of uCT scanning of sintered glass beads is
used as our porous domain. We have compared and verified our pore-
network model against a widely used VOF model. A number of case
studies of primary imbibition by both the pore-network model and the
VOF model have been conducted, under different contact angle values
and viscosity ratios. Based on those case studies, we arrive at the fol-
lowing main conclusions:

—

It is challenging for the VOF model to simulate spontaneous imbi-
bition in a strongly or weakly water-wet porous medium, which is
represented by pore-space voxels.

Our dynamic pore-network model can well predict imbibition rates
and temporal saturation profiles along the flow direction under a
wide range of viscosity ratios, in comparison to the VOF model.
For the air-water system, the wetting phase itself depresses the
roughness growth of the wetting front. As the increase of the non-
wetting viscosity, wetting fronts in spontaneous imbibition become
rougher and rougher. Meanwhile, more and more nonwetting phase
is trapped in large pores.

In spontaneous imbibition, we see a co-filling mechanism between
small and large pores, which results in much less trapping of the
nonwetting phase, in comparison to the quasi-static imbibition.
Our pore-network model is much more computationally efficient
than the VOF model. The pore-network model running on a single
core takes less than one minute for one case study, while the VOF
model typically needs a few days of 16-core parallel computation.

Finally, we notice that a real sandstone or carbonate rock has distinct
features of mixed-wettability, roughness of grain surfaces, and pore-
scale heterogeneity, etc. Up to now, for a DNS model, it is still chal-
lenging to quantitatively predict their influence on two-phase flow dy-
namics. Therefore, the present pore-network model needs to be further
improved and verified against lab experiments of spontaneous imbibi-
tion.
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Appendix A

Spontaneous imbibition into a porous medium initially saturated with the
nonwetting phase

By assuming a sharp wetting front, here we present the derivation
of the 1D Darcy-scale model for spontaneous imbibition into a dry ho-
mogeneous porous medium as shown in Fig. Al. First, for the wetting
phase, neglecting the gravity its Darcy flux is given as:

wo kPt

q“ = - (AD)
puwl

where the superscript w denotes the wetting phase, g (m/s) is the flux,
k (m?) is the permeability, u (Pa s) is the dynamic viscosity, I (m) is
the wetting penetration length, and p (Pa) is the pressure. Then, we
can write the rate of wetting saturation of the whole porous domain as
follows:

AL&E =
dt

w W
_akent
uwol
where S is the wetting saturation of the whole porous domain, A is the
cross-sectional area, L is the domain length, and ¢ is the porosity.
By virtue of volumetric conservation, and the condition of
p" = p°¢ + p” at the wetting front, we can write the nonwetting flux
as:
qn =qw= ﬂpc—{—pw
u" L—1
Substitution of Eq. Al into Eq. A3, and after some arithmetic manip-
ulations, we can express the wetting phase pressure as:

(A2)

(A3)

L—1 kwﬂn
W=—p/l14+— A4
P P/ < 7 kn,uv) (A4)
Substitution of Eq. A4 into Eq. A2, we can obtain:
w c
as _ 1K1 r (AS)
dt Leﬂwl<1+ﬂ kwﬂ")
i K pw

We assume a constant wetting saturation of S/ behind the wetting
front so that the wetting penetration length can be expressed as [ = SL/S'.

Nonwetting
1 Wetting

HIM
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Further, the wetting permeability is approximated by k% = k°Sf where k°
is the intrinsic permeability. Because the medium is initially nonwetting-
saturated, the nonwetting permeability is given by k" = kO. Finally, the
ordinary differential equation for the imbibition rate is written as:

foK0ss 3
as _ ST KS P (A6)
dt ~ [2eS uv (1+ SSpun sf_s)
uv s

Appendix B
Test cases of spontaneous imbibition by the VOF model

We conduct case studies of spontaneous imbibition in simple capil-
lary tubes, in order to understand the impact of mesh-density and mesh-
type (i.e., conforming mesh and voxel mesh) on the predicted imbibition
rate by the VOF model. Fig. B1-A shows the tube-scale saturation ver-
sus the imbibition time under four different contact angle values in a
capillary tube of circular cross-section. The inset shows the used ‘fine
mesh’. This mesh has 19 elements along the diagonal and 36 elements
along the circumference. Fig. B1-B shows the corresponding scaled im-
bibition slope values versus saturation. The imbibition slope is defined
as S/ \/;, in which S is the tube-scale water saturation and t is the imbi-

bition time. For each contact angle value 6, the scaling is 1/cos 40°/ cos 8
. It is seen that all curves collapse into the master curve of the contact

angle value of 40°, except for some initial fluctuations due to the so-
called inlet effect in DNS simulations (Yin et al., 2019). In Fig. B1-C,
we decrease the mesh-density by 2, and compare the predicted imbibi-
tion rates, which are also compared with that by the LW equation (i.e.,
S = v/ro cos0/(2uL?), in which r is the radius, ¢ is the surface tension,
u is the water dynamic viscosity, and L is the tube length). The differ-
ences in the imbibition rates predicted by the VOF model with a fine
mesh and a coarse mesh are negligible. In addition, the imbibition rates
predicted by the VOF model match with that of the LW equation. For
spontaneous imbibition in a capillary tube of triangular cross-section,
as shown in Fig. B1-D, the predicted imbibition rate of the coarse mesh
is slightly larger than that under the fine mesh. However, both results
match well with that of the LW equation. Notice that in the calculation
of imbibition rate by the LW equation for the capillary tube of right tri-
angular cross-section, the entry pressure (i.e., the capillary pressure) is
calculated by the MS-P theory (Mayer and Stowe, 1965; Princen, 1970).

We further study the impact of mesh-type and mesh-refinement on
the imbibition rate for a single 2D curved capillary tube. The left graph
in Fig. B2 shows the voxel-representation and smooth-geometry repre-
sentation of the half of a 2D capillary tube. The wall-boundary length
of the voxel-representation (due to voxel-induced roughness) is longer
than that of the smooth representation by 27%. The computational do-
main includes the wetting reservoir and the converging and diverging
tube. The radius of the tube throat and the radius of the outlet are 20
um and 80 pm, respectively. The length of the tube is 150 um. Initially
the tube is saturated with air; then water imbibes in. The right graph
of Fig. B2 shows the imbibition rates under different mesh types and

Fig. Al. Schematic of spontaneous imbibition
into a dry porous medium at the Darcy scale.
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Fig. B1. Numerical studies of spontaneous imbibition of water into dry capillary tubes by the VOF model for the physical parameters and model settings in Table 1.
(A) Spontaneous imbibition in a capillary tube of circular cross-section under different contact angle values. The radius of the cross-section is 20 um, the tube length

is 1 mm, and the inset shows the cross-sectional mesh, which is termed as ‘fine mesh’. (B) The imbibition slope values versus saturation scaled by

1/ cos 400/ cos@. (C)

Comparison of the imbibition rates predicted by the Lucas-Washburn (LW) equation and the VOF model under the contact angle of 40°. The inset shows the coarse
cross-sectional mesh. (D) Comparison of the imbibition rates predicted by the LW equation and the VOF model under the contact angle of 20° in a capillary tube
of right triangular (one corner of 30°) cross-section. The inscribed radius is 20 pm, the tube length is 1 mm, and the inset shows the fine and coarse cross-sectional

meshes.
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Fig. B2. (Left) Voxel representation and smooth representation (i.e., STL) of a 2D capillary tube and their associated computational meshes. (Right) Imbibition rates
under two different meshing methods. The notation of ‘stl4, #=40’ in the legend denotes the case study of the smooth-geometry representation with the contact angle
of 40°. The mean element size is around 4 um. The notation of ‘voxel2, =40’ in the legend indicates the case study of the voxel-representation with the contact

angle of 40°. The voxel size is 2 pm.

mesh densities. First, it is seen that for the smooth-geometry represen-
tation the mesh size of 4 pm and 2 um give the same imbibition rate,
while for the voxel-representation reducing the mesh size of 4 pm to
2 pm gives slightly slower imbibition rate in the converging part of
the tube, but much slower imbibition rate in the diverging part of the
tube. We note that the refinement of the voxel-representation here is

11

different from a higher voxel-resolution of the porous medium. The
refinement here is conducted on the fixed voxel resolution of 4 um.
Second, with the same mesh density the VOF model predicts a faster
imbibition process for the smooth-geometry representation than that
for the voxel-representation. This is mainly due to the voxel-induced
roughness of the wall, owing to the fact that a rough wall increases
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the dissipation energy around three-phase contact lines (Forsberg et al.,
2010).

Based on the above case studies of single capillary tubes, we may
conclude that the mesh density with the voxel resolution of 25 pum is
adequate for VOF simulations of spontaneous imbibition in the pCT
scanning of sintered glass beads. A voxel-representation would slightly
slow down the predicted imbibition rate in comparison to a smooth-
representation. However, it can avoid the meshing of a complex porous
medium.

Appendix C
Mass balance and capillary number in the pore-network simulations

Based on the constructed pore network, the discretized mass balance
Eq. (3) is in the conservative form, which is solved by the first-order
explicit scheme. To avoid extremely small time steps, at the end of each
time step, we truncate the wetting saturation in a pore body as follows:
when s;” is smaller than 1075, we set 5{” = 0; when (1 - s{) is smaller
than 10°, we set s{ = 1. This truncation practice may impact the mass
imbalance. In our case studies, we calculate the mass imbalance of the
wetting phase as:

;N N N
a0 =\ Y= Y Vise| ) 2V 1
J o=

0 =1 i=

where 7i(t) is the mass imbalance at the imbibition time of t, g (m3/s)
is the net wetting flow rate of pore body i, and N is the number of pore
bodies. Fig. C1 shows the wetting-phase mass imbalance in the pore-
network modeling of spontaneous imbibition under different contact
angle values and viscosity ratios. It is seen that for all case studies the
mass imbalance is smaller than 10~3, which is negligible. Furthermore,
our case studies indicate that the truncation threshold has little impact
on the mass imbalance.

Fig. C2 shows the temporal capillary number values in the pore-
network modeling of spontaneous imbibition under different contact an-
gle values and viscosity ratios. Obviously, for the air-water system, the
capillary number decreases as the imbibition proceeds. At the viscosity
ratio of unity, the capillary number keeps roughly constant before the
wetting-phase breakthrough. At the viscosity ratio of 0.1, interestingly
the capillary number also keeps roughly flat rather than increase, this
is because the sharp wetting front does not hold any more (see Fig. 8B).
Though the porous medium of sintered glass beads is highly permeable,
for all case studies in this work the capillary number values are smaller
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Fig. C1. Mass imbalance of the wetting phase in the pore-network modeling of
spontaneous imbibition under different contact angle values and viscosity ratios.
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Fig. C2. Temporal capillary number values in the pore-network modeling of
spontaneous imbibition under different contact angle values and viscosity ratios.

than 1073, This indicates that the dynamic effect on the contact angle
is minor.
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