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Multiphase flow through a porous medium involves complex interactions between capillarity, wettability
and gravity during drainage process. In contrast to these factors, the effect of pore distribution on liquid
retention is less understood. In particular, the quantitative correlation between the fluid displacement and
the level of disorder has not yet been established. In this work, we employ direct numerical simulation
by solving the Navier-Stokes equations and using volume of fluid method to track the liquid-liquid inter-
face during drainage in disordered porous media. The disorder of pore configuration is characterized by
an modified index to capture small microstructural perturbation, which is pivotal for fluid displacement
in porous media. Then, we focus on the residual volume and morphological characteristics of saturated
zones after drainage and investigate the effect of disorder under different wettability (i.e., the contact
angle) and gravity (characterized by a modified Bond number) conditions. Pore-scale simulations reveal
that the highly-disordered porous medium is favourable to improve liquid retention and provide various
morphologies of entrapped saturated zones. Furthermore, the disorder index has a negative correlation to
the characteristic curve index (n) in van Genuchten equation, controlling the shape of the retention char-
acteristic curves. It is expected that the findings will benefit to a broad range of industrial applications
involving drainage processes in porous media, e.g., drying, carbon sequestration, and underground water

remediation.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Drainage in porous media, a typical multiphase flow problem,
plays a significant role in many environmental applications and
industrial processes, including carbon capture and storage (CCS),
oil and gas extraction, geological hazards, pharmaceutics, and food
processes (Parker et al., 1987; Olivella et al., 1994; Bandara et al.,
2011; Colombo and Fairweather, 2015; Zhao et al., 2016; Rabbani
et al., 2017). As a wetting phase (e.g., liquid) is withdrawn and
replaced by another non-wetting phase (e.g., gas), the flow phe-
nomena and the distribution of the entrapped saturated zone are
dominated by complex interactions among different constituents,
including gas, liquid and solid, and attracting interests from differ-
ent research areas related to unsaturated soil mechanics, ground-
water remediation, and physics of porous media (Méheust et al.,
2002; Islam et al., 2014; Ghanbarian et al., 2015).

The multiphase interactions combining several factors (includ-
ing intrinsic topological features, gravity, capillary, and wettability)
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determine macroscopic drainage properties, such as the residual
saturation of wetting phase and the temporal/spatial distributions
of saturated zones (Yang et al.,, 1988; Herring et al., 2016; Li et al.,
2018). The majority of previous experiments and numerical models
of drainage and injection are focusing on the macroscopic parame-
ters, e.g., porosity, permeability, system size and aspect ratio (Succi
et al., 1989; Toussaint et al., 2005; Babadagli et al., 2015; Moura
et al., 2015; Rognmo et al., 2017; March et al., 2018), in which the
spatial configuration, pore connectivity and their influences on lig-
uid retention are ignored (Prat, 1995; Lin et al., 2018; Yekta et al.,
2018). However, for most natural and synthetic porous media, dis-
ordered microstructures are dominance (Anguy et al., 2001; Woo
et al., 2004). These disorder features not only affect the mechan-
ical properties of porous media (Laubie et al.,, 2017a, 2017b), but
also hinder the fundamental understanding of drainage processes
(Holtzman, 2016; Fantinel et al., 2017). Further studies are required
to evaluate the degree of microstructural disorder and bridge the
microscopic structure information to macroscopic effective proper-
ties of porous media.

Displacement efficiency of two-phase flow in disor-
dered porous media is important in many applications
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(Dias and Payatakes, 1986). It has been found that the effi-
ciency of immiscible fluids is influenced by the microstructure in
those media (Zhao et al., 2016; Hu et al., 2018). For example, low
disorder of porous geometry is found to be advantageous for fluid
displacement in partially saturated porous media; on the other
hand, in terms of liquid mixing and reaction, highly-disordered
porous materials is desirable (Holtzman, 2016). These applications
indicate that the disordered microstructure and its effects on
liquid-liquid displacement need to be quantitatively assessed.
However, the quantitative and systematic studies about the effect
of disordered microstructure on the multiphase flow problems,
particularly on liquid retention during drainage processes, remain
relatively scarce.

In the past few years, increasing attention has been focused on
the effect of disordered geometry on immiscible two-phase flow
(Ferrari et al., 2015; Holtzman, 2016; Rabbani et al., 2017). The or-
dered and disordered porous media have clear differences in the
behaviours and mechanisms of multiphase fluid displacement pro-
cesses (Pak et al., 2015). With an increase of the disorder de-
gree, the displacement stability is weakened, which results in a
lower degree of saturation than that in relatively more homoge-
neous pore network (Liu et al., 2015). Ferrari et al. (2015) stud-
ied numerically the effect of different disordered microstructure
controlled by a standard deviation of solid phase size on the un-
stable invasion structure in Hele-Shaw cells consisting of a large
number of cylindrical obstacles. The quantitative assessment on
the impact on the disorder of pore distribution keeps relatively
unexplored.

In this paper, we employ the direct numerical simulation (DNS)
by using the volume of fluid (VOF) method based on Eulerian al-
gorithms to capture the detailed flow dynamics within the porous
media, which describes the distribution of two phases as a fluid
function with different properties. Then, quasi-two-dimensional
(2D) simulations of gravity-driven drainage are performed on a
broad range of scenarios and the temporal and spatial informa-
tion of saturated clusters is exacted and analysed. Our objectives
are twofold: firstly, we investigate the reliability of an introduced
disorder index to characterize a quantitative relation between the
degree of microstructural disorder and retention characteristics;
secondly, we demonstrate the effect of gravitational force and wet-
tability on drainage consequence under different disorder degree
conditions.

2. Numerical modelling

In this section, we introduce the numerical framework for gen-
erating and characterizing the disordered porous media, via an
improved disorder index using Voronoi tessellations of the pore
space, and modelling the gravity-driven drainage processes by em-
ploying VOF method in OpenFOAM (Greenshields, 2015).
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2.1. Disorder index, I,

To quantitatively investigate the influence of the degree of mi-
crostructural disorder in porous media on the drainage process, we
explore a meaningful measure of the disorder of the pore space,
as well as generating samples with the controlled disorder quan-
tity. Here a model 2D porous medium containing mono-sized cir-
cular discs is focused, seen in Fig. 1(a). Random samples can be
achieved by deviating the discs from the original regular arrange-
ment, e.g., a hexagonal or square lattice. The porous medium is in
form of N disk-shaped solid phases of radius R that is embedded
in a rectangular plate of size Ly x Ly with the periodic boundary
condition along the x-axis. The centers of discs are moved with
a random vector R_m) (|R_)m| <8, where § is the maximum step for
random moves). The disordered porous media contain only non-
overlapping discs at a constant global porosity, ¢, are constructed
and the corresponding degree of disorder can be controlled by
varying 8. The movement method of discs allows a larger range
of configuration from the completely ordered system, § =0, to
highly-disordered systems by applying the moving steps iteratively.
It should be noted that, as a first-order approximation of disor-
dered porous medium, this 2D idealised system can reflect es-
sential features of the disordered microstructure to facilitate more
comprehensive investigations of the effects of the degree of disor-
der on drainage processes in the actual porous media, which may
consist of other heterogeneous features, such as non-uniform pore
shapes and interconnecting solid phase.

Since the porosity ¢ as a global parameter is determined by
the number and size of discs in the domain, the next high-order
parameter is a measurement of the fluctuations of local porosity
bi g, Iy =[< ¢? > —$2]"? as the index of disorder proposed by
Laubie et al. (2017a). Note that the average operator (-) is volu-
metric average. The local porosity ¢; is evaluated at every point
i in a square background mesh of the domain with a mesh size
of | = (wR%/¢)1/2. However, in this paper, we observed that this
original definition ignores the small microstructural perturbation
which is pivotal for pore fluid flow (discussed later). Thus we pro-
pose here a modified index based on Voronoi tessellations of the
pore space as the primitive volume, instead of the regular back-
ground square mesh, as shown in Fig. 1(b). The local porosity ¢;
can be calculated in a tessellated volume cantered on in the ith
pore. The modified disorder parameter (“disorder index”), Iy, takes
the same format of the original definition, but uses the set {¢;}
based on Voronoi tessellations as

I, = [< (]512 >— < @ >2]1/2. (1)

Note here ¢ is replaced with the volume average sample poros-
ity, (¢;). The parameter I, can change from zero, an ordered geom-
etry, to an approximate maximum value of 0.06 for a highly disor-
dered porous structure. It is worth noting that here the maximum

wetting
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non-wetting
phase

adsorbed
droplet

liquid
bridge

Fig. 1. Schematic diagrams of (a) a typical computational domain used for the drainage process containing solid (grey), liquid (red) and gas (blue) phases, (b) Voronoi
tessellations on the pore space and three characteristic liquid zones (saturated cluster, adsorbed droplet and liquid bridge), (c) VOF method with the volume fraction of
wetting liquid inside each square grid. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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Fig. 2. The comparison between disordered indices I (original definition) and I,
(modified index). Inserts (a)-(d) indicate the different background meshes used
for calculating the local porosity: (a) I4=0 and (b) I, =0.02, (c) I;=0.043 and (d)
I, =0.037, where (a and b) and (c and d) are two cases with identical pore structure.

value is only related to the specific method adopted for generating
the disordered structure, i.e., moving the disc centres with a ran-
dom vector and limiting the vector to remove the possible overlaps
of discs. A larger value of I, can be achieved by adopting another
generating method for the disordered geometry.

Fig. 2 shows the comparison between two disorder indices, Iy
and I,. When the ordered primitive structure is slightly disturbed,
eg,8 < l/2—R, Iy = 0, while Iy varies from 0 to 0.03. The rea-
son is that, when the circular discs only randomly move within the
square meshes, the local porosity ¢; equals to mean global poros-
ity ¢, as shown in Fig. 2(a)-(d) of the two identical microstruc-
tures. This indicates that I; cannot be used to characterize the
small variation in a unit cell (as mentioned as “Randomness Case
[” in Laubie et al. (2017b)); on the contrary, the modified defini-
tion using Voronoi tessellation is sensitive to such small distur-
bances. However, this limited movement has a quite significant im-
pact on the drainage processes, which will be demonstrated later
in Section 3. Moreover, the resulting ranges of I and Iy also dif-
fer from I3 €[0, 0.1]and Iy € [0, 0.06], respectively. As a result, for
investigating the pore-scale multiphase flow in this paper, we em-
ployed the I, based on Voronoi tessellations to evaluate the degree
of microstructural disorder in porous media.

2.2. Volume of fluid

In traditional computational fluid dynamics, during the proce-
dure of solving the Navier-Stokes equations, it is extremely dif-
ficult and computationally expensive to solve moving interfacial
boundary condition problems (Horgue et al., 2013). However, the
VOF method employs treatments of two immiscible, isothermal,
and incompressible liquid phases as a single-fluid phase with dif-
ferent properties including density and viscosity. It utilizes an
additional interfacial force replacing the jump condition at the
liquid-liquid interface (Owkes and Desjardins, 2014). In VOF
method, the process of drainage in porous media can be described
as a wetting phase (“defending fluid”) replaced by a non-wetting
phase (“invading fluid”) (Ferrari and Lunati 2013).

The spatial distribution of two immiscible fluid phases is de-
scribed as the phase indicator for fluids, shown in Fig. 1(c), as

0 in the non — wetting (nw) fluid, @)
o =
1  in the wetting (w) fluid.

According to the dynamic law of fluid phase, the immiscible flu-
ids can be expressed by the conversation of mass and momentum

as a set of Navier-Stokes equations:
V.-u=0, (3)

dpu

SRV (puu) = —Vp+ V- 2UE) + fi, (4)
where u is the fluid velocity, p is the pressure, E = %(VquVuT) is
the strain rate tensor, p and w are the density and viscosity con-
sidering multiple fluid phases, respectively, as:

pX) = apw+ (1—0a)ponw, (5)

m@®) = apw+ (1 —0o)inw, (6)

In Eq. (4), the last term represents the effect of Laplace pressure
at the interface and is defined as:

[ = 2yknér, (7)

where y is the interfacial tension between the two fluids, 7 is a
unit function that is 0 in the whole domain except at the interface,
n is the normal to the interface, and k is the mean curvature at the
interface:

1 1 Va
k=2V-n=2V~(”V(x”>, (8)

In this work, the no-slip condition is adopted, i.e., the vecto-
rial component of velocity is zero on the solid boundary. To repro-
duce the wetting behaviour at the triple line region, the boundary
condition in VOF equals to Young's law as defined as (Ferrari and
Lunati, 2013):

n|s, = tssind + ngcosb, 9)

where n is the normal to two fluids interface at the solid surface
(8r), ts is the unit tangent toward the wetting phase, ng is the unit
normal pointing into the solid, and 0 is the contact angle. When
the above equations are used to compute the whole-domain veloc-
ity field and describe the evolution of the fluid-fluid displacement,
the advection equation should be included as
E;T(f+V~(o¢u)-i-V4(urOt(1 —a))=0, (10)
where u; (uy = u; —uy) is the relative velocity between the two
fluids. Since OpenFOAM use the surface compression method to im-
plement the VOF method, the second term on the left hand side
is an artificial compression term applied to prevent the numerical
diffusion which smears the sharp interface (Boyce et al., 2016).

2.3. Simulation setup and materials parameters

The numerical simulations are implemented in an open-source
CFD platform, OpenFOAM, with a multiphase flow solver interFoam.
This solver employs Finite Volume (FV) schemes for the discretiza-
tion of partial differential equations to calculate multiple immisci-
ble fluids phases. Inside the pore space, the classical Navier-Stokes
equations are solved by VOF method tracking the temporal and
spatial evolution of fluid—fluid interface. A mesh generator, snap-
pyHexMesh, is used to automatically generate complex meshes of
hexahedral and split-hexahedral cells from triangulated surface ge-
ometry in the domain. In order to construct a quasi-2D model, the
out-of-plane thickness of the sample is particularly set to be much
smaller than the in-plane edges in x and y axis. The initial back-
ground hexagonal mesh is iteratively refined to better reproduce
the cylindrical surface with the meshes.

To investigate the morphological characteristics of entrapped
wetting fluid, including adsorbed liquid, liquid bridge and satu-
rated cluster, as shown in Fig. 1(b), we simulated drainage un-
der atmospheric condition in a rectangular domain (Fig. 1(a)) with
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Table 1

Geometrical parameters of the quasi-two-dimensional porous
media and properties of two immiscible fluids used in numer-
ical simulations.

Property Value
Radius of discs, R (mm) 1

Contact angle, 6 (°) 0°~150°
Kinematic viscosity of wetting phase (m?/s)  5.93 x 10~7
Kinematic viscosity ratio, ftw//nw (-) 0.38
Density of wetting phase, o, (kg/m?) 997

Density of non-wetting phase, p, (kg/m?) 11.69

Density difference, Ap (kg/m?3) 985.31
Void ratio, e (-) 2.65
Gravity acceleration, g (m/s?) 9.81
Surface tension, y (N/m) 0.064

Table 2
A sensitivity study on the domain size based on the same discretization
2R/A = (27).

Small Medium Large
Dimensions (mm?) 35x%x52.32 70 x 96.13 140 x 193.25
Number of discs (-) 100 400 1600
Number of meshes (-) 825,547 2975,769 11,990,042
Porosity (-) 0.704 0.705 0.704
Degree of residual saturation 17.73% 16.90% 14.94%

Table 3
A sensitivity study on discretization based on the medium-sized domain.

Discretisation, 2R/ A
16 27 32 41

Number of meshes (-) 1080,298  2.975,769  5268,631  6662,617
Porosity (-) 0.704 0.705 0.705 0.708
Degree of residual saturation  15.86% 16.90% 17.11% 16.93%

inlet on top, outlet on bottom and periodic boundary condition
in the horizontal direction. The geometrical parameters of com-
putational models are shown in Table 1. The dynamics of fluid-
fluid displacement, morphology and distribution of wetted zone
during gravity-driven drainage depend on the properties of wet-
ting and non-wetting phases including density, viscosity and sur-
face tension, shown in Table 1. These values are selected based on
the parameters of water and air under 25°C and 1 MPa ambient
pressure, which take into account the underground environment
adopted in previous studies (Ferrari and Lunati, 2013).

Before the detailed simulation of drainage processes, we have
performed convergence analysis on the mesh discretization and
domain size to identify the cost-efficient mesh density and rep-
resentative model size. A compromise between the level of dis-
cretization and size of computational domains has to be found.
To this end, we tested several cases including three computational
domains and four levels of discretization, defined by the ratio of
disc diameter to typical mesh cell size (i.e., 2R/A = 16, 27, 32,
41). The benchmark is defined in terms of the residual satura-
tion at the end of gravitational drainage process, and all cases
are conducted under the same porosity and pore structure, with
6 =30° and Bond number of 0.36. Based on these results (shown
in Tables 2 and 3), we decided to select the case with medium do-
main size of 70 x 96.13 mm? with 400 solid discs and discretisa-
tion of2R/A = (27) (meshes), which ensures that differences with
the results obtained with the finest mesh discretization and largest
domain size are within 3%.

2.4. A modified bond number

During the gravity-driven drainage process, the interplay be-
tween the gravity and capillary forces has a significant effect on

0.25 T T T T T T

I R=1; Ap=492.65; g=9.81; e=2.65; y=0.032
[ IR=1; Ap=985.3; g=9.81; e=2.65; y=0.064
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Fig. 3. Degree of residual saturation as a function of wettability (i.e., contact angle
6 = 0, 30°, 60°, 90° and 120°) at B, =0.37 with a different combination of density
difference (Ap, kg/m?), gravity acceleration (g, m/s?), disc radius (R, mm), void ratio
(e) and surface tension (y, N/m).

the fluid displacement behaviours. In order to quantify the relative
magnitude of these two forces, a dimensionless parameter, i.e., the
Bond number, is introduced in the previous work (Méheust et al.,
2002; Moebius and Or, 2014) as

2
B, = Api’ (11)

14

where a is the characteristic length, Ap the density difference be-
tween wetting and non-wetting phases and g the gravity accel-
eration. The characteristic length is usually defined as the throat
size (Blunt and Scher, 1995) or the radius of pore (Birovljev et al.,
1991; Lovoll et al., 2005). However, because the disorder degree in-
troduces non-uniform solid disc separations, the throat size is not
easy to quantify. Here we adopt the uniform radius of solid discs
as the characteristic length. In order to consider the variation due
to the void ratio, we introduce the volumetric ratio between the
pore and solid phase into the traditional form Eq. (12) and obtain
the modified Bond number:

_ ApgR®
14

where R is the radius of the solid disc and e = Vp/Vs is the void
ratio, in which Vp and Vs are the total volume of pore and solid
phase, respectively.

To demonstrate the validity of the modified Bond number, the
parameters including the density difference, the gravity accelera-
tion, the radius of solid disc, the void ratio are individually ad-
justed with the surface tension to keep the B; the same at 0.37.
Fig. 3 demonstrates that the degree of saturation is similar when
the B:) is kept the same for given contact angle, across a range of
wettability. The degree of saturation is a ratio of the residual vol-
ume of wetting phase to the void volume. Note that all the models
are simulated under the same boundary conditions, as previously
described in Section 2.3. In addition to the geometry (e = 2.65),
the other two geometries (e = 1.50 and 1.63) are achieved by vary-
ing distances between discs and radius of discs (1 and 1.2 mm). In
the Section 3.3, we will focus on the combined effects among the
modified Bond number, disorder and wettability.

B,

e (12)

3. Results analysis

By employing the proposed numerical model in the last section,
we can investigate the gravity-driven drainage processes. More
specifically, in this section, the effects of degree of disorder, gravity



G. Cui, M. Liu and W. Dai et al./International Journal of Multiphase Flow 114 (2019) 19-27

Liquid-holding capacity

Fig. 4. Simulation results of four different samples at contact angle & = 30° with increasing disorder index: (a) I, =0, (b) I, = 0.0056, (c) I, =0.015 and (d) I, =0.055. (e)

Liquid-holding capacity (the residual volume of wetting phase normalized by the solid volume as a function of disorder index I,). The scale shows the range of liquid-holding
capacity varying from 0.41 to 0.68.

(e)

and wettability on the residual volume and morphology distribu-
tion of wetting phase will be discussed.

3.1. Effects of disorder index, I,

We first demonstrate the reliability of disorder index I, by char-
acterizing the effect of disorder degree of pore topology on the
liquid-holding capacity, which is defined as the residual volume of
wetting phase normalized by the solid volume. The liquid-holding
capacity is more sensitive than degree of saturation to evaluate the
effect of disordered degree on the average residual volume of cir-
cular discs. Note that, in order to exclude upper and lower bound-
ary effects in the calculation, the volume of residual liquid within
the top one row and bottom two rows of discs are removed dur-
ing image processing. Fig. 4(a)-(d) show the spatial distributions of
liquid zones (i.e., the entrapped saturated zones) in four samples
with different pore topologies after drainage, which correspond to
disorder index: I, =0 (ordered distribution), I, = 0.0056, I, = 0.015
and I, =0.055 (highly-disordered topology), respectively.

The morphological characteristics of entrapped saturated zones
are significantly different in the four samples. Such variations in
the morphology of the entrapped saturated zones at pore-scale
will be analysed in detail in Section 3.2. In the macroscopic scale,
the numerical results demonstrate that the degree of disorder has
a monotonously increasing relationship with the volume of en-
trapped saturated zones, as shown in Fig. 4(e), in which the solid
line is for a guiding purpose. It is interesting to note that the
dependency of liquid-holding capacity drastically changes around
I,~0.02, which represents a small perturbation or a relatively nar-
row pore size distribution. Below this degree of disorder, i.e., Iy
varies in the range from 0 to 0.02, a more significant impact of
Iy on the liquid-holding capacity than the rest range. Adsorbed
droplets are rapidly connected into liquid bridges and even satu-
rated clusters with the increasing degree of disorder within this
range, which are more efficient to enhance the liquid-holding ca-
pacity than the other Iy range that mainly contains clusters. Note
that I; in the corresponding range keeps nearly zero when Iy vary
from 0 to 0.02 (see Fig. 2), failing to capture this transition region.

When the degree of disorder is above the transition value (i.e.,
I,>0.02), the discs start to form clusters which coalesce the ad-
jacent pores and result in a shift in the forms of liquid reten-
tion, i.e., a shift from liquid bridge dominated to saturated cluster
dominated regime. In this range, the liquid-holding capacity tends
to converge. Specifically, from Fig. 4e, an approximately saturated
value 0.66 for liquid-holding capacity can be observed. The the-

23
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oretical maximum for this liquid holding capacity represents the
ratio between total pore and solid volumes, being 2.39 for the
porosity of 0.705 used in this study. For a given drainage condi-
tion, e.g., at different Bond number, the variation is studied later
in Section 3.3. These results indicate that the parameter Iy is ef-
fective to quantitatively evaluate the influence of the topological
disorder on the liquid holding capacity. In addition, the increase of
the disorder index is unfavourable for drainage efficiency in porous
media.

3.2. Distribution of residual saturation cluster

In this section, the study aims to find a relationship between
the disorder degree and the morphological characteristics of en-
trapped saturated zones after drainage. The spatial information of
the saturated clusters is extracted by image processing. In statis-
tics, the area of liquid bridges range from 0.8 mm? to 4 mm?,
and other zones of smaller or larger areas correspond to adsorbed
droplets and saturated clusters, respectively, with typical examples
shown in Fig. 1(b). In the post-processing, the extremely small lig-
uid volume with a size smaller than one-tenth of a solid disc area
(7r mm?2) volume is neglected.

The probability density distribution of saturated zones volume
after drainage processes are plotted in Fig. 5(a)-(d), corresponding
to the pore topologies in Fig. 4(a)-(d) at contact angle 30°, respec-
tively. The distributions of zone area using a uniform bin-width of
0.4 mm? are extracted from four samples with different disorder
degree (i.e., I, =0, I, =0.0056, I, =0.015 and I, =0.055). Fig. 5(a)
shows that, when the solid discs are assigned regularly (I, =0),
the maximum probability of cluster area is possessed by the bin
from 0.4 mm? to 0.8 mm?, which is mostly consisted of the ad-
sorbed droplets. In Fig. 5(b) and (c), the span of the size distribu-
tion of saturated zones becomes wider with increasing disorder of
pore structure. Specifically, three kinds of wetting phase morphol-
ogy (adsorbed droplet, liquid bridge and saturated cluster) simul-
taneously exist at the final drainage stages. When disorder index
arrives the approximately maximum value (i.e., Iy =0.055), the sat-
urated zones in the highly-disordered porous media have the max-
imum cluster area reaching 40 mm? as well as the minimum num-
ber of adsorbed droplets and liquid bridges (see Fig. 5(d)). It should
be noted that, in order to make the four sub-figures more visi-
ble and comparable, the maximum cluster area 40mm? is not dis-
played in Fig. 5(d) at the tail of the probability distribution. These
results demonstrate that the increase of disorder contributes to the
packaging of solid discs, which is advantageous for the merging of
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inserted morphological character map represent the disconnected wetting phase zones.

adsorbed droplets into liquid bridges and further into residual sat-
urated clusters.

Li et al. (2018) investigated cluster distribution during drainage
experiments with 2D granular media and demonstrated that the
dataset can be characterized by employing the lognormal distribu-
tion function, which has been employed in interpreting experimen-
tally observed saturation clusters as
F(Xl.0?) =

2
(‘“X—M)] (13)

(2mo?)X 207

According to the maximum likelihood estimation method, two
determinative parameters, i.e., the scale parameter (1) and the
shape parameter (o), can be obtained by fitting the probability
density distribution of liquid zone areas. It is clearly seen from
Fig. 5(a) to (d) that the mean u and variance o have a positive
relationship with the disorder index, indicating the increase of the
mean and variation of residual liquid areas of high degree of dis-
order by enhancing the formation of saturated clusters. The rea-
son is that a large I, improves the solid phase packaging, individ-
ual liquid bridges and adsorbed droplets merging and eventually
leading to the formation of large saturated zones in those dense
regions. This further illustrates why the liquid-holding capacity is
gradually enhanced with the increase of disorder degree and how
the disorder of porous media statistically varies the total volume
and morphological characteristics of residual wetting phase after
the gravity-driven drainage process.

3.3. Liquid retention under varying bond number

To elucidate the combined effect of disorder degree and the
modified Bond number, B}, simulations are performed for the four

1.8
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Fig. 6. Liquid-holding capacity as a function of Bond number with four different
disorder indices and maps of wetted cluster distribution at contact angle 6 = 30°:
(a) Iy =0.055, Bo' =0.073, (b) I, =0, Bo' =0.073, (c) I, =0, Bo' =1.10, (d) I, =0.027,
Bo' =7.65.

disordered samples as shown in Fig. 4(a)-(d) with a broad range of
B:) from 0.011 to 7.70. The liquid-holding capacity of the disordered
samples is plotted in Fig. 6 as a function of B;. The results demon-
strate that, based on the influence of disorder, the drainage process
can be divided into two categories, the capillary regime and ad-
sorbed regime. The B:) threshold separating these two categories is
approximately 1.0, beyond which the gravitational force overtakes
capillary force in drainage process, resulting in the disappearance
of saturation clusters and capillary bridges.
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When B; is less than the threshold, capillarity dominates the
fluid-fluid displacement. Based on comparison between the or-
dered and the highly disordered medium (see Fig. 6(a) and (b)),
higher disorder can dramatically improves the liquid-holding ca-
pacity of porous media with the same B;,; in contrast to the only
small adsorbed droplets in the ordered system, high disorder leads
to large entrapped saturated zones, which demonstrates that dis-
order degree has a significant effect on the capillary interaction
during drainage. In addition, it can be clearly seen that there is
a morphological transformation from saturated zones (Fig. 6(a))
to liquid bridge (Fig. 6(c)) with the increasing gravitational force,
which is consistent with the previous experimental results from
Li et al. (2018).

In the second regime, i.e. B, >10, the gravitational force has
overcome the capillary counterpart. Fig. 6(d) indicates that only
the adsorbed droplets exist on the surface of solid discs instead
of the saturated patch and liquid bridges between discs in Fig 6(b)
and (c), respectively. The adsorbed volume gradually declines with
the increase of Bond number. Since the adsorbed liquid phase is
only proportional to the total surface area (length in 2D) of the
solid phase, there is no observed difference for ordered and dis-
ordered pore spaces, exhibiting similar relationship as shown in
Fig. 6.

The van Genuchten equation originally describes the relation-
ship between the degree of saturation and matric suction in the
soil-water characteristics curves (SWCCs) (Zhou et al., 2016). As
an analogue, here the residual volume is governed by the interac-
tion between the capillary and gravitational forces (characterized
by Bond number). Thus, we replaced the suction term in the orig-
inal format with the Bond number:

1-s

[1+ )]

where S; is the degree of saturation, S? the adsorbed saturation,
o the scaling parameter positively proportional to the potential
value (here corresponding to B;) of initial invasion of non-wetting
phase, and n is the characteristic curve index controlling the slope
of SWCC (Fredlund et al., 2012). Fig. 7 shows that the liquid reten-
tion curve can be quantitatively predicted by the van Genuchten
equation (i.e.,, Eq. (15)). Furthermore, we conclude that with the
same porosity and solid disc diameter, the increase of disorder in-
dex I, decreases the curve index n. During the curve fitting pro-
cess, we used o =0.055 and S% =0.20, since the former was found
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Fig. 8. Liquid-holding capacity as a function of wettability for the different disor-
der degree and morphological patterns of drainage results with different wettabil-
ity conditions as inserts: (a) I, =0.055, & =10° (b) I, =0, 8 =10°; and (c) I, =0.055,
6 = 110°.

to be insensitive to Iy and latter can be measured at B; = 1. Thus,
the potential relationship between the disorder of pore space and
liquid characteristic curves can be evaluated quantitatively by the
application of Iy under the framework of unsaturated soil mechan-
ics.

3.4. Surface wettability

It is well known that the wettability of porous media can dra-
matically change the liquid-liquid displacement behaviour during
both drainage and imbibition processes (Zhao et al., 2016), but
whether the disorder alters such influence of wettability has not
yet been explored. To this end, a series of simulations were per-
formed on the disordered porous samples with the wettability of
solid surface varying over a broad range from 0° to 150° at the
same Bond number of 0.37. The results are plotted in Fig. 8. It is
clearly seen that, with the increase of disorder index Iy, the vol-
ume of liquid retention is gradually elevated at the same wetta-
bilities, which indicates the influence of the wettability on reten-
tion can be controlled by adjusting the disorder index (see Fig. 8(a)
and (b)). Meanwhile, as for varying wettability, it is relatively more
efficient to alter the residual volume when the disorder index is
within Iy € (0-0.02), than the larger degree regime, I, € (0.02-0.06).
Due to the disorder-induced reinforcement of liquid-holding capac-
ity, the maximum and minimum relative difference, compared to
the ordered configuration at the same wettability, are 108% at the
hydrophilic (0 = 60°) and 716% at hydrophobic (6 = 150°) samples,
respectively.

In addition, when the surface wettability of porous media varies
from hydrophilic to hydrophobic, wetting phase begins to flow out
more and the liquid-holding capacity drastically decreases until ap-
proximately the inflection point (i.e., 6~110°). With the increase of
hydrophobicity from 110° to 150°, such entrapment can be notice-
ably strengthened in high disorder samples and eventually keeps
the residual volume of wetting phase non-zero. This entrapment
phenomena can be explained after the pore invasion analysis by
Cieplak and Robbins (1990) using the invasion pressure. The throat
invasion pressure has a minimum pressure when the contact an-
gle is larger than 90° and becomes significant around 110° During
this transition, in terms of high disorder degree, the morphological
characteristics of final drainage clearly transforms from a variety
of liquid clusters to only entrapped droplets between the circular
solid phase (see Fig. 8(c)). When the contact angle is within 0° to
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110°, the effect of wettability on drainage efficiency is more obvi-
ous.

4. Disucussions

Our numerical results have shown that the modified disorder
parameter I, is reliable to quantitatively characterize the influ-
ence of disorder degree on liquid retention in porous media af-
ter the gravity-driven drainage process. The residual volume has a
monotonously increasing relationship with the disorder index un-
der the same porosity and radius of solid discs. It demonstrates
that highly-disordered media is disadvantageous for drainage effi-
ciency, however, the efficiency can be more sensitively controlled
within the range of disorder index I, (0-0.02) than the larger range
(0.02-0.06).

For representing the morphological characteristics, we em-
ployed the lognormal function to fit the probability density dis-
tribution of saturated areas. The scale parameters i and shape pa-
rameter o are positively correlated with disorder index I,, which
indicates that enhancing disorder is advantageous for the forma-
tion of large fluid clusters. Due to the reinforcement of solid phase
packaging, a large quantity of adsorbed droplets and liquid bridges
can be gradually connected into liquid clusters. Moreover, for esti-
mating the disorder influence on the resulting interfacial area af-
ter the drainage process, one can find that with the increase of
disordered degree, the residual volume of wetting phase gradually
rises up (as shown in the Fig. 4), which in principle enlarges the
total interfacial area. Then, with the additional information regard-
ing the cluster distribution (shown in Fig. 5), the actual interfacial
area, although not quantitatively, can be estimated by the proba-
bility distribution of the saturated zones.

In addition, a modified Bond number, including the void ratio,
is introduced. Based on the magnitude of gravitational and capil-
lary forces, the drainage process is divided into two categories and
the transition point of is approximately B:, =1.0. When the gravita-
tional force dominates the drainage process (B; > 1.0), only ad-
sorbed droplets exist on the solid surface without the presence
of saturated clusters and liquid bridges, resulting in almost the
same liquid-holding capacity for different disorder degree; on the
other hand, when capillary force is larger than gravitational force
(B:J < 1.0), the relationship between the degree of saturation and
Bond number can be well represented by van Genuchten equation,
in which disorder index I, has a negative correlation with the char-
acteristic curve index n.

Finally, the study of fluid drainage characteristics with various
surface wettability demonstrates that the effect of microstructural
disorder on residual volume is clearly weakened with the increase
of hydrophobicity. In addition, when the surface wettability vary
from hydrophilic to hydrophobic, morphological characteristics of
highly-disordered topology have an obvious transformation from
various saturated zones to only entrapped droplets.

In summary, this paper provides a fresh perspective into the
significant applications of two-phase flows, in which displacement
efficiency and morphological feature of wetting phase are crucial.
For example, decreasing disorder degree can control the drainage
processes, desirable for improving the displacement efficiency of
water during drying of food and soil aeration processes, and ac-
celerating the recovery of contaminants and CO, geosequestration.
On the other hand, increasing disorder enlarges the interfacial area,
which is advantageous for the subsurface remediation, fluid-gas
mixing, and reaction enhancement in microfluidics.

5. Conclusions

Based on Voronoi tessellations of the pore space, the disorder
index I, has been introduced to describe the drainage character-

istics in disordered porous media. With the help of this index,
we studied the gravity-driven drainage with different pore config-
urations exhibiting a broad range of disorder degree. The results
demonstrate that Iy is able to quantitatively characterize the influ-
ence of the disorder of porous media on the residual volume and
morphological characteristics of residual saturated zones. Among
other factors (capillarity, gravity, wettability, porosity and charac-
teristic size), this study highlights the correlations between the
disorder index to the following drainage behaviour: (1) residual
saturation, (2) morphological features and (3) statistical distribu-
tion of residual wetting phase. The results presented in this pa-
per contribute to fundamentally understand the physical princi-
ples behind multiphase flow in disordered porous media and to
improve applications related to control and optimize the drainage
processes.
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