
Chemical Engineering Science 150 (2016) 41–53
Contents lists available at ScienceDirect
Chemical Engineering Science
http://d
0009-25

n Corr
E-m
journal homepage: www.elsevier.com/locate/ces
Micro-model experiments and pore network simulations of liquid
imbibition in porous media

Yu Sun, Abdolreza Kharaghani n, Evangelos Tsotsas
Thermal Process Engineering, Otto von Guericke University, P.O. 4120, 39106 Magdeburg, Germany
H I G H L I G H T S
� Wetting experiments with an etched micro model for mixtures of ethanol and water.

� Imbibition kinetics of water mixtures can be described by the Lucas–Washburn.
� Development of a pore network model for spontaneous capillary imbibition.
� Comparison of optical experimental results with pore network simulations.
� Influence of pore structure on the imbibition dynamics by network simulations.
a r t i c l e i n f o

Article history:
Received 6 December 2015
Received in revised form
20 April 2016
Accepted 29 April 2016
Available online 30 April 2016

Keywords:
Microfluidics
Pore network simulations
Spontaneous imbibition
Pore structure
x.doi.org/10.1016/j.ces.2016.04.055
09/& 2016 Elsevier Ltd. All rights reserved.

esponding author.
ail address: abdolreza.kharaghani@ovgu.de (A
a b s t r a c t

In this study, spontaneous capillary imbibition into an air-filled transparent etched silicon-glass micro-
model is investigated by optical imaging under ambient conditions for mixtures of ethanol and water.
Images of the micro-model are acquired by a high-speed CCD camera. The binarized images allow us to
obtain the overall imbibition kinetics and the time evolution of the phase distribution. A pore network
with the structure parameters of the physical micro-model is generated, and a wetting algorithm that
combines several pore-level liquid transport rules is developed to simulate the spontaneous imbibition
of the liquid mixture into the network. The pore network simulations are able to reproduce the effects
observed in the micro-model experiments. The influence of spatially correlated structural features on the
imbibition dynamics is studied by further pore network simulations, and pore structures that cause weak
or strong capillary imbibition are identified. The results of wetting simulations are shown for situations
which cannot be treated by the Lucas–Washburn equation.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The capillary imbibition of water and other liquids into gas-
filled porous media occurs in various fields of research, such as soil
science (Blunt et al., 2002), oil recovery (Piri and Blunt, 2004;
Yadali Jamaloei and Kharrat, 2010), food industry (Saguy et al.,
2005), construction (Leventis et al., 2000), and paper coating
(Ghassemzadeh et al., 2001; Ghassemzadeh and Sahimi, 2004), to
name only a few. The ongoing issue in the study of capillary flow
in porous media is to identify how both the physical properties of
the penetrating fluid and the structural characteristics of the
porous media affect the imbibition kinetics and the properties of
the advancing liquid-gas interface. The detailed description of
capillary imbibition is usually complicated due to the intricate
. Kharaghani).
pore structure of hosting media and the local interaction of in-
terfaces. The quasi-steady state capillary flow in a porous medium
made of cylindrical tubes with constant cross-section was quan-
titatively described more than a century ago (Bell and Cameron,
1906; Lucas, 1918; Washburn, 1921): in a capillary tube, the dis-
tance which the liquid has traveled in time t is proportional to the
square root of time (t1/2) – this relationship is known as the Lucas–
Washburn equation. It is derived by combining the Hagen–Poi-
seuille equation for the viscous flow of a fluid with the Young–
Laplace equation for the capillary pressure across the interface
between two static fluids. The validity of Lucas–Washburn scaling
law has been assessed for capillary imbibition of liquid water into
porous media with pore sizes ranging from nanometers (Gruener
and Huber, 2009, 2011; Gruener et al., 2012) up to centimeters
(Dullien, 1979; Sahimi, 1993, 2011). The same power law has also
been observed during the imbibition of water/ethanol droplet
mixtures in packed beds of glass beads (Yang et al., 1988; Jazia
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et al., 2013). Note that the credibility of this scaling law depends
on the viscosity of fluids involved during the imbibition process. It
is valid for co-current imbibition when the displaced fluid has low
viscosity (i.e. the so-called Washburn situation). It is also valid for
counter-current imbibition for two viscous fluids since the im-
bibition proceeds by a self-similar front which is formed with the
resistance behind the front being proportional to the distance the
front has propagated into the medium. However, it fails for co-
current imbibition with two viscous fluids. It also fails for spherical
and radial co- and counter-current imbibition, particularly when
the front advances outwards (Mason and Morrow, 2013).

Much research work has been done in the development of
mathematical models for capillary-driven imbibition (spontaneous
imbibition) that take into account the geometrical complexity of
pore structures, i.e., pores with noncircular cross-section (Van der
Marck et al., 1997; Polzin and Choueiri, 2003; Cai et al., 2014),
capillaries with a monotonically varying radius (Young, 2004;
Reyssat et al., 2008), and tortuous capillaries with various aperture
shapes (Cai et al., 2014), for example. The research publications
cited up to here deal with the modeling of imbibition in capillary
tubes or in porous structures which are homogeneous at the
macroscopic scale. In such porous media, the wetting front pro-
pagates uniformly; hence, the problem can be reduced to one
space dimension (Kang et al., 2013).

Reyssat et al. (2009) developed a continuum model based on
Darcy’s law to interpret experimental results of spontaneous liquid
imbibition in composite structures made of both fine and coarse
porous regions. These regions are arranged side-by-side – either
with a positive or a negative porosity gradient in the flow direction
– which gives rise to a heterogeneous pore structure at the mac-
roscopic scale. Following previous work, Shou et al. (2014) devel-
oped a physics-based analytical model to study the macroscopic
behavior of liquid imbibition into a porous structure made of two
layers with distinct heights and porosities. Cheng et al. (2015)
developed a one-dimensional continuum model to study the
spontaneous imbibition of water into air-filled fractured porous
rocks. A rock sample with a fracture represents a heterogeneous
medium, where the fracture can be considered as a long macro
channel inside the porous matrix. Although the analytical results
of Cheng et al. reflect fairly accurately the imbibition kinetics in
these composite structures, a more detailed model is indis-
pensable to explain the pore-level imbibition dynamics in a phy-
sically and numerically sound way. Also note that this continuum-
scale approach assumes that both pore structure and liquid dis-
tribution can be homogenized for a description with constant or
smoothly varying parameters and variables. Therefore, these
models are neither suited for percolation phenomena with fractal
and discontinuous liquid clusters, nor can porous media be prop-
erly described whose sample size is not much larger than pore size
(as for thin porous layers), because in both cases the two scales
cannot be separated.

In order to account for the structural details of porous media
and for the pore-level physics of transport phenomena therein,
2D and 3D pore network models (PNMs) have advanced con-
siderably since the pioneering work of Fatt (1956). A 2D pore
network consists of horizontal and vertical throats with statisti-
cally distributed cross-sectional areas; the nodes between the
throats act as a spatial grid for the computation of fluid pressure
fields. With this simple pore structure, the transport dynamics
are determined on the pore level. The flow in each throat is of
Poiseuille type, and the advancement of the overall imbibition
front is driven by the global pressure difference as well as by local
fluid mass conservation at each node of the network. The results
of PN simulations are reliable only if the real pore space
morphology is represented accurately by the pore network.
Established 2D and 3D image acquisition and reconstruction
techniques are often used to characterize the pore space topology
and geometry of real porous media samples, such as serial sec-
tioning imaging (Vogel, 1997), laser confocal microscopy (Mon-
toto et al., 1995), and synchrotron X-ray tomography or micro-
tomography (Al-Raoush and Willson, 2005; Wildenschild and
Sheppard, 2012; Wang et al., 2012; Beckingham et al., 2013). The
structural information obtained from these imaging techniques
can be used to generate a pore network model. Recent im-
provements in the fabrication of transparent micro-models and
in high-speed imaging provide a spatial and temporal resolution
high enough to track the imbibition process at the pore scale and
to obtain quantitative information on the time evolution of the
interface. Micro-models are artificial porous media consisting of a
microfluidic pore network with prescribed geometry. They have
contributed significantly to identifying the fluid flow mechan-
isms (Lenormand et al., 1983; Yadali Jamaloei and Kharrat, 2010)
as well as the transport properties at the pore level (Cheng et al.,
2004; Perrin et al., 2006; Karadimitriou and Hassanizadeh, 2012).
These mechanisms and properties were subsequently in-
corporated into pore network models resulting in a more accu-
rate representation of the pore-scale physics (Blunt, 2001; Mah-
mud and Nguyen, 2006; Joekar-Niasar et al., 2009; Joekar-Niasar
and Hassanizadeh, 2012a, 2012b; Lux and Anguy, 2012).

Thompson (Thompson, 2002) demonstrated the great potential
of pore network modeling for solving capillary flow problems in
disordered fibrous materials. Various prototype fiber networks
with, e.g., different network structure, pore spatial correlation, or
solid volume fraction, were constructed based on Voronoi dia-
grams (Voronoi, 1908). Water invasion simulations with a spatially
heterogeneous structure were performed under both spontaneous,
due solely to capillary forces, and forced at some volume rate of
flow conditions. Bazylak et al. (2008) studied numerically and
experimentally liquid invasion into heterogeneous pore networks
with radial or diagonal pore size gradient. Although similar flow
patterns are obtained from simulations and experiments, the nu-
merical model employed ignores the dynamic effects of the water
transport. Hence, the structural effects on the imbibition rate
cannot be explained by their models. For a comprehensive review
on recent developments in spontaneous imbibition refer to (Alava
et al., 2004; Mason and Morrow, 2013).

Note that the exact position and shape of the fluid-fluid inter-
face in the pores is often ignored by PNMs, yet it is known to
strongly influence the fluid cluster properties during capillary
force driven fluid displacement. Direct numerical simulations
using level set (Prodanović and Bryant, 2009), lattice-Boltzmann
(Porter et al., 2009), and volume-of-fluid (Ferrari and Lunati, 2013;
Kharaghani et al., 2013) methods have been able to resolve the
sub-pore scale physics and can serve as benchmarks to validate
both microscopic pore network and macroscopic continuum
models.

In this paper, optical measurements of the spontaneous im-
bibition of different liquid mixtures of ethanol and water into an
etched glass micro-model are presented. The time evolutions of
the imbibed liquid volume and of the liquid distribution are de-
termined from two-dimensional images acquired by a high speed
CCD camera. A pore network wetting model is briefly recalled
(Sun, 2014). The experimental findings are compared to the pore
network simulation results. The influence of structural features on
the liquid imbibition dynamics is explored by pore network si-
mulations. Finally, prospects for further work, both theoretical and
experimental, are discussed.

2. Experimental setup and procedure

The experimental setup consists of a microfabricated silicon
network, a synchronized data acquisition system, and an imaging



Fig. 1. (a) Micro-model, and (b) statistical distribution of designed values of
channel widths.

Fig. 2. Designed channel widths versus measured channel widths.
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processing algorithm. The micro-model for this experiment is
chosen primarily because of its transparency, which allows for a
relatively straightforward visualization of liquid displacements.
The data acquisition system provides sequential images of the
microfluidic network as the liquid-gas interface advances. The
acquired images are analyzed by an image-processing algorithm to
investigate the capillary imbibition kinetics (i.e. the dependence of
total saturation on time) inside the micro-model.

2.1. Etched silicon micro-model

A quasi-two-dimensional physical micro-model of size 50�46
flow channels (approximately 49 mm�45 mm) is utilized to vi-
sually observe the real-time fluid distributions within the channels
during the liquid imbibition into the network (Fig. 1a). The micro-
model network was manufactured in a clean room by a photo-
lithographic process followed by isotropic wet etching of silicon
dioxide (SiO2). Then, the glass structure was sealed by chemical
bonding to a silicon (Si) wafer. A key advantage of using silicon in
the fabrication of the etched network instead of resin or glass is
that it significantly improves the accuracy and roughness of the
etched pattern. The micro-model used in this study was produced
in collaboration with the institute of Micro and Sensor Systems,
Otto von Guericke University, Magdeburg, Germany. Details of the
manufacturing process can be found elsewhere (Giordane and
Cheng, 2001; Tsakiroglou and Avraam, 2002; Iliescu et al., 2012;
Sun, 2014). As indicated in Fig. 1a, the lateral faces of the micro-
model are impervious to any fluid, whereas the top and bottom
faces are open to ambient air. All flow channels have a length of
1 mm. The widths of flow channels are sampled from a Gaussian
distribution with a mean value of 155 μm and a standard deviation
of 715 μm (Fig. 1b). The channels lie on a Cartesian lattice and all
inner channels have coordination number 4.

Note that the etching technique used for the micro-model
fabrication results in an accurate channel length. However, both
the channel width and depth depend on the reaction time of the
acid solution, which is used to etch the channels into the silicon
dioxide. This production step is more difficult to control, and
sensitive to the purity and homogeneity of the materials, as well as
to environmental conditions. To assess possible manufacturing
inaccuracies, the widths of several randomly selected channels
were measured from digital microscope images. Fig. 2 shows the
widths of selected channels measured from the microscope ima-
ges and those used in the network design. The comparison shows
that the measured channel widths match the designed values well.
The deviation of the measured widths from the target values is
random, and no apparent spatial correlations are detected; most
measured values are below the design values, though. Similarly,
the depths of all etched channels were scanned by a non-contact
surface profilometer. Out of 4406 channels in total, approximately
99.8% have a depth in the range between 48–53 microns, which
indicates a relatively constant channel depth across the entire
network. It has been pointed out that the widths and depths of the
channels may be inherently correlated due to an isotropic erosion
process (Perrin et al., 2006). The depth and width of few channels
are measured. It was found that the channel widths and depths are
only weakly correlated or nearly independent in this micro-model.

In order to describe the micro-model as a pore network, the
void space is divided into pores and throats. A pore is the junction
of channels, and a throat is the part of a channel that connects two
neighboring pores. Fig. 3a shows a sketch of a part of the micro-
model, in which the pores are demarcated by dashed lines. The
pores are assumed to be cubic with depth d. The pore volume Vi is
determined by
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where wim, whi, wij, wni denote the widths of the throats im, hi, ij,
and ni, respectively. The throat length Lij is calculated from the
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of its perpendicular neighbor throats
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where wim and wqj denote the widths of the throats im and qj,
respectively. Hence, the throat volume is given by Vij¼Lij�Aij,
where Aij¼dij� (wij�dij) is the throat cross-section area as shown
in Fig. 3b. The total void volume of the micro-model obtained in
this way is 18.24 mm3.

2.2. Imaging system used for the imbibition experiment

A high-speed imaging system (LaVision GmbH) with a 14 bit



Fig. 3. (a) Sketch of a part of the micro-model with geometrical details. Shaded
regions show the pores i and j, and (b) a microscopic image of a flow channel (top
view). The white solid lines show the cross section of the channel.
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Fig. 4. Illustration of the experimental setup designed to visualize the liquid im-
bibition into an etched glass micro-model.

Y. Sun et al. / Chemical Engineering Science 150 (2016) 41–5344
CCD camera capable of capturing 360 frames per second was
employed to acquire two-dimensional images from the top cover
of the micro-model (transparent SiO2) during the entire liquid
imbibition process; the imaging system is linked to a personal
computer as shown in Fig. 4. Due to the limited storage capacity of
the camera, a maximum of 9600 images can be continuously re-
corded for one imbibition measurement. Fig. 4 illustrates the ex-
perimental setup. In all measurements, the micro-model was
placed horizontally on a ceramic base to prevent effects due to
gravitational forces. A liquid reservoir is installed next to the base
and filled with a liquid mixture such that its level remains below
the micro-model entrance. To initiate liquid imbibition into the
micro-model, an additional amount of liquid is carefully injected
by a syringe pump into the liquid reservoir until it just touches the
micro-model entrance. Then the injection rate is small enough,
such that no apparent liquid flow occurs in the reservoir, and the
liquid surface remains flat. A lighting system consisting of eight
LED lamps in various angles illuminates the micro-model uni-
formly with relatively constant lighting conditions over time. All
components are placed in a darkroom at ambient conditions to
exclude external light. This imaging setup provides a good contrast
between the dry and wet zones in the micro-model (Fig. 5).

2.3. Image processing and analysis

Approximately 6000–7000 images are acquired at a rate of 360
frames per second in each measurement until the micro-model is
completely saturated with liquid. The spatial and temporal
resolution of these optical images allow for quantitative mea-
surements in systems such as the micro-model described in the
previous section. A code was written in Matlab (MATLAB, 2013) to
process the raw images. This algorithm is based on four image-
processing steps, which are consecutively operated on each image:
cropping, binarization, closing, and opening (Serra, 1982). Fig. 5
shows an original grey-scale image and the processed images after
each step: first, the raw image is tailored to solely contain the
micro-model (cropping, Fig. 5a). A binarization is then performed
on the image using a threshold value. Fig. 5b shows the resulting
binary image, in which the bright foreground phase indicates
empty channels, and the dark background phase indicates wet
channels or the solid space between channels. However, a few
background pixels are present in the middle of empty channels,
due to less reflection and refraction of light from the bottom of
channels. In order to eliminate these background pixels, the
morphological closing operation is applied to the binary images as
seen in Fig. 5c. Furthermore unwanted image elements are caused
by air blobs, which may form in channels and which may be
trapped there when the liquid enters from both ends of the
channel. Our measurements indicate that trapped air bubbles may
be stagnant but also advected by the liquid flow. The stagnant air
bubbles may act as barriers for the liquid flow, increasing viscous
resistance. A possible reason for the air trapping could be attrib-
uted to the local topological features of the micro channels. In the
binary images, the air bubbles appear as isolated white patches in
the (black) liquid saturated zone, and they are removed by the
morphological opening operation as shown in Fig. 5d. The influ-
ence of the air bubbles present in the micro-model on the capillary
imbibition kinetics is beyond the scope of the present publication,
but it will be subject to further study.

In order to determine the spatial and temporal evolution of the
liquid distribution inside the micro-model during imbibition, the
fraction of foreground (white) pixels ϕ in [0,ϕ0] in each processed
image is calculated. It quantifies the area fraction of empty chan-
nels in an image. The fraction ϕ0 in the first image is considered as
the void fraction of the completely dry micro-model. The liquid
saturation S in each image is approximated by = − ϕ

ϕ
S 1

0
and the

liquid volume inside the micro-model calculated by = ∙V S V ,L T

where VT¼18.24 mm3 denotes the total void volume of the micro-
model.
3. Direct observation of spontaneous liquid imbibition

A series of filling kinetics experiments were carried out for
three different liquid mixtures of distilled water and ethanol using
the experimental procedure described in the previous section. The
physical properties of these liquids are shown in Table 1. Here, the
values of the equilibrium contact angle are averaged over fifteen
measurements by a contact angle goniometer (OCA, DataPhysics
Instruments GmbH), which has a resolution of less than 2°. Using
this device, the profile of a sessile droplet on a flat glass substrate
(the material used for making the micro-model) is measured and
thus the contact angle between the liquid-solid interface and the
liquid-air interface is determined. The other relevant physical



Fig. 5. A sequence of image processing steps. Dry and wet regions are shown in white and black, respectively. Arrows indicate the liquid flow from the liquid reservoir into
the micro-model.

Table 1
Relevant physical properties of ethanol-water mixtures at 20 °C.

Ethanol
[wt%]

Density [kg/m3] Viscosity
[mPa s]

Surface ten-
sion [mN/m]

Contact angle
[°]

40 935.2 2.846 30.69 25.372.4
60 891.1 2.547 26.72 24.371.7
80 843.6 1.881 24.32 21.471.2
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properties of the ethanol-water mixtures are adopted from the
literature (Vázquez et al., 1995; Lide, 2010). An increase in the
ethanol concentration results in a larger wetting coefficient (i.e.
cosine of contact angle), whereas the surface tension of the mix-
ture decreases.
Fig. 6. Measured transient liquid distribution for a mixture of 40% ethanol mass fraction
liquid front advances from the top downwards. Notice the slowing-down of the sharp i
The sequential images of liquid distributions at different liquid
volumes for the mixture of 40% ethanol mass fraction are shown in
Fig. 6. Right upon contact of the open facet of the micro model
with the surface of the liquid reservoir, the liquid mixture is forced
into the micro channels near the cross-sectional area of the micro-
model by capillary action. The imbibition process continues while
the interface between wet and dry regions slows down until the
micro-model is almost fully saturated with the liquid. The liquid
penetration in the micro-model appears to occur in a quasi-steady
manner with a fairly sharp advancing liquid front. This phenom-
enon demonstrates that pore-throat sizes only locally influence
the imbibition interface morphology. A similar liquid distribution
was obtained from the experiments with the same micro-model
but different concentrations of ethanol (not shown here).
. Liquid-filled and empty channels are shown in black and white, respectively. The
nterface between wet and dry regions.
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It may be of interest to note that in other porous systems such
as packed beds of Vycor glass beads with compact structure and
well defined pores (Gruener et al., 2012), as well as highly porous
silica aerogels with fractal structure (Spathis et al., 2013) the im-
bibition front propagates with a distinct width in which both li-
quid and vapor phases coexist. Detailed systematic measurements
with a higher resolution digital camera and data analyses are re-
quired to characterize the width of the liquid-gas interface (i.e.
interface roughness) of the propagating liquid during the process
of imbibition in this specifically designed micro-model. Also,
images with higher resolution can be used to characterize the
imbibition process as a collection of Haines jumps (Berg et al.,
2013). During imbibition process in the micro-model, capillary
forces will hold up the invading liquid at the large throats. Once a
throat fills, all of the pores connected to that throat fill as they are
smaller in size. This jump of the position of the meniscus is called
a Haines jump.

The imbibition kinetics is determined by following the liquid
volume penetrated into the micro-model as a function of time for
different ethanol concentrations. Since imbibition essentially oc-
curs within very short time window, we assumed that evaporation
had a negligible impact on the variation of the liquid volume in the
micro-model. For all liquids, the time dependence of the advan-
cing liquid front, quantified by the liquid volume invaded into the
micro-model, follows the classical Lucas–Washburn law ∝V tL

0.5

(Lucas, 1918; Washburn, 1921) (see Fig. 7). This power law beha-
vior is attributed to the competition of time-invariant capillary
forces driving the flow and an increasing viscous force due to the
increasing length of the distances connecting the imbibition front
with the liquid reservoir. This scaling behavior of the invasion
front during spontaneous imbibition has also been observed in the
other studies (for example, see, Gruener et al., 2012). Nevertheless
we conjecture that the imbibition characteristic of the micro-
model might deviate to some extent from the Lucas–Washburn
law if the trapped air bubbles were taken into account in the
image analysis. The role of air trapping during the wetting of mi-
crochannels shall be explored further and the results presented
elsewhere at a later time.

As can be seen from Fig. 7, the imbibition rates vary among the
liquid mixtures. For the 40% ethanol solution the imbibition rate is
Fig. 7. Liquid volume VL in the micro-model for three different mixtures of water
and ethanol as a function of time t. Measured data (symbols) are shown together
with a fit ∝V tL (lines). The inset shows the measured data in a log–log re-
presentation. Axes units of the inset agree with the ones of the main plot.
slightly higher than for the 60% ethanol solution. This observation
is supported by the Lucas–Washburn law

σ θ
μ ϵ

( ) = ∙ ∙
( )

l t
K

t
2 cos

,
3

2

where s [N/m] denotes the surface tension, θ [°] the equilibrium
contact angle, and m [Pa s] the dynamic viscosity of the liquid. K
[m2] and ε [–] denote the absolute permeability and the porosity of
the micro-model, respectively. l is the distance which the liquid
has traveled in the network in the time t. The slight differences
observed in the imbibition kinetics of the test liquids may be at-
tributed to the ratio σ θ

μ
cos which has values of about 9.8 m/s for

40%, 9.6 m/s for 60%, and 12 m/s for the 80% ethanol solution.
4. Pore network imbibition model

A square lattice network of throats is generated, which mimics
the structural features of the micro-model used in this work. The
throats are identical channels with length of 1 mm and depth of
50 μm. The throat widths are randomly distributed according to a
Gaussian distribution with a mean value of 155 μm and a standard
deviation of 715 μm. The nodes at the throat junctions are
without volume and form a spatial grid for the computation of the
liquid pressure field. As sketched in Fig. 8, each node in the net-
work is connected to four neighboring throats and the nodes at
the top surface are connected to a liquid reservoir with a volume
equal to the network void space volume. Initially the menisci are
located at the entrance of surface throats in an infinitesimal dis-
tance (ε¼10�9 m) from the surface nodes. This distance is a
modeling parameter which is chosen as small as possible in order
to avoid the artificial generation of significant amount of liquid.
The pressure at all surface nodes is set to zero, whereas the liquid
pressure in the nodes below is smaller due to capillary pressure.
Because of this pressure difference, the liquid-gas interface ad-
vances through the surface throats, during which the viscous drag
forces slow the liquid motion. At throat junctions, when a me-
niscus reaches an empty node it jumps over the node and moves
over the distance ε into the adjacent throat with the smallest ra-
dius, creating a new meniscus (Fig. 9a). Depending on the local
pressure gradient a meniscus advances or retreats inside a throat
(Fig. 9b). Two menisci coalesce when they meet in a throat
(Fig. 9c). Note that maximum of two menisci is allowed to be
formed in each pore throat.

During spontaneous imbibition the liquid penetrates from the
top to the bottom of the network. The flow dynamics is governed
by capillary pressure, viscous drag, and mass conservation. Two
types of liquid menisci are modeled as the liquid penetrates into
the throats. A moving meniscus sustains the equilibrium state of
interfacial tensions between air, solid and liquid. Hence, a constant
Fig. 8. Schematic illustration of a partially wet pore network (liquid in black, gas in
white). The liquid flow direction is indicated by arrows.



Fig. 9. Schematic demonstrations of pore-level transport events during sponta-
neous liquid imbibition. Liquid and gas are shown in black and white, respectively.
Arrows inside throats indicate the liquid flow direction. (a) After reaching an empty
node, the liquid immediately moves over the distance ε into the adjacent throat
with the smallest radius, (b) retraction of liquid towards a filled node if the driving
pressure difference is negative, invasion of liquid towards an empty node if the
driving pressure difference is positive, and (c) coalescence of two menisci.
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(static) contact angle is applied. The capillary pressure in the
throat ij with a moving meniscus of radius rij is computed by the
Young–Laplace equation

= σ θ
( )

P
r

2 cos
,

4
c ij

ij
,

where s [N/m] denotes the surface tension, θ [°] the equilibrium
contact angle. Considering the specific cross-sectional shape of the
real channel (Fig. 3b), the effective radius rij is calculated by

=
( − )

( )
r

d w d
w 5

ij
ij ij ij

ij

where wij and dij denote the width and depth of the throat ij,
respectively.
Fig. 10. Simulated transient liquid distribution for a mixture of 40% ethanol mass fractio
liquid front advances downwards from the top. Notice the slowing-down of the sharp i
The second meniscus type is stationary; this type of meniscus
appears only in fully filled throats. For a stationary meniscus, the
pressure difference across the interface between liquid and air is
small enough to prevent the liquid from receding, but too big to
support the liquid invasion into the neighboring throats. Thus, no
liquid flow occurs in throats with a stationary meniscus, implying
that there is no liquid pressure gradient in such a throat.

This model allows for a throat to be filled or emptied de-
pending on the local pressure gradient (Fig. 9b). In a throat, the
mass flow rate of liquid Ṁij is computed by the Hagen–Poiseuille
law

π ρ
μ

⋅ = ∆
( )

M
r
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P
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ij

ij

ij ij
ij

4

where μ [Pa s] denotes the dynamic viscosity of liquid, Lij [m]
denotes the throat length, Sij the throat saturation, and ρ the mass
density of liquid [kg/m3]. The pressure difference that drives the
liquid motion inside the throat ij is calculated by ΔPij¼Pi –Pc,ij or
ΔPij¼Pi– Pj, where Pi and Pj denote the pressures at the nodes i
and j, respectively. The node pressures are calculated by the
boundary conditions and by mass conservation. The boundary
values are given by the capillary pressure at the menisci and they
are equal to zero at all surface nodes, which are connected to the
liquid reservoir. The mass conservation must be maintained during
the entire process; at each liquid node it is determined by

∑ ̇ =
( )

M 0
7j

ij

where the sum runs over all throats ij attached to node j. Note that
several assumptions have been made in the present pore network
model: neither liquid film flow in the corners of the channels nor
air trapping is considered. The gas flow at the advancing meniscus
front is not modeled. The volume of pore nodes is neglected.
Thermal effects are not accounted for in this model. These con-
strains can be relaxed with appropriate model extensions. For
details on this pore network model we refer the reader to (Sun,
2014).
5. Pore network simulations

5.1. Simulation of experiments

In this section, the developed pore network model is assessed
by comparing pore network simulations with micro-model mea-
surements. The structural properties of the micro-model (see
Section 2) are used to generate an equivalent pore network. The
physical properties of the wetting liquid are identical to those used
n. Liquid-filled and empty channels are shown in black and white, respectively. The
nterface between wet and dry regions.
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in the experiments (see Table 1). The spatial distribution of the
liquid mixture with 40% ethanol mass fraction is shown in Fig. 10;
similar phase distributions are obtained from the simulation with
the same pore network but with different concentrations of
ethanol (not shown here). The surface nodes are connected to a
liquid reservoir with zero pressure. The imbibition starts from the
smallest surface throats with the highest entry capillary pressures
and proceeds by filling the network pore by pore with respect to
their radii and their distance from the network surface. During this
process, the front of the propagating liquid forms an almost con-
tinuous liquid-gas interface with finite thickness, which slightly
broadens as it moves downwards. Far from the average front po-
sition the advancement of menisci is slowed down by viscous drag
forces, whereas the menisci straggling behind are pulled forward
by capillary forces. A similar interface characteristic has been ob-
served in our micro-model experiments (see Fig. 6), as well as in
spontaneous imbibition experiments with newspaper sheets
(Miranda et al., 2010). Note that an imbibition front with a rami-
fied structure containing arrested menisci has been observed in
porous networks comprised of interconnected pores with a much
higher length-to-width ratio (so-called elongated pores) (see,
Gruener et al., 2012).

The time evolution of the total liquid volume inside the net-
work for three different mixtures of water and ethanol is com-
pared to the experimental data in Fig. 11. In general, a fairly good
agreement between experiment and simulation is achieved for all
test liquids, although the liquid imbibition tends to be slightly
faster in the simulations. This discrepancy could be caused by
certain effects that are not accounted for in the pore network
model, such as the pinning behavior of liquid at the throat junc-
tions (Shikhmurzaev and Sprittles, 2012; Wiklund and Uesaka,
2013). Due to the overlaps at the throat junctions, the total void
volume of the generated pore network (22.6 mm3) is about 24%
more than that in the etched micro-model. As a result of this ad-
ditional pore volume, the imbibition process lasts longer in the
pore network simulations.

5.2. Further simulations and discussion

In this section, additional pore network simulations are carried
out to better understand the dynamics of liquid imbibition into
Fig. 11. Evolution of the liquid volume VL over time t for three different mixtures of
water and ethanol. Pore network simulations and micro-model measurements are
shown by lines and symbols, respectively.
porous media with a bi-modal pore size distribution. For this
purpose, four types of pore networks are generated in which large
and small throats are spatially correlated in four different ways
(Fig. 12): in networks A and B the large throats are evenly dis-
tributed in the horizontal and vertical directions, so that both the
macropores and the micropores stay continuous. In network C,
isolated small clusters of macropores are regularly distributed so
that only the micropores form a continuous phase. In network D, a
square region of large throats is generated in the center of the
network.

These four types of networks are of size 50�50 with a constant
throat length of 0.4 mm. The radii of large and small throats are
distributed according to normal distributions 2072 μm and
1071 μm, respectively. The volume fraction of the large throats is
almost the same in all four network types, with the lowest being
23.2 % for network B and the highest being 26.9 % for network D.
Note that since air entrapment is not accounted for in this model,
the isolated gas throats can be fully filled with liquid during im-
bibition process.

Fig. 12 shows the transient liquid distributions obtained from
the pore network simulations with bimodal pore size distribu-
tions. As one would expect, the small throats are preferentially
invaded due to relatively high capillary pressures, leaving empty
large throats behind the main imbibition front. The presence of
macro channels, however, introduces a second flow domain,
where the liquid moves more slowly than in the surrounding
matrix of micro channels resulting in a spatially non-uniform
profile. This local pattern formation in the vicinity of the imbibi-
tion front cannot be treated by macroscopic continuum models
(e.g. the Lucas–Washburn law).

In Fig. 13, the simulation results are presented as liquid volume
curves versus time and in Fig. 14, the transient liquid pressure
fields are shown. According to Poiseuille's law, the capillary flow
rate in a single throat depends on the throat radius. However, for a
network of both large and small throats, the accelerating effect of
large throats is much more complicated. In Fig. 13, a significant
difference is found in the comparison of total imbibition times in
networks A (3.16 s) and B (1.4 s). Clearly, the orientation of the
large throats in the medium plays a crucial rule in accelerating the
liquid imbibition. For the same fraction of large throats, the liquid
flow is accelerated more in network B, where the large throats are
parallel to the direction of liquid imbibition. It can be seen from
Fig. 14 that a relatively high liquid pressure occurs at the throats
close to the imbibition front in network B, which drives the im-
bibition front towards bottom.

Comparing the results for networks A and C, although half of
the large throats are set to be vertical in network C, the total im-
bibition time (2.9 s) is only slightly reduced. The liquid pressure
fields in network C indicate that the high liquid pressure is not as
well sustained by the vertical large throats as it is in network B.
More precisely, the high liquid pressure maintained by the vertical
large throats is somewhat dissipated when the liquid flows
through the small throats between the separated clusters of large
throats. Hence, the continuity of the large throats also plays an
important role for the imbibition rate.

For network D, the imbibition rate (see Fig. 13) is low at the
beginning, but increased to a higher value when the region of large
throats was filled to some extent. The total imbibition time (3.14 s)
is similar as it is for network A. In fact, a continuous region of large
throats serves as a barrier for the liquid flow due to the small
capillary pressures. On the other hand, liquid is transported in
large throats with less pressure drop. Hence, when the region of
large throats is filled to a certain extent, the liquid pressure close
to the imbibition front increases to support a faster movement of
the imbibition front.

In Fig. 15 results of wetting simulations are shown for three



Fig. 12. Simulated transient liquid distribution for pore networks of types A–D at overall network saturations S¼0.2, 0.4, 0.6, and 0.8. The liquid front advances downwards
from the top (liquid shown in black, gas in white).
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pore networks that have the same total size, the same total volume
of throats, and individual pore diameters samples from the same
mono-modal Gaussian size distribution. The only difference 5be-
tween the three networks is that they have different throat co-
ordination numbers Z. As Fig. 15 shows, phase distributions are
similar for the three networks at the same total network satura-
tion S, whereby it should be noted that the networks are wetted
from their top side, liquid-filled throats are black, and gas-filled
(still empty) throats are white. The wetting front is not exactly
sharp and planar, but close to this, so that description of its



Fig. 13. Time evolution of the imbibed liquid volume VL for the networks of types A–D.
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movement according to Washburn appears possible. However, the
plot of total saturation over time in Fig. 16 reveals that a given
value of S is reached earlier for a coordination number of Z¼3 or 4,
than for a coordination number of Z¼6, meaning that the similarly
looking phase distributions in Fig. 15 are reached at different
times. It is clear that this cannot be described by the Washburn
equation, because the underlying morphological descriptor (the
coordination number Z) has been homogenized away in the deri-
vation of this equation that can recognize only the average throat
diameter and the average porosity of the network.

To further illustrate this issue, let us take a look at the results of
Fig. 17. The respective simulations differ from the simulations used
Fig. 14. Liquid pressure fields inside the networks A–D at
for Figs. 15 and 16 in three major ways: first, the amount of liquid
made available at the top for wetting the networks was larger than
network void volume in Fig. 15, but it is smaller than this in Fig. 17.
Consequently, equilibrium or steady state liquid distributions that
leave some throats empty are obtained at the end of the wetting
process in Fig. 17. Second, the throat size distributions used to
generate the networks of Fig. 17 were bimodal, consisting of small
and large throats. Third, the large throats were placed in the
networks of Fig. 17 by some rules of macroscopic spatial correla-
tion: as long channels parallel to the open top of the network in
network A, as long channels vertical to the open top in Network B,
as regularly distributed small clusters in Network C, and as a
square region in the middle of Network D. Evidently, equilibrium
phase distributions and overall wetting behavior are obtained,
which are utterly out of reach for the Washburn model. Such in-
formation is not only of theoretical interest and value, but it can be
correlated to user properties of the product, such as solubility
(Sun, 2014).

The results presented in this work clearly show that continuous
models can usually describe quite well the overall kinetics of im-
bibition with a more or less sharp liquid front. However, con-
tinuous models cannot describe local pattern formation in the
vicinity of the imbibition front, can only empirically reflect the
influence of spatially uncorrelated structural features (such as the
coordination number), can hardly treat wetting with liquid
amounts which are small in comparison to the capacity of the
porous material, and cannot treat at all spatially correlated struc-
tural features (e.g. presence of discretely or anisotropically or-
iented macro-pores).

Note that a pore network with a bi-modal size distribution may
represent the microstructure of sedimentary rock. For such a pore
structure, parameters such as the matrix sorptivities and disper-
sion coefficients during the spontaneous imbibition of water have
been estimated so far by a 1D analytical model (Cheng et al., 2015).
Although the results obtained from this simple model are
overall network saturations S E (a) 0.2, and (b) 0.8.



Fig. 15. Simulation results for the wetting of three pore networks with different throat coordination numbers Z.

Fig. 16. Overall kinetics of wetting of the three pore networks with different throat
coordination numbers from Fig. 15.

Fig. 17. Equilibrium liquid distributions when the volume of liquid is not sufficient for com
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consistent with the experimental observations, a pore network
model shall be developed to estimate these parameters for the
spontaneous imbibition of porous media by numerical experi-
ments. Also, from the numerical simulation results one may build
a continuous model for estimating the effective parameters, e.g.
permeability, from the micro-scale structural properties.
6. Summary and conclusion

Optical imbibition experiments have been successfully per-
formed with an etched glass micro-model. For various water-
ethanol mixtures, it was possible to visualize and measure the
propagation features from two-dimensional images acquired by a
plete wetting for networks with micro-pores and spatially correlated macro-pores.
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high-speed CCD camera. In this way, it could be shown that the
imbibition kinetics of these water mixtures in a microfabricated
network can be described by the classical Lucas–Washburn law.

A pore network was generated that could mimic the structural
features of the physical micro-model. Two pore-level liquid
transport rules, i.e. invasion and retraction, have been combined to
determine the meniscus motion during liquid imbibition into the
pore network. The experimental measurements with the micro-
model are in close agreement with the pore network simulation
results. Moreover, additional pore network simulations with bi-
modal pore size distributions have illustrated the effect of the
spatial distribution of the macro pores on the imbibition dy-
namics. Four types of networks with different arrangements of
macro pores have been generated for this purpose. It has been
observed that the overall imbibition rate strongly depends on the
orientation, continuity, and cluster distribution of the macro pores.
Such effects cannot be captured by the Lucas–Washburn approach.

The results in this study show that pore network modeling is a
powerful tool for illustrating the imbibition dynamics in hetero-
geneous porous media. However, the present pore network model
does not account for all relevant flow physics, such as film flow,
meniscus pinning, or air entrapment. Therefore, future research
shall focus on incorporating these pore-level effects into a pore
network model. Furthermore, advanced micro-models consisting
of more complex and realistic pore structures (e.g. a designed
micro-model with bi-modal pore size distribution) shall be fabri-
cated and used for a better assessment of the model and for the
validation of simulation results.
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