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Abstract

The dynamic pore-network modeling, as an efficient pore-scale tool, has been used to understand spontaneous imbibition in
porous media, which plays an important role in many subsurface applications. In this work, we aim to compare a dynamic
pore-network model of spontaneous imbibition with the VOF (volume of fluid) model. 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 and the VOF models
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 the pore-network model can reproduce the VOF model
results for an air-water system, in which water is the wetting phase. For a more viscous nonwetting phase such as oil, however,
the pore-network model predicts a slower imbibition process and a rougher wetting front, in comparison to the predictions by
the VOF model.
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Highlights

» We conduct dynamic pore-network modeling of spontaneous imbibition in a porous medium of
sintered glass beads.

» We conduct extensive comparisons between the pore-network model and the VOF model under
different wettability values and viscosity ratios.

» The pore-network model can reproduce the VOF model results for an air-water system in which
water is the wetting phase.

> Without explicitly tracking the main terminal meniscus in a pore body, the pore-network model
predicts a rougher wetting front and a slower imbibition process for a highly viscous nonwetting
phase.
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Abstract

The dynamic pore-network modeling, as an efficient pore-scale tool, has been used to understand
spontaneous imbibition in porous media, which plays an important role in many subsurface
applications. In this work, we aim to compare a dynamic pore-network model of spontaneous
imbibition with the VOF (volume of fluid) model. 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 and the VOF models 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 the pore-network model can
reproduce the VOF model results for an air-water system, in which water is the wetting phase. For a
more viscous nonwetting phase such as oil, however, the pore-network model predicts a slower
imbibition process and a rougher wetting front, in comparison to the predictions by the VOF model.

Plain Language Summary

The flow of a fluid into porous media by capillary force is encountered in many everyday processes,
such as water-flow to reach the tips of trees and water-flow through soil. These processes are
examples of spontaneous imbibition. Spontaneous imbibition is also crucial to many industrial
applications, ranging from oil recovery and sequestration of carbon dioxide to inkjet printing and
paper sensors. Mostly the imbibition rate, the roughening of the imbibition front, and the trapping of
the nonwetting phase are of interest. In this regard, pore-scale modeling of spontaneous imbibition in
porous media is indispensable, given the fact that experiments are costly and restricted by data access
to the inside of media. Here we present a dynamic pore-network model of spontaneous imbibition,
which is much more computationally efficient than direct numerical simulations (e.g., the VOF
model). This allows to model a large porous medium for the upscaling study, which is usually
prohibitive to direct numerical simulations. We conduct extensive comparisons between the pore-
network model and the VOF model. We show that the pore-network model can reproduce the VOF
model results for an air-water system, in which water is the wetting phase.
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1. Introduction

Spontaneous imbibition plays an important role in many subsurface applications such as oil recovery
in fractured reservoirs (Liu et al., 2020; Morrow and Mason, 2001) and geological sequestration of
carbon dioxide (Guo et al., 2016). In those applications, the imbibition rate and the trapping of
nonwetting phase are of great interest. Spontaneous imbibition is usually categorized 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 at 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 experiments (Akin
et al.,, 2000; Alyafei et al., 2016; Kuijpers et al., 2017) indicate that dynamics in spontaneous
imbibition is strong, particularly at its early stage. This challenges conventional measurements of
material properties which were mostly conducted in equilibrium or steady state (Zhuang et al., 2017).
In this regard, pore-scale models of spontaneous imbibition are invaluable to explore the dynamic

effect on those material properties. Furthermore, it helps to improve Darcy-scale imbibition models.

There have been extensive pore-scale numerical studies of two-phase flow in porous media,
which cover a wide spectrum of research interests (Joekar-Niasar et al., 2010; Kunz et al., 2016; Qin,
2015; Raeini et al., 2014; Sweijen et al., 2016). In general, pore-scale models 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 Simulation) models.
Popular DNS models include VOF (Volume of Fluid) model, LBM (Lattice-Boltzmann method),
SPH (Smoothed Particle Hydrodynamics), 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 dynamics in DNS models.
Later on, we will show this deficiency in our VOF simulations of spontaneous imbibition.
Alternatively, pore-network models first discretize complex pore structures into connected pore

elements. Then, in conjunction with local rules, mass conversation of each phase is solved with the
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help of element-scale constitutive relations. In such way, pore-network models not only reduce
computational efforts considerably, but also represent 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 et al., 2019; Qin, 2015; Sheng and Thompson, 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; Tgra et al., 2012; Wang et al., 2015) 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 (1) experimental data
with high temporal resolution is difficult to obtain, and (2) oversimplified pore elements cannot well
represent realistic pore structures. Recently, a comparison of the dynamic pore-network modeling of
primary drainage against micromodel experiments has been reported under constant-flux boundary
conditions (Yang et al., 2017). The authors showed that at breakthrough, the distribution of the
nonwetting phase saturation along the flow direction matches experimental data well. However, for
spontaneous imbibition, both imbibition rates and saturation profiles are of interest, and a pressure
boundary condition is relevant. In principle, pore-scale events in imbibition processes are more
complicated than 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).

To address the above-mentioned challenges, we have developed a dynamic pore-network model
for spontaneous imbibition in porous media (Qin and van Brummelen, 2019). Multiform idealized
pore elements have been used to represent complex pore structures so that our model bears the
potential to quantitatively predict spontancous imbibition for a ‘real’ porous medium. Preliminary
case studies show that our model captures essentials of spontaneous imbibition such as imbibition
rates and sharp wetting fronts (Gruener et al., 2012). In this work, we extend the dynamic pore-
network model into spontaneous imbibition in ‘real’ granular porous media. We aim to compare our

pore-network model with the VOF model in terms of imbibition rates and temporal saturation
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profiles under different wettability values and viscosity ratios. In addition, we address the impact of
voxel-induced roughness on the prediction of VOF simulations for digital porous media such as
those obtained by UCT. To this end, we use a small piece of uCT scanning of sintered glass beads
(Hoang et al., 2018), which resembles highly-permeable sandstones or carbonate rocks. In this work,
we focus on the early stage of spontaneous imbibition in porous media where dynamics is strongest.
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 verification of VOF simulations
or the pore-network modeling of spontaneous 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.

The remainder of the paper is structured as follows. In section 2, we introduce the dynamic pore-
network model. In section 3, we present the used VOF model, which is implemented in the
commercial solver FLUENT. The comparison of pore-network modeling results and VOF results is

given and discussed in section 4, which is followed by the main conclusions in section 5.



145

146
147
148
149
150
151

152

153

154

155
156
157

158

159

160
161

162

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) constitutive relations assisted by local rules. The details of the pore-network model can be
found in (Qin and van Brummelen, 2019). In this section, we briefly present the 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

5 o oo
pressure (Pa)

(a)

Fig. 1: (a) Pore voxels of the uCT scanning of sintered glass beads. The color map shows the single-phase
pressure. (b) The corresponding pore network extracted by the open source software of PoreSpy. The color

map shows the pore-body size (i.e., the inscribed radii of pore bodies).
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Fig. 2: (Left) pore-body and pore-throat size distributions, and (right) the shape factor distribution of pore

bodies.
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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 construction of pore bodies, while pore throats connecting pore bodies are volumeless (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) watershed

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 7, = 7,
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:

Vet
Tet+Ret

(1)

Apnm

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

as (Patzek and Kristensen, 2001):

P = ——St— (2)

Tet(ret+Rct)

Finally, the shape factor of the pore body is calculated according to Gpnm = Apnm/Pam. Once the
shape factor is known, an idealized pore body can be generated (Qin and van Brummelen, 2019). We
notice that surface areas cannot be directly projected due to the limitation of idealized pore bodies.
Although they would determine the flow resistance between neighbouring pore bodies, in this work
we calibrate pore-throat sizes to match the intrinsic permeability. In our pore-network model for
spontaneous imbibition, a volumeless pore throat is mainly used to account for the flow resistance of
the two connected pore bodies. Therefore, we did not use the extracted cross-sectional information of
pore throats, but numerically generated the pore-throat sizes by calibrating the intrinsic permeability.
The shape factor of a pore throat is approximated as G;; = O.S(Gi + Gj) where the subscripts i and j

denote the pair of pore bodies.
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The pCT 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 um. After segmentation, the pore
voxels are shown in Fig. 1a. Fig. 1b shows the extracted pore network by PoreSpy, which has 302
pore bodies and 670 pore throats. In detail, there are 250 pore bodies with triangular cross-sections,
27 pore bodies with square cross-sections, and 25 pores bodies with circular cross-sections. Also,
there are 655, 6, and 9 pore throats with triangular, square, and circular cross-sections, respectively.

The inscribed radius of a pore throat is determined by:
rij =y +a(0.7 — y)]min(rl-,rj) (3)

where a is a random value between 0 and 1, and y is the ratio of pore throat to pore body which has
the value of 0.55 in this work. The calculated pore-network permeability along the X direction is 5.9
Darcy which matches the DNS result well. We also tried other formulations (Joekar-Niasar et al.,
2010; Qin and Hassanizadeh, 2015) for the pore-throat size or used pore-throat sizes given by
PoreSpy. Only minor differences were seen in the imbibition results. We notice that different
approximations of pore-throat conductance have been used in different extraction algorithms (Yi et
al., 2017). An improved method of determining the flow resistance of a pore throat would rely on the
analysis of media axis and media planes along its connected pore bodies. Alternatively, one may
obtain the single-phase conductance of each pore throat directly from direct numerical simulations
(Zhao et al., 2020). This will be explored in a further study. The details of the uCT data and the pore-

network information are given in Table 1.

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:

a
dsi _

A
dt

YL KE(pE-pf)  a={nw) (4)

where i is the pore-body index, ij is the pore-throat index, n and w indicate the nonwetting and
wetting phases, respectively, N; is the coordination number of pore body i, V [m?] is the volume, s [-]

is the saturation, K [m*/Pa/s] is the conductivity, and p [Pa] is the pressure. The gravity is neglected.

With the definition of mixture pressure, p = p™s™ + p%s"%, and adding the two conservation
equations together (Eq.1 for the wetting phase and for the nonwetting phase), the pressure equation is
derived as (Joekar-Niasar et al., 2010):
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S (KD + K (B — ) = — XL {[KDst — K (L= st)pf + [k (1 - 51) - KDsPlps} ()
where the capillary pressure in pore body i is defined as p¢ = p™ — p".
2.3 local rules

Here, we briefly describe the main local rules used in the pore-network model. Their numerical
implementations and sensitivity studies can be found in (Qin & van Brummelen, 2019). First, the
imbibition pore-network model incorporates the competition between arc menisci (AMs) filling at
corners and main terminal meniscus (MTM) filling (Mason and Morrow, 1991). We found that in the
early stage of spontaneous imbibition the MTM filling is dominant. Second, while the MTM filling
is active, empirically we assume the nonwetting phase in a pore body is trapped once either of the
following two conditions is satisfied: (1) the wetting saturation in the pore body is larger than 0.9,
and (2) all pore throats connected to the pore body block the nonwetting-phase transport. A small
amount of nonwetting phase in the pore body may be trapped under the MTM filling. The value of
0.9 here is empirically selected in order to (1) make this value close to 1 corresponding to a fully
saturated pore body, and (2) match the wetting saturation behind the wetting front which may be
obtained by experiments. Once the nonwetting phase in a pore body is trapped, the nonwetting
conductance of all connected pore throats is zero. While the AMs filling is active, the wetting-phase
trapping is determined by snap-off conditions of its connected pore throats. Third, when the wetting
saturation in a pore body reaches the value of 0.9, a transition function of the wetting saturation is

used to force the capillary pressure to fast approach zero.

The main features of the present pore-network model for spontaneous imbibition include: (1)
depending on flow conditions, the wetting-phase filling of a pore body can be automatically switched
between the AMs filling and the MTM movement; (2) trapping of the nonwetting phase because of
heterogeneous pore structures is implemented; (3) multiform pore elements are used in the model
development, which allows to simulate spontaneous imbibition in a ‘real” porous medium. The
governing equations (4, 5) are numerically solved for the primary variables: wetting saturation, s;",
and mixture pressure, p;. 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 are presented in (Qin & van Brummelen, 2019). For all case
studies in this work, the mass imbalance of the wetting phase is negligible, see Appendix B for

details.

3. VOF (volume of fluid) model
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We use the VOF model to explicitly track interfaces between the nonwetting 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:

a
a_V

Veell

a a={n, w} (6)

where « [-] is the phase indicator, V4[m®] is the volume of phase « in the computational cell, and
V.o 1S the volume of the computational cell. The governing equations of fluid flow in the VOF

model are given as:

V-v=0 (7)
XY 4 V- (pvv) = —Vp + uV2v + F 8
” pvv) = =Vp + uvev + (8)

%+V-(awv):0 (9)

Here, p [kg/m®] and u [Pa s] are the mixture density and viscosity, respectively, which are defined as:
p=a’p”+(1—a")p" (10)
p=a"u” + (1 —a")u" (11)

In Eg. 8, the source term, F [Pa/m], due to the addition of surface tension, is calculated by the
continuum surface force (CSF) model (Brackbill et al., 1992) as:

2pkVa%¥
pY+ph

F=o0

(12)
where ¢ is the surface tension (N/m), and k [1/m] is the curvature of the nonwetting-wetting
interface calculated by V - (Va¥ /|Va"]).

To consider the wall adhesion, the meniscus normal in a two-phase occupied computational cell
next to the wall is given as:

n=n’cosf + t°sinfb (13)

where n® and t* are the unit vectors normal and tangential to the wall, respectively, and 8 is the
static contact angle.

The commercial solver FLUENT 17.2, which is (Finite Volume Method) FVM-based, is used to
solve the governing equations (7-9). The SIMPLE scheme is used to solve the Navier-Stokes
equations (7, 9). The second-order upwind scheme is used for the momentum discretization. Eq. 9
describes 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

10
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geometric reconstruction scheme, which represents the nonwetting-wetting interface in a

computational cell by a piecewise-linear approach (FLUENT 17.2 User’s Guide).

For transient VOF simulations, the time step is crucial to numerical 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 scaled residuals of all the equations are less than 10® or the maximum iteration 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. 1a have been used as the computational cells
in the VOF simulations. Since the mean pore size in radius is around 95 pm, this means that we have
at least 8x8 cells of an average flow cross-section. Furthermore, the effect of mesh density on

predicted imbibition rates will be explored in the study of simple capillary tubes in section 4.

Table 1: Geometrical and physical parameters used in the case studies.

UCT data

Number of voxels in X, Y, and 200x100%100
Z directions

Voxel resolution 25 um
Porosity 0.27
Permeability 6.0x10 m?

Pore network information

Number of pore bodies and pore | 302/670

throats

Number of inlet and outlet pores | 18/25

Porosity 0.27

Permeability 5.9x10™" m?

Mean pore size 95.2 um

Physical parameters and model settings

Water/air density 1000/1.2 kg/m®
Water/air viscosity 1.0x10°%/1.79x10™ Pa s
Surface tension 0.073 N/m

Inlet/outlet pressure 0.0/0.0 Pa

11
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4. Test cases of spontaneous imbibition by the VOF model
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Fig. 3: 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 /cos 40° / cos 8. (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.

In this section, we conduct case studies of spontaneous imbibition in simple capillary 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. 3a shows the tube-scale saturation versus 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. 3b shows the corresponding scaled imbibition slope values versus

saturation. The imbibition slope is defined as S/+/t , in which S is the tube-scale water saturation and

12
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t is the imbibition time. For each contact angle value 6, the scaling is /cos40° / 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. 3c, we

decrease the mesh-density by 2, and compare the predicted imbibition rates, which are also compared

with that by the LW equation (i.e., S = y/ra cos 8/(2ul?), in which r is the radius, o is the surface
tension, u is the water dynamic viscosity, and L is the tube length). The differences 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. 3d, 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 triangular cross-section, the entry pressure (i.e., the

capillary pressure) is calculated by the MS-P theory (Mayer and Stowe, 1965; Princen, 1970).

o
o

Outlet

Symmetry

Wetting reservoir Capillary tube —stl2-thetad0

- -stl4-thetad0
- -stl4-53

o
o

saturation (-)

voxel4-thetad0 |

o
'S

----- voxel2-thetad0
80um

0.2
0.0E+00 1.0E-04 2.0E-04 3.0E-04 4.0E-04
time (s)

T
150um

Fig. 4: (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-theta40’ 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-theta40’ in the legend indicates
the case study of the voxel-representation with the contact angle of 40°. The voxel size is 2 um.

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. 4 shows the voxel-representation and smooth-
geometry representation 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 domain includes the wetting reservoir and the converging and diverging
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tube. The radius of the tube throat and the radius of the outlet are 20 um and 80 pum, 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. 4 shows the imbibition rates under different mesh types and mesh densities. First,
it is seen that for the smooth-geometry representation the mesh size of 4 um and 2 um give the same
imbibition rate, while for the voxel-representation reducing the mesh size of 4 um to 2 um 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
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 the dissipation energy around three-phase contact lines. To include this
influence in the smooth-geometry representation, we may revise the static contact angle by (Forsberg
etal., 2010):

SStl

6 = arccos ( cos 9) (14)

svoxel

where @ is the contact angle used in the voxel-representation, S$t* denotes the wall surface area of
the smooth-geometry representation (in 2D it is the wall length), SV°*¢! denotes the wall surface area
of the voxel-representation. For the capillary tube under study, the revised contact angle value used
for the smooth-geometry representation would be 53° for the contact angle value of 40° used for the
voxel-representation. After the contact angle modification, the difference between the imbibition rate
for the smooth-geometry representation and the imbibition rate for the voxel-representation is

considerably reduced.

Based on the above case studies, we may conclude that the mesh density with the voxel resolution
of 25 um is adequate for our VOF simulations of spontaneous imbibition in the uCT scanning of
sintered glass beads. Similar mesh densities have also been reported in VOF simulations of two-
phase dynamics in porous media ((Ferrari et al., 2015; Raeini et al., 2014). Additionally, we show
that the impact of voxel-induced roughness on the imbibition rate can be alleviated by using Eq. 14

to revise the static contact angle.
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5. Results and discussion

A number of case studies of the primary imbibition by both pore-network model and VOF model are
conducted under different contact angle values and viscosity ratios. The used physical parameters
and boundary conditions 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. Moreover, we explore the influence of viscosity ratio on the trapping of nonwetting

phase in spontaneous imbibition.

5.1 Imbibition rates

1
08 et
H
'ﬁ 0.6
t o
=
=]
a —DNS-theta20
=04
© —DNS-theta40
“3’ —DNS-theta60
DNS-theta80
0.2 DNS-theta80 et
0
0 0.03 0.06 0.09 0.12 0.15

time (s)

Fig. 5: Imbibition rates under four different static contact angle values predicted by the VOF model for the
air-water system. The inset shows that the imbibition 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.

Fig. 5 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 predicts two almost overlapping imbibition curves for the contact angle values 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 inlet region as shown by the inset in Fig. 5. This is mainly due to diverging pore
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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. 12) for
calculating capillary 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 water imbibition front can continuously travel through porous
materials 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 simulations with
the contact angle values of 40° and 60° (corresponding to intermediately water-wet porous media) to
compare with the dynamic pore-network modeling. Furthermore, in Appendix B, we show that for
all case studies in this work, the capillary number values are smaller than 103, This indicates that the
dynamic effect on the contact angle is minor. The wall roughness, however, would dominate the

prediction uncertainties of spontaneous imbibition.

In light of the test case studies in Fig. 4, to compare the pore-network modeling results with the
VOF simulation results, we have revised the contact angle values used in the pore-network modeling
by Eq. 14. Our previous study shows that the voxel-representation of the porous medium under study
increases the surface area of solid walls by around 45% in comparison to the smooth-geometry
representation (Hoang et al., 2018). Fig. 6 shows the comparison of the imbibition rates predicted by
the VOF model and the pore-network model, still for the air-water system. In the VOF simulations,
two contact angle values of 40° and 60° are used, while the revised contact angle values of 58° and
69.8° are used in the pore-network modeling. 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 around one
week of 16-core parallel computation. Fig. 7 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(+/t) where S

denotes the overall saturation, and +/t is the square root of the imbibition time. It is seen that the two
models predict similar slope values except that the VOF model predicts peak values at the initial
stage, in particular for the strongly wetting case (& =40" ). We attribute this discrepancy to the fact
that some uncertainties have been involved in the generation of inlet pores in the pore-network
modeling. It is expected that the matching in Fig. 7 can be further improved with proper calibration
of the conductance of the inlet pores. A further investigate is, however, beyond the scope of the

current work.
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air-water system. In the DNS simulations, two contact angle values of 40° and 60° are used, while the revised
contact angle values of 58° and 69.8° are used in the pore-network modeling. The revision is done by Eqg. 14.
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Fig. 7: Comparison of the slope values predicted by the VOF model and the pore-network model. The slope is

calculated by AS/A(\/E) where S denotes the overall saturation, and t is the imbibition time.
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5.2 Phase distributions

Fig. 8 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 used in the VOF model is 40°, while the revised contact angle used in the pore-network
modeling is 58°. It is seen that the two models predict very similar water distributions. As expected,
a sharp wetting front propagates in the flow direction. The imbibition is predominated by the MTM

movement, with minor corner fillings observed in the wetting front.

Overall saturation,0.2 0.4 0.6 0.8

Fig. 8: 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 used in the VOF model is 40°.

Fig. 9 shows the corresponding distributions of 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 calculated at the same locations. It is found that the saturation profiles match each
other at each overall saturation value. However, slightly more diffusive wetting fronts are observed
in the pore-network modeling. This is because we do not explicitly track the movement of the MTM
in a pore body in the pore-network model (Qin and van Brummelen, 2019). All connected pore
throats with a pore body have equal probability to transport water into neighbouring pore bodies. As
a result, the wetting front is smeared. Similar diffusive phenomena have been observed in the pore-

network modeling of solute transport under high-Péclet flows (Mehmani and Tchelepi, 2017).
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Nevertheless, for the air-water system, as shown in Fig. 6, our pore-network model can predict the

imbibition rate well, in comparison to the VOF simulations. For the porous medium under study, Fig.

9 further shows that both models predict that a small amount of air (around 0.1 in saturation) is

trapped behind the wetting front. Air is only locally trapped in pore bodies. It is worth noting that the

amount of trapped nonwetting phase behind the wetting front depends on the porous structures under

study. This dependence has also been seen in experimental results (Alyafei et al., 2016; Kuijpers et

al., 2017).
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Fig. 9: Distributions of the water saturation profiles along the flow direction under different overall saturation
values. For the pore-network modeling results, the cross-sectional saturation at each location is calculated by
averaging a domain length of 500 um. The static contact angle used in the VOF model is 40°.

5.3 Nonwetting-phase viscosity effect on the imbibition
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Fig. 10: (a) Comparison of the imbibition rates predicted by the VOF model and the pore-network model for
the oil-water system. The oil viscosity is 1.0x10 Pa s. (b) the corresponding distributions of water saturation
along the flow direction under different overall saturation values.

So far, we have shown that our dynamic pore-network model can adequately predict the spontaneous
imbibition in a complex porous medium, in comparison to VOF-based direct numerical simulations.
In this subsection, we extend the comparison to the case with a more viscous nonwetting phase. Fig.
10a shows the comparison of the imbibition rates predicted by the VOF model and the pore-network
model for an oil-water system. The viscosity ratio is assumed to be unity. The static contact angle
used in the VOF model is 60°, while the revised contact angle used in the pore-network model is
69.8°. It is seen that the imbibition predicted by the pore-network model is much slower. In
comparison to the air-water system, oil is more viscous and much harder to be displaced so that the
water front advances much slower. This enhances numerical diffusion at the wetting front in our
pore-network model as explained for Fig. 9. Fig. 10b shows the corresponding distributions of water
saturation along the flow direction under different overall saturation values. The pore-network model
clearly predicts much more diffusive wetting fronts in comparison to those predicted by the VOF
model. This explains why the pore-network model underestimates the imbibition rate for the oil-

water system.

Since benchmark data of spontaneous imbibition for the verification of pore-scale models are
absent in the open literature, in what follows, we compare the predictions of spontaneous imbibition
rate by the VOF model and the single-phase Darcy model (Appendix A), given the fact that the
single-phase Darcy model can well describe spontaneous imbibition of water into dry porous media
(Cai et al., 2014; Kuijpers et al., 2017). The key assumption in the single-phase Darcy model is that a
sharp wetting front holds in the imbibition process. As shown in Fig. 9 and Fig. 10b, sharp wetting

fronts hold for both air-water and oil-water systems in the VOF simulations. The ordinary
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differential equation (Eq. A6) for the imbibition rate is numerically solved by Matlab. We use the
effective mean pore size to approximate the capillary pressure, which is given as R™ = 1.2R™. R™
is the mean pore size given in Table 1. The water saturation behind the wetting front is set to 0.9. Fig.
11 shows the comparison of the imbibition rates predicted by the VOF model and the single-phase
Darcy model (Eg. A6) under different viscosity ratios. It is seen that without revising the contact
angle the Darcy model overestimates the imbibition rate considerably. However, after we revise the
two contact angle values by Eq. 14, the imbibition curves predicted by the Darcy model can match
the VOF-model predictions well even through the porous medium under study is much smaller than
its REV (representative elementary volume) size. With the assumption of a sharp wetting front, the
Darcy model can predicts the imbibition rate well for the oil-water system. This supports the
conjecture that the pore-network work underestimates the imbibition rate for the oil-water system

due to numerical diffusion at the wetting front.
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Fig. 11: Comparison of the imbibition rates predicted by the VOF model and the single-phase Darcy model
(Eqg. A6) under different viscosity ratios. The notation of ‘Darcy60-v54.6° in the legend detonates the case
study by the Darcy model, for the air-water system with the contact angle of 60° and the viscosity ratio of 54.6.
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Fig. 12: (a) Comparison of the imbibition rates predicted by the VOF model and the pore-network model for a
highly viscous nonwetting phase. The nonwetting viscosity is 1.0x102 Pa s. (b) the corresponding
distributions of water saturation along the flow direction under different overall saturation values.

We further increase the viscosity of the nonwetting phase to 0.01 Pa s to test the dynamic pore-

network model. Fig. 12a shows the comparison of the imbibition rates predicted by the VOF model

and the pore-network model for the viscosity ratio of 0.1. As expected, the imbibition rate predicted

by the pore-network model is slower in comparison to the VOF model. Moreover, significant

discrepancy is found among the water distribution profiles predicted by the pore-network model and

the VOF model as shown in Fig. 12b. Obviously, the pore-network model predicts much more

diffusive wetting fronts, causing unrealistic saturation-profile predictions in this case study.
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Fig. 13: Distributions of the water saturation along the flow direction under different overall saturation values
for both air-water and oil-water systems predicted by the VOF model. The static contact angle used in the
VOF model is 60°.
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Finally, we discuss about the effect of the viscosity ratio of the wetting to the nonwetting phases
on the roughness of wetting fronts. This influences the trapping of the nonwetting phase in
spontaneous imbibition. 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). For the oil-water system,
the nonwetting phase, oil, is much more viscous. In principle, it assists the roughness growth of the
wetting front so that a diffusion-type wetting front is seen in the distribution of wetting saturation
along the flow direction (Schembre and Kovscek, 1998). If the nonwetting viscosity continues to
increase, the wetting front will switch to a viscous-finger distribution. Fig. 13 shows the distributions
of water saturation along the flow direction under different overall saturation values for both air-
water and oil-water systems predicted by the VOF model. Here, we do see a rougher wetting front
for the oil-water system even through it is slight. We expect that for a much longer porous medium
the roughness of the wetting front for the oil-water system will continue to grow along the flow
direction (Akin et al., 2000).
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6. Conclusions

The pore-network modeling of porous media has the key advantage of computational efficiency. In
this work, we have compared and verified a dynamic pore-network model of spontaneous imbibition
against VOF simulations. In light of computational efforts of the VOF model, a small piece of uCT
scanning of sintered glass beads has been used as our study domain. With the help of the open-source
extraction code, PoreSpy, we prepared the pore network, which adequately represents the porous
medium under study. A number of case studies of the primary imbibition by both dynamic pore-
network model and VOF model have been conducted under different contact angle values and

viscosity ratios. Based on those case studies, we arrive at the following main conclusions:

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

2. Voxel-induced roughness in the voxel representation of a porous medium slows down the
imbibition process in comparison to the imbibition in the smooth-geometry representation. To
mitigate the impact of voxel-induced roughness on the imbibition rate, one may revise the contact
angle as in Eq. 14.

3. By using revised contact angle values, for the air-water system our pore-network model can
predict imbibition rates and temporal saturation profiles along the flow direction well, in
comparison to the VOF simulations.

4. For the oil-water system, due to numerical diffusion at the wetting front, our pore-network model
predicts a slower imbibition process in comparison to the VOF model. Meanwhile, the predicted
wetting front is rougher.

5. 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

VVOF model typically needs around one week of 16-core parallel computation.
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Appendix A:

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

Nonwetting
[ 1 Wetting

J1oA13s34 SuIlsm

~—~—

JloA19s3J SuljlomuoN

Fig. Al: Schematic of spontaneous imbibition into a dry porous medium at the Darcy scale.

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

qv = -5 (A1)
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, [ (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:

ALeE = 42 (A2)
dt

kW w
A
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:
n_ow k_npc+pw
Q" =q" =" (A3)
Substitution of Eq. Al into Eqg. A3, and after some arithmetic manipulations, we can express the

wetting phase pressure as:

N L—1kWum
v =—p¢/(1+ 57 5E) (A4)

Substitution of Eq. A4 into Eq. A2, we can obtain:

29



750

751
752
753
754
755

756

757

das 1 k%1 p°
B S A5
dt  Lep%l (1+LT‘I ::ﬁ;) (A5)

We assume a constant wetting saturation of S/ behind the wetting front so that the wetting
penetration length can be expressed as [ = SL/S’ . Further, the wetting permeability is
approximated by kY = k°S/ where k° is the intrinsic permeability. Because the medium is
initially nonwetting-saturated, the nonwetting permeability is given by k™ = k°. Finally, the
ordinary differential equation for the imbibition rate is written as:

ds _ s ksf p€

dt  L2eS uW 1+Sfunsf_—s
w s

(A6)

30



758

759

760
761
762
763
764
765

766

767
768
769
770
771
772

773

774
775

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

Based on the constructed pore network, the discretized mass balance equation (4) 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 10°, we set s = 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:
m(e) = (fp 2y qt — ZXyVist], ) /2, Ve (1)

where 7i(t) is the mass imbalance at the imbibition time of ¢, ¢;* (m®fs) is the net wetting flow rate
of pore body i, and N is the number of pore bodies. Fig. B1 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 107,
which is negligible. Furthermore, our case studies indicate that the truncation threshold has little

impact on the mass imbalance.
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Fig. B1: 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. B2 shows the temporal capillary number values in the pore-network modeling of spontaneous
imbibition under different contact angle 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. 12b). Though the porous medium of
sintered glass beads is highly permeable, for all case studies in this work the capillary number values
are smaller than 107, This indicates that the dynamic effect on the contact angle is minor. The wall

roughness, however, would dominate the prediction uncertainties of spontaneous imbibition.
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Fig. B2: Temporal capillary number values in the pore-network modeling of spontaneous imbibition under
different contact angle values and viscosity ratios.

32



Figure 1.



oo

[ 10.0

I
o

l
N

oressure (Pa)

1.8e+02
I .

— 100

t 50
256401

pore size (micron)



Figure 2.



&=
(\%
I

Frequency
o
o

o
—

£
o
LA

o
o

El rpt 0.25
Bl r-pb i

o
)
L1 l

Frequency
o
v

0.1
0.05
0 __ T T - T T _ I T T T I
0 0.02 0.04 0.06 0.08 0.1

50 100 150 200
Pore size (um) Shape factor (-)



Figure 3.



= =
o)) o

&
™

saturation (-)

0.2

1.2

saturation (-)
o o
fo)) 00

o
D

2
N

25
,
. ’ .
21
it 817
n
> o
o
213
w
—theta20
- -thetad0 9
- -theta60
theta80
5
0 0.0016 0.0032 0.0048 0.0064 0.008
time (s)
(a)
1
—LW-thetad0
-~ -DNS-theta40-fine 08
~ - DNS-theta40-coarse B '
" =06
Slope, 23.5 s1/2 o 2
- ’ (1]
-~ X 304
- - .
ol 5
_~ " Slope, 22 s1/2 /
Inlet effect G 4 / 0.2
/ " Coarse mesh
’ g )r/ ” 0
o 7 oo01 0.02 0.03 0.04 0.05
Vit (s1?)

— e g,

—theta20 to thetad40
- -thetad0

- -theta60 to theta40
theta80 to thetad0

0.2

0.4 0.6
saturation (-)

(b)

— | W-theta20
-~ -DNS-theta20-fine
-~ - DNS-theta20-coarse

Slope, 26.7 s/2

’7
4

7/

0.02

0.03
Vt (s2)

(d)

0.04




Figure 4.



Inlet
Outlet

Symmetry
Wetting reservoir Capillary tube

20um 80 um

150um

overall saturation (-)
o =
(o)) co

o
o

—stl2-thetad40
- -stl4-thetad40

stl4-53
voxel4-thetad0
voxel2-thetad0

0.2
0.0E+00

1.0E-04

2.0E-04
time (s)

3.0E-04

4.0E-04



Figure 5.



O -
(o)) (00]

O
~

overall saturation (-)

0.2

DNS-theta80

—DNS-theta20
—DNS-theta40
—DNS-theta60

DNS-theta80

0 0.03 0.06

time (s)

0.09

0.12

0.15



Figure 6.



overall saturation (-)

O
00

O
o

O
B

O PNM-theta58
—DNS-thetad0
0 PNM-theta69.8
- =DNS-theta60

0.03 0.06 0.09 Q.12 0.15
time (s)

0.18



Figure 7.



.
o)

ol
~

=
00

slope (s-1/2)

O
o)

- 5 Joo©
OO O L ()
% L ELD
K,
|:| DEEI:”:I:I:LD .
S S
I oo O PNM-theta58 .
0 PNM-theta69.8 g
—DNS-theta40 :
----- DNS-theta60 1
' O
4
0.2 0.4 0.6 0.8

overall saturation (-)




Figure 8.



0.8

0.6

0.4

Overall saturation,0.2

o
)
2
2
5
2
o
wr
b
9
o
o
2

-

w2
o

LALLLLLL L LY




Figure 9.



& O &
BN @) oo

=
N

Cross-sectional saturation (-)

.-l :
%\ —DNS-50.1
T Mrws, “ _ .. | O PNM-s0.1
\ 8,2 &N Kt o F O Eae KFON XM
é{'.«,‘ -. " X ¥ XA R _DNs0.2
\. O\ X J O PNM-s0.2
X i
A " = - DNS-s0.4
\ o - 2O PNM-s0.4
o . : - DNS-50.6
il \ . PNM-s0.6
‘o \ 1 -%C.DNS-50.8
\ ¢ X PNM-s0.8
\ B =
\ \ -
\ :
\
o | U \
\ 0,‘ o
O X P
\O o O ] O o
\
L o0 0 g ga g-5o 8088
0 0.001 0.002 0.003 0.004 0.005

X (m)



Figure 10.



overall saturation (-)

=
00

Q
o)

©
s

0.2

O PNM-theta69.8

—DNS-theta60

O
00

o
o))

=
D

O
N

—DNS60-50.1
O PNM69.8-50.1

roer. ZDNS60-50.2

¢ 01 PNM6928-50.2
— - DNS60-50.4
© PNN69.8-50.4
DNS69-50.6
PNM69.8-50.6
----- DNS60-50.8

X" PNM69.8-50.8

Cross-sectional saturation (-)

8-
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.001 0.002 0.003 0.004 0.005
time (s) X (m)



Figure 11.



overall saturation (-)

o
00

O
)

o
N

O
N

- -DNS60-v54.6

----- DARCY60-v54.6

o DARCY69.8-v54.6

—DNS60-v1.0
DARCY60-v1.0

0 DARCY69.8-v1.0

0.06

0.12

time (s)

0.18

0.24

0.3



Figure 12.



o o
~ U =
N (e)) ~J

o
)
00

overall saturation (-)

0.14

(a)

o © -
5©°
e
O PNM-theta69.8
L —DNS-theta60
®
®
®
Mo,
0.7 1.4 2.1 2.8
time (s)

3.5

Cross-sectional saturation (-)

0.001

—DNS-s0.1
O PNM-s0.1
~ -DNS-s0.2
[ PNM-s0.2
— -DNS-s0.3
& PNM-s0.3
DNS-s0.4
PNM-s0.4
o o
Y
\ g o
i g v o
- D ’
g o
O Qo o o :
0.002 0.003 0.004 0.005
X (m)

(b)



Figure 13.



o O O
Sa (o) 00

-
N

Cross-sectional saturation (-)

&
L
[ R.
8,
\‘;:_-'f 3
=5 \
\
\
\
\
\
A
\
\
\
\
\
\
L] \
0 0.001

X (m)

X

—V1.0-s0.1
O v54.6-s50.1

- =v1.0-s0.2
- [ v54.6-50.2

= -v1.0-s0.4
. v54.6-50.4

v1.0-s0.6
v54.6-s0.6

----- v1.0-s0.8

%V54.6-50.8

0.004

0.005



Figure Al.



EEEE Nonwetting
[ 1 Wetting

Nonwetting reservoir

I~

Wetting reservoir



Figure B1.



water mass imbalance (-)

0.1

O theta58-v54.6
[1theta69.8-v54.6
& theta69.8-v1.0
o theta69.8-v0.1
0.01 = L
O © 5 O
©® oo, o, O O 0@ g
4 (go o0 o O O OOO O O
0.001 ¢ O @000 < o © < O O
OO O O O
e
i o -
{n . °T o
0.0001 | OO 5 ”
g 1= = ' = N e
| HHEEENE A
0.00001 <
0 0.2 0.4 0.6 0.8

overall water saturation (-)




Figure B2.



capillary number (-)

0.01

0.001

0.0001

0.00001

0.000001

O theta58-v54.6

[1theta69.8-v54.6

¢ theta69.8-v1.0
theta69.8-v0.1

0.0000001
0.0001

0.001

0.01
time (s)

0.1

10



	Article File
	Figure 1 legend
	Figure 1
	Figure 2 legend
	Figure 2
	Figure 3 legend
	Figure 3
	Figure 4 legend
	Figure 4
	Figure 5 legend
	Figure 5
	Figure 6 legend
	Figure 6
	Figure 7 legend
	Figure 7
	Figure 8 legend
	Figure 8
	Figure 9 legend
	Figure 9
	Figure 10 legend
	Figure 10
	Figure 11 legend
	Figure 11
	Figure 12 legend
	Figure 12
	Figure 13 legend
	Figure 13
	Figure A1 legend
	Figure A1
	Figure B1 legend
	Figure B1
	Figure B2 legend
	Figure B2

