
1.  Introduction
Immiscible fluid displacement in porous media is widespread in nature, and it plays an essential role in a variety 
of engineering and industrial processes, such as oil resource development (Abdallah et al., 2007; Cai, Wood, 
et al., 2022) and groundwater contamination remediation (Singh & Niven, 2013). Due to the instability of the 
fluid-fluid interface, incompact displacement patterns and incomplete pore fillings may be formed during these 
processes, resulting in a low microscopic displacement efficiency, which affects hydrocarbon recovery and 
groundwater purification (Y. Liu et al., 2019; Singh et al., 2019). Therefore, it is of great benefit to these fields 
to understand the flow physics and in situ fluid distribution within the pore space, especially under viscously 
unfavorable conditions where the displacement of a high-viscosity fluid by a low-viscosity one is accompanied 
by more complex interfacial dynamics.

The instability of the fluid-fluid interface and the complexity of the pore space make the two-phase flow in porous 
media have characteristics such as rich flow physics and complex interface dynamics (Blunt, 2017; Mohanty 
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Plain Language Summary  Pore-scale simulations are performed in this work to investigate 
two-phase flow within natural rocks under a completely wetting condition. Results show that the displacement 
process, in terms of pore filling dynamics and the evolution of the whole displacement front, varies 
significantly at different injection flow rates. These differences were first analyzed qualitatively based on flow 
characteristics and fluid interface morphology, and then their impact on overall displacement was characterized 
from multiple perspectives, including nonwetting fluid recovery, two-phase fluid distribution, and fluid 
structure. These results on the complex interfacial dynamics and fluid distribution characteristics within the 
pore space provide a theoretical basis for the application of two-phase flow in engineering activities such as 
petroleum resource development.
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et al., 1987; Morrow, 1970; Singh et al., 2019). Since the pore-scale flow physics and dynamics determine macro-
scopic transport properties such as relative permeability, capillary pressure, and recovery curves, various studies 
on fluids distribution and interface evolution during two-phase flow in porous media have been carried out, 
with special attention to the overall and local morphological characteristics of fluid fronts and their evolutionary 
dynamics, as well as the time-dependent variation of two-phase fluid structure (Armstrong & Berg, 2013; Diao 
et al., 2021; Khanamiri & Torsæter, 2018; H. Liu et al., 2020; Schlüter et al., 2016). Despite the great progress 
in these fields, we still do not have a full grasp of all the interfacial evolution characteristics and their dynamics 
of the two-phase flow in porous media which become prohibitive for a consistent upscaling multiphase flow 
from pore to Darcy scale. For example, with the development of in situ imaging technology, some new transport 
phenomena, such as intermittent flow, flow dynamics of connected, and isolated fluids (Gao et al., 2021; Spurin 
et al., 2021; Y. Zhang et al., 2021), are being detected under the reservoir temperature and pressure conditions 
(Armstrong et al., 2016; Pak et al., 2015; Ruecker et al., 2015; Spurin et al., 2021). Therefore, fast interfacial 
dynamics at the pore scale still needs further exploration.

The displacement pattern during two-phase flow in porous media, based on the morphological characteristics of 
the fluid fronts, compact or noncompact, smooth or ramified, is classified as fingering and stable displacement. 
The critical flow conditions corresponding to different displacement patterns, including capillary fingering, 
viscous fingering, and stable displacement, are visually represented by the phase diagram with two dimensionless 
parameters, that is, capillary number and viscosity ratio M (Lenormand et al., 1988). Within this basic framework, 
current studies attempt to build a comprehensive phase diagram with a wider range of applicability and more 
precise regional boundaries by considering a variety of factors such as pore structure, fluid properties, wettability, 
and flow conditions (Chen et al., 2018; Michels et al., 2021; Tsuji et al., 2016; C. Zhang et al., 2011). Since the 
whole fluid front is composed of a large number of individual meniscus, some studies have attempted to reveal 
the origin of the different morphological characteristics of the two-phase interface in terms of the motion of the 
meniscus and their competition/cooperation between adjacent pores (Armstrong & Berg,  2013). Cieplak and 
Robbins (1988, 1990) proposed three modes of meniscus motion, including burst, touch, and overlap, to explain 
the shift from fingering to stable invasion for fluid fronts during capillary-dominated displacement. This trend 
has been confirmed in different experiments and numerical simulations (Bakhshian et al., 2020; Jung et al., 2016; 
Singh, Scholl, et al., 2017). However, the overall morphology of the displacement fronts in such studies is only 
the result of terminal meniscus motion because of the simple pore structure and smooth solid surface, as well as 
the wetting condition with large contact angles. When the invading fluid forms a smaller contact angle with the 
solid surface, some arc meniscus flow phenomena will be generated in the pore corners (corner flow) and within 
the surface rough structure (film-like flow) (Dong & Chatzis, 1995; Hu, Wan, et al., 2018; Zhao et al., 2016). The 
effect of the interaction between the arc and terminal meniscus motion on the overall fluid front, especially within 
a three-dimensional (3D) porous medium, is worthy of further exploration.

With the advances in fast synchrotron micro-tomography and direct numerical simulations, rapidly evolving 
interfaces during two-phase flow in 3D porous media can be captured in real time. Thus, their detailed dynamics 
and their effects on macroscopic physical properties are further revealed. Examples include ganglia fragmenta-
tion and coalescence during steady-state flow process (Armstrong et al., 2016; Reynolds et al., 2017), Haines 
jump and snap-off in unsteady-state flow process (Berg et al., 2013; Singh, Menke, et al., 2017; Zacharoudiou 
et al., 2018).

For the drainage process, the pore size distribution is the main geometrical factor dominating the flow due to 
the nature of the invading fluid (nonwetting fluid) flowing along the center of the pore space. This is one of the 
main reasons why the invasion-percolation theory and the pore network modeling can describe the drainage 
process well (Blunt, 2001; Wilkinson & Willemsen, 1983). In addition, the fact that the invading fluid remains 
well connected during the drainage process makes it easier to be detected by the available imaging techniques. 
Therefore, the fast interfacial dynamics associated with the drainage process has been relatively well studied. An 
example is the rapid fluid distribution and interfacial evolution during Haines jump, which involves redistribution 
of nonwetting fluids and retraction of wetting fluids, pinning-depinning interfaces at the throat, as well as Roof 
and distal (non-local) snap-offs (Alhosani et al., 2020; Herring et al., 2018; Roof, 1970).

For imbibition processes, we face a somewhat higher degree of complexity in terms of pore scale displacement 
dynamics while at the same time much less work has been published on that specific aspect in comparison 
with drainage. Imbibition processes are not just the inverse of drainage, that is, they are not just “symmetric” 
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to inversion of the phases. The asymmetry is introduced by wetting, that is, it makes a big difference whether a 
wetting phase displaces a nonwetting phase or the other way round. As a consequence there are conceptual differ-
ences between drainage and imbibition, from the perspective of pore scale mechanisms and their consequence for 
fluid topology and dynamics (Schlüter et al., 2016). An additional complication is that for the imbibition process, 
the evolution of fluid fronts is influenced not only by the pore structure but also by the pore corner and the rough 
structure on the solid surface due to the nature of the preferential flow of the invading fluid (wetting phase) 
along the solid surface (Cai et al., 2021; Geistlinger & Zulfiqar, 2020; Mohanty et al., 1987). Therefore, the flow 
phenomena in the imbibition process are relatively more complicated (Cai, Chen, et al., 2022; Lenormand, 1990). 
For example, the capillary valve effect and the pinning effect at the sharp protruding structures (high-curvature 
solid surfaces) make the invading fluid during the capillary-force dominated imbibition to fill the pores not 
simply in the order of pore size, from small to large (Wiklund & Uesaka, 2013; Wu et al., 2016; Xu et al., 2017). 
Under the condition that the invading fluid forms a small contact angle with the solid surface, a predominant 
film-like or corner flow is formed in front of the terminal interface, which expands and aggregates at the throat, 
thus triggering a snap off (Singh, Menke, et al., 2017). Therefore, the morphological characteristics of the fluid 
fronts during imbibition under this wetting condition are the result of a combination of piston-like interfaces and 
snap offs. Currently, most of the available experiments have focused on the snap-off dynamics caused by the 
corner or film-like flow when the capillary forces are fully dominant. The corner flow and snap-off dynamics and 
their effects on fluid fronts and fluid structures are of interest when the effects of viscous forces are still present 
and have different strengths.

Forced imbibition, especially under a fully wetting condition, has complex pore-scale flow physics due to 
additional interfacial dynamics, therefore, it is far from being possible to consider forced imbibition as simply 
the inverse process of drainage, even though both are two-phase fluid displacement processes (Meisenheimer 
et al., 2020; Porter et al., 2009; Schlüter et al., 2016). However, most studies in forced imbibition have gener-
ally been conducted in a certain water-wet range and have focused more on the evolution of piston-like fluid 
interfaces (Armstrong et  al.,  2014; Sergi et  al.,  2016). The corner flow dynamics during forced imbibition 
in natural porous media are poorly investigated, and the knowledge obtained based on ideal media models is 
far from being effective for flow problems in actual reservoir rocks with complex structures (Kubochkin & 
Gambaryan-Roisman, 2022; Sun,  2018). In addition, studies that combine pore-scale flow behaviors such as 
corner flow dynamics and displacement patterns during forced imbibition with quantitative descriptions of pore 
space have rarely been conducted.

Combining the digital rock technique and pore-scale direct numerical simulation method, this work focuses on 
the pore-scale imbibition behaviors in natural porous media under the completely wetting condition, and attempts 
to address the following two aspects: (a) The dominant flow physics and interfacial evolution dynamics within the 
pore space at different injection flow rates and (b) Quantitative characterization of the effects of corner flow and 
snap-off on interface evolution and fluid structure. The workflow of this study is organized in the following order. 
First, pore structure characteristics of the three rocks used are evaluated. Then, forced imbibition simulations 
based on the color lattice Boltzmann model are carried out. The interfacial evolution and in situ fluid distribution 
during the displacement process are comprehensively analyzed, including the displacement patterns, dominant 
force controlling the flow, microscopic displacement efficiency, two-phase fluid distribution, fluid connectivity, 
pore-filling events, and nonwetting fluids residual trapping.

2.  Materials and Methods
2.1.  Digital Rock Model

In this study, micro-CT images of three natural rocks, Bentheimer sandstone, Doddington sandstone, and Ketton 
carbonate, published on the Imperial College London website, are used to investigate the pore-scale flow mech-
anism during imbibition. Detailed petrophysical information on these three samples can be found in Raeini 
et al. (2017). After weighing the constraints such as computational resource consumption and representativeness 
of simulation results, a cubic subdomain with size 512 3 voxels is extracted from the original data set. The digital 
rock model used in subsequent imbibition simulations is obtained by further image processing of this subdomain, 
including removing isolated pores and coarsening voxels to twice the original resolution (Figure 1).
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In order to examine the differences between these three samples, the morphological and topological charac-
teristics of pore structures are evaluated using the Minkowski functionals (Armstrong et  al.,  2019; Herring 
et al., 2013; Legland et al., 2007). Through a set of morphological descriptors defined by integral geometry, the 
Minkowski functionals can reflect the volume, area, curvature, and topology-related information of the spatial 
structure. Therefore, they are commonly used for pore structures to estimate their hydraulic parameters prop-
erties. For the 3D digital rock model, four Minkowski measurements (M0–3) exist to characterize the geometric 
properties of the pore space and the pore-solid interface, respectively. M0 measures pore volume with a dimension 
of [L 3], M1 measures pore-solid interface area with a dimension of [L 2], M2 measures integrated mean curvature 
with a dimension of [L]. M3, a dimensionless number, measures integrated Gaussian curvature and is related to 
the Euler characteristic 𝐴𝐴 𝐴𝐴 .

𝜒𝜒 =
𝑀𝑀3

4𝜋𝜋
= 𝛽𝛽0 − 𝛽𝛽1 + 𝛽𝛽2� (1)

𝐴𝐴 𝐴𝐴 is a topological measurement that is often used to quantitatively evaluate the connectivity of pore structures, 
defined as the alternating sum of the number of discrete objects 𝐴𝐴 𝐴𝐴0 , redundant connections 𝐴𝐴 𝐴𝐴1 , and cavities 𝐴𝐴 𝐴𝐴2 
present in the pore space. For consistency with previous work and to exclude the effect of sample size, porosity 

𝐴𝐴 𝐴𝐴 , specific interfacial area 𝐴𝐴 𝐴𝐴p , and mean curvature J, that is, M0–2 normalized by sample volume V, as well as the 
volume-normalized Euler characteristic 𝐴𝐴 𝐴𝐴p = 𝜒𝜒∕𝑉𝑉  , are used in the present work.

Based on the binary data of the extracted model, the Minkowski measurements results of these three samples are 
shown in Table 1. Results show that the Bentheimer model has the largest pore space and pore-solid interface 
(maximum 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴p ), and the highest connectivity (most negative 𝐴𝐴 𝐴𝐴p ), but its pore-solid interface has the highest 
degree of curvature (maximum 𝐴𝐴 𝐴𝐴  ) among these three samples.

2.2.  Simulation Setup

In this work, the color lattice Boltzmann model is used to simulate the two-phase flow during imbibition in porous 
media, which is efficiently implemented with the open-source LBPM software package (McClure et al., 2021). 
The color lattice Boltzmann model, with various advantages such as nonunitary viscosity ratio, adjustable inter-

facial tension, and narrower fluid interface, is commonly used to simulate 
multiphase flow in porous media to study the dynamics of the two-phase 
interface, fluid flow physics, and to calculate petrophysical properties such 
as capillary pressure and relative permeability (Huang et al., 2011; H. Liu 
et  al.,  2016). LBPM, equipped with various computational protocols and 
morphological and internal analysis tools, can easily mimic different flow 
processes at the pore scale and carry out in situ analysis of the flow processes 
in various aspects. It not only puts the color model from theory to practical 
application effectively but also provides a promising tool for the develop-
ment of digital rock analysis experiments. The theoretical basis of the color 
lattice Boltzmann model and the implementation details of LBPM can be 

Figure 1.  Digital rock model used in the simulation, where the pore structure is indicated in blue and rock skeleton is not 
shown.

Sample Resolution Minkowski measurements

d (μm)𝐴𝐴 𝐴𝐴 (%)
𝐴𝐴 𝐴𝐴p 

(μm −1)𝐴𝐴 𝐴𝐴  (μm −2)𝐴𝐴 𝐴𝐴p (μm −3)

Bentheimer 3.0035 27.94 0.0140 1.27 × 10 −5 −3.00 × 10 −7

Doddington 2.6929 24.08 0.0109 1.24 × 10 −5 −1.55 × 10 −7

Ketton 3.00006 15.91 0.0049 5.07 × 10 −6 −2.95 × 10 −8

Table 1 
Pore Structure Characteristics
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found in the work of McClure et  al.  (2014). The ability of this numerical 
method in simulating corner flow and snap-off under the completely wetting 
condition (θ = 0°) is validated in Supporting Information S1.

This work focuses on the displacement mechanism and in situ fluid distribu-
tion characteristics under the influence of pore structure and injection veloc-
ity. Therefore, the fluid properties and wetting conditions are kept consistent 
in all simulation cases. Among them, the viscosity of the invading fluid, 
that is, the wetting phase, is 𝐴𝐴 𝐴𝐴w = 1.67mPa ⋅ s , which is 0.1 of that of the 
defending fluid. This viscosity ratio is a typically unfavorable condition. The 
densities of the two phases are the same, that is, 𝐴𝐴 𝐴𝐴 = 1, 000 kg∕m3 , the inter-
facial tension is set to 𝐴𝐴 𝐴𝐴 = 42mN∕m . In the simulation, the wetting fluid is 
injected at a specific volume flow rate 𝐴𝐴 𝐴𝐴 through the inlet buffer layer and 

displaces the nonwetting fluid that occupies the entire pore space at the initial state. Both fluids can discharge 
the computational domain through the outlet buffer layer until the saturation of the invading fluid no longer 
varies. In order to quantify the difference between flow conditions, the capillary number is introduced here. 
This dimensionless parameter quantifies the relative magnitude of the viscous and capillary forces in the system. 
Based on Darcy-scale volume-averaged and pore-scale flow rates, the following two forms of capillary number 
are commonly used:

Ca
∗
=

𝜇𝜇𝑖𝑖𝑄𝑄

𝐴𝐴𝐴𝐴
� (2)

Ca =
𝜇𝜇𝑖𝑖𝑄𝑄

𝜙𝜙𝜙𝜙𝜙𝜙
� (3)

where 𝐴𝐴 𝐴𝐴 is the cross-sectional area of the computational domain along the flow direction and 𝐴𝐴 𝐴𝐴𝑖𝑖 and 𝐴𝐴 𝐴𝐴 are the 
viscosity of the invading fluid and interfacial tension, respectively. The two forms of capillary number originate 
from the difference in fluid flow space, the former based on the assumption that the medium is continuous and the 
latter considering that fluid flow occurs in the pore space. After the pioneering work of Lenormand et al. (1988), 
where a phase diagram was established using the former as a base variable, most subsequent work continued to 
follow this form of capillary number. Since the porosity of the three rock samples used in this work varied widely, 
Equation 3 was chosen to characterize the flow conditions in order to achieve the goal of examining corner flow 
under conditions where the average flow velocity within the pore space is the same for different samples. The 
imbibition process at different capillary numbers is easily achieved by controlling the injected volume flow rate. 
The logarithm of the capillary number in this work varies between −2.5 and −4.0. The flow rates set for different 

models in different cases are shown in Table 2. These flow conditions are 
also marked in the lgM − lgCa* phase diagram, shown in Figure 2, to facili-
tate direct comparison with previous work.

3.  Results and Discussion
3.1.  Displacement Fronts Evolution

The morphological characteristics of the two-phase interface during imbibi-
tion are carefully examined from local to global based on visual observation of 
the phase field distribution. Taking the Ketton model as an example, Figure 3 
shows the invading fluid distribution at equal time intervals (normalized by 
the time when the wetting fluid appears at the outlet at different flow rates). 
Since under the completely wetting condition, invading fluid flows preferen-
tially along the solid surface at all Ca, as shown in the 2D slice in Figure 3. 
However, the local morphological characteristic shows some differences with 
Ca. At high Ca, the invading fluid completely fills the small pores, while 
in the large pores, it preferentially flows along a part of the solid surface, 
showing a certain film-like flow characteristic; at low Ca, the wetting fluid 
preferentially invades the corners and roughness of the pore space, forming 

lgCa

Q (mL/hr)

Case Bentheimer Doddington Ketton

1 −2.5 47.18 39.96 26.87

2 −3.0 14.92 12.63 8.50

3 −3.5 4.72 4.00 2.69

4 −4.0 1.49 1.26 0.85

Table 2 
Flow Conditions

Figure 2.  The different injection conditions in this work are indicated in the 
lgM-lgCa* phase diagram, where the hollow circles, triangles, and rectangles 
indicate the simulations of Bentheimer, Doddington, and Ketton, respectively. 
The regions corresponding to the different displacement patterns separated by 
dashed and solid lines were obtained by Lenormand et al. (1988) and C. Zhang 
et al. (2011), respectively.



Water Resources Research

LIU ET AL.

10.1029/2022WR032402

6 of 15

a corner flow-dominated flow characteristic. The overall morphological characteristic of the two-phase interface 
varies at different Ca. At high Ca, the invading fluid rapidly fills large pores, forming a preferential flow path, 
resulting in the displacement front exhibiting a viscous fingering morphological characteristic (invading fluid 
distribution at breakthrough); under low Ca, guided by the pore corner geometry, corner flow propagates along 
with all directions, and the displacement front, due to the hysteresis of the meniscus in the large pore (e.g., upper 
left corner of the model), have a rather rough morphology. This morphological characteristic contrasts with the 
displacement fronts (red boxes in Figure 3) during drainage under the same flow conditions and fluid properties. 
It is important to note that a small amount of corner flow still exists within some pores, even at relatively high 
Ca (lgCa = −3.0), due to the fully wetting and viscously unfavorable conditions and the complex pore struc-
ture. However, the corner flow under high Ca has a shorter length and a lower frequency of emergence, mainly 
distributed around the fingers with limited coverage. The length and frequency of the corner flow increase with 
decreasing Ca, which is consistent with the results observed in previous work (Dong & Chatzis, 2010).

The two-phase interface under the same flow conditions may exhibit different morphological characteristics due 
to the differences between the pore structures. Figure 4 shows the two-phase fluid distribution at breakthrough 
for the three models at different injection flow rates. At the highest Ca, the displacement front within all three 
porous media models exhibits a distinct viscous fingering morphology (black circle-marked area in Figure 4). 
However, the number of fingers varies between models, with the highest number in the Bentheimer model. 
As Ca decreases to lgCa  =  −3.0, the overall morphological characteristics of the displacement front for the 
three models begin to diverge. The fingers within the Doddington and Ketton models remain significant, while 
the fingers in the Bentheimer model, masked by its surrounding corner flow, can barely be observed directly. 
This difference is due to the Bentheimer model having a more curved pore-solid interface, which favors corner 

Figure 3.  Evolution of displacement fronts within the Ketton model at different injection flow rates: the invading fluid 
distribution (blue boxes) at equal time intervals after normalizing the time with the breakthrough time, and 2D slices of 
the phase field distribution at breakthrough. The drainage simulation results (red boxes) for the same fluid properties at 
lgCa = −4.0 are additionally supplemented to demonstrate the morphological characteristics of the imbibition fronts, where 
blue and red indicate wetting and nonwetting fluids, respectively, and the extraction positions of yz and xz slices are shown as 
green and black dashed lines, respectively.
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flow. When further decreasing Ca to lgCa = −3.5, the difference in the morphology of the two-phase interface 
becomes more significant. Fingers remain evident in the Doddington model, weaken within the Ketton model, 
and disappear completely in the Bentheimer model. When decreasing Ca to the minimum value of this study, 
that is, lgCa = −4.0, the displacement front for all three models is dominated by corner flow (black box-marked 
area in Figure 4). Among them, the corner flow in the Ketton model is the most remarkable, where wetting fluid 
forms pendular rings at the grains' contact points and propagates within the pore space, eventually forming a 
chain of rings. This phenomenon has also been observed in microfluidic experiments (Scheel et al., 2008; Zhao 
et al., 2016).

3.2.  Pore Filling Events

To further analyze the local dynamics of the two-phase interface, the pore-filling events during imbibition are 
separated into wetting and nonwetting fluid filling events. The former describes a pore space initially occupied by 
a nonwetting fluid and later filled by a wetting fluid, while the latter is the opposite (Ruecker et al., 2015). Based 
on the data containing phase-field distribution output at certain time intervals in the simulation, the pore-filling 
events of wetting and nonwetting fluids at different moments throughout the imbibition are extracted by compar-
ing the changes of nonwetting fluid distribution in two consecutive data sets. Figure 5 shows the pore-filling 
event at a specific moment (expressed in the total injected fluid volume) in different simulations after inject-
ing a wetting fluid of about 0.09 PV. It can be visually observed that the red marked area gradually decreases 
with decreasing Ca, indicating that the nonwetting fluid filling events are more at high Ca but less at low Ca. 
This is mainly due to the different pore-filling mechanisms. At high Ca, more discontinuous nonwetting fluids 
in the shape of droplets or clusters are mobilized due to the large viscous forces that can overcome Jamin's 
effect (Jamin, 1860), resulting in a large number of ganglion dynamics (marked by boxes). At low Ca, snap-off 
events (marked by triangles) are frequent, and nonwetting fluid filling events are mainly caused by the fluid 

Figure 4.  Two-phase fluid distribution at the breakthrough time for three models. Blue and red indicate wetting and 
nonwetting fluids, respectively, and gray indicates the pore-solid interface. The areas marked by the black circle and box 
roughly indicate the viscous fingering and corner flow areas, respectively. A zoomed-in view of the local area of the 
three samples at low Ca (green box marked area) is shown at the bottom to more visually demonstrate the corner flow 
characteristics.
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interfaces generated by the rapid contraction of the disconnected nonwet-
ting phase. Eventually, this disconnected nonwetting phase is trapped in the 
center of the pore. The detailed dynamics of snap-off are described by Singh, 
Menke, et al. (2017). In contrast, the pore-filling mechanism at intermediate 
Ca seems to be a crossover between the first two scenarios. A continuous 
snap-off (marked by circles) can occur at a throat, accompanied by many 
moving droplets, but ultimately with little capillary trapping.

The nonwetting fluid filling events in imbibition are further quantified by 
calculating their volume ratio fn relative to the injected fluid volume during 
adjacent time intervals, as shown in Figure 6. It can be seen that the fn curves 
at different Ca show a trend of increasing and then decreasing with time, 
but their duration and occurrence both decrease with decreasing Ca. This is 
mainly due to the difference in the displacement pattern at different Ca, just 
like the analysis results in the previous section. In addition, the results in this 
section directly elucidate the reason for the high final recovery at high Ca, 
that is, the existence of a large number of nonwetting fluid filling events due 
to the ganglion dynamics dominating the flow at high Ca. Among these three 
models, the fluctuation in the fn curve of the Ketton model is relatively higher 
due to its smaller pore volume and high clustering degree.

3.3.  Microscopic Force Analysis

In order to investigate the dominant forces controlling imbibition under 
different flow rates, the pressure field distribution and the pressure difference 

𝐴𝐴 Δ𝑃𝑃  between the inlet and outlet is recorded in detail. Figure 7 shows the pres-
sure field normalized by the maximum and minimum pressure difference for 
different models at a specific moment before the breakthrough. Results show 
that the pressure field distribution characteristics are related to the position 
of the two-phase interface, and are significantly influenced by the injection 

flow rate. The pressure of both phases at different flow rates in the flow direction decreases gradually. At the 
two-phase interface, there is a significant pressure jump due to capillary pressure, that is, the pressure of the 
nonwetting fluid on one side of the interface is significantly higher than that of the wetting fluid on the other side. 
In addition, the pressure distributions on both sides of the interface are the lowest and highest pressure regions for 
the connected components of the wetting and nonwetting fluids, respectively. These results indicate that the imbi-
bition process is influenced by both viscous and capillary forces over the range of injection flow rates imposed in 
this work. However, the relative magnitude of both forces controlling the flow varies with the injection rates. At 
high Ca, the overall distribution characteristics of the pressure field are less influenced by the interface position, 
and the minimum pressure is located at the outlet, indicating that the imbibition process under this condition is 
mainly dominated by viscous forces. The strength of capillary force controlling flow is progressively significant 

Figure 5.  Pore filling events at a specific moment for different models: The 
two values in parentheses denote the total fluid volume injected at the current 
moment and the adjacent time interval, respectively, both scaled by the 
pore volume, that is, with a dimensionless unit of pore volume. Pore filling 
events are marked by different colors, where blue and red indicate wetting 
and nonwetting fluid filling events, respectively. In contrast, yellow indicates 
nonwetting fluids that have not changed in adjacent time intervals, and gray 
indicates pore-solid interfaces.

Figure 6.  Quantification of nonwetting fluid filling events for the model of (a) Bentheimer, (b) Doddington, and (c) Ketton, where fn is defined as the volume ratio of 
nonwetting fluid filling events in adjacent time intervals relative to the total injected fluid volume in that period.
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as Ca decreases. At low Ca, the overall distribution of the pressure field is obviously influenced by the interface 
position, the inlet pressure is significantly smaller than the outlet pressure, and the minimum value of the overall 
pressure field is located in the region occupied by the corner flow.

The variation of 𝐴𝐴 Δ𝑃𝑃  with injection volume (Figure 8) shows more visually the relative magnitude of capillary 
and viscous forces in the flow at different injection rates. For different models under the same Ca, the 𝐴𝐴 Δ𝑃𝑃  curves 
show an almost consistent trend, although there may be some differences in the displacement patterns. At the 
lowest Ca, 𝐴𝐴 Δ𝑃𝑃  is negative and remains almost constant before the displacement front disappears, indicating that 
the externally applied pressure acts as resistance during the displacement process. Thus, the capillary force is the 
dominant force controlling the flow under this displacement regime. The phenomenon has also been observed in 

Figure 7.  The normalized pressure field distribution at a specific moment before the breakthrough.

Figure 8.  Variation of pressure difference 𝐴𝐴 Δ𝑃𝑃  with injected fluid volume pore volume for the model of (a) Bentheimer, (b) Doddington, and (c) Ketton. Where the blue 
circles indicate that the 𝐴𝐴 Δ𝑃𝑃  at that location shows an increasing trend.
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previous work (Hu, Wu, et al., 2018). Note that the viscous force effect is still present under this condition, but 
its ability to control the flow is much weaker than the capillary force, as shown by the pressure field distribution 
under this condition in Figure 7. Under lgCa = −3.5, there is an increasing trend on the curve before 𝐴𝐴 Δ𝑃𝑃  reaches 
stability (marked by the blue circle in Figure 8). This is mainly related to the evolution of the imbibition front 
corresponding to this period. With the disappearance of the imbibition front, the capillary pressure on it, as a driv-
ing force, also disappears, thus requiring an additional energy input from external pressure. Since 𝐴𝐴 Δ𝑃𝑃  is always 
positive throughout the displacement at this Ca, viscous and capillary forces dominate the imbibition under this 
condition. At high Ca, 𝐴𝐴 Δ𝑃𝑃  gradually decreases with increasing injected volume of the low-viscosity fluid (scaled 
with pore volume, i.e., PV) and finally reaches a steady state, indicating that the viscous force is the dominant 
force in this displacement regime. In addition, before the breakthrough, a certain nonlinear relationship was found 
between 𝐴𝐴 Δ𝑃𝑃  and injection flux Q at the same saturation over the range of capillary numbers imposed in this work, 
shown in Figure S3 in Supporting Information S1. The nonlinear flow phenomenon observed in steady-state 
multiphase flow (Sinha & Hansen, 2012; Sinha et al., 2017; Tallakstad et al., 2009) also seems to appear during 
unsteady-state flow. Due to the limitation in the number of simulation cases and the range of capillary numbers, 
we will analyze the mechanism of this phenomenon during imbibition in future work.

3.4.  Two-Phase Fluid Distribution

The two-phase fluid distribution in imbibition is quantitatively characterized from several aspects. First, the 
wetting fluid saturation Sw variation with PV is analyzed, as shown in Figures 9a–9c. Due to the imposed volu-
metric flow condition, the Sw curves at each Ca increase linearly by a certain degree and then diverge. Sw at low 
Ca rapidly reaches equilibrium, while Sw at high Ca increases slowly with fluid injection. Thus, the final satura-
tion of the wetting fluid increases with increasing Ca. However, for Bentheimer, saturation curves at lgCa = −3.5 
and −4.0 are almost identical due to the same imbibition regime for these two conditions. Previous work has also 
observed these trends in the saturation curves (McClure et al., 2021).

Then, the two-phase interface distribution characteristics are further analyzed, that is, the specific interface area 
Awn at different Sw (Figures 9d–9f). The Awn curves at each Ca shows a trend of increasing and then decreasing. 
This results from the combined effect of the occupancy degree and spatial distribution of the two-phase fluid. 

Figure 9.  Two-phase fluid distribution characterization. (a–c) Variation of wetting fluid saturation Sw and (d–f) specific interface area Awn during imbibition at different 
capillary numbers for the model of Bentheimer (left column), Doddington (middle column), and Ketton (right column).
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The maximum Awn obtained at each Ca increases with decreasing Ca, and the saturation corresponding to the 
maximum Awn increases with increasing Ca. The reason behind this phenomenon is due to the different displace-
ment patterns under different Ca. In addition, the difference between pore structures can increase or decrease the 
difference of Awn at different Ca at the same saturation.

3.5.  Fluid Connectivity

The connectivity of the fluid within the pore space during imbibition, mainly through nonwetting fluid distribu-
tion due to its high clustering degree, is quantified from two perspectives. First, the changes in the cluster number 
of nonwetting fluid Nc during imbibition are monitored in detail (Figures 10a–10c). Before the terminal interface 
breakthrough, the Nc gradually increases with the injection of fluid. After the breakthrough, the Nc at low Ca 
remains constant and does not change anymore, while at high Ca, the Nc increases first due to the more significant 
viscous force that can overcome Jamin's effect, and then gradually decreases as the nonwetting phase is gradually 
discharged. At the same time, the Nc curves at high Ca show large fluctuations, indicating that the fluid flow 
under this condition is accompanied by a large amount of breakdown and coalesce of fragmented fluid clusters.

Next, the Euler characteristic of nonwetting fluid is measured and normalized by the Euler characteristic of pore 
space to evaluate the connectivity of the nonwetting phase in imbibition (Figures 10d–10f). At the initial state, 
the nonwetting fluid occupies the entire pore space. Thus, the best connectivity corresponds to that moment with 
a value of 1.0 for the pore space-normalized Euler characteristic 𝐴𝐴 𝐴𝐴n (Herring et al., 2013, 2019). The connectiv-
ity of nonwetting fluid gradually decreases as the nonwetting fluid is discharged. All three models show such a 
trend at each Ca. Before the imbibition reaches the steady-state, the connectivity of the nonwetting fluid corre-
sponding to the same Sw deteriorates sequentially with decreasing Ca. The phenomenon, of course, is related to 
the displacement pattern at different Ca. However, by observing the cluster number evolution (Figures 10a–10c) 
and combining it with the definition of the pore space-normalized Euler characteristic, it can be inferred that the 
more in-depth reason is that the redundant connections of the nonwetting fluid are broken to a different extent 
at different Ca. Specifically, as Ca decreases, the dominance of the corner flow during the flow increases, and 
more topological loops are disrupted due to snap-off. After imbibition reaches a steady-state, the connectivity of 

Figure 10.  Fluid connectivity characterization. (a–c) Variation of cluster number Nc and (d–f) the pore space-normalized Euler characteristic 𝐴𝐴 𝐴𝐴n of nonwetting fluid 
during imbibition at different capillary numbers for the model of Bentheimer (left column), Doddington (middle column), and Ketton (right column).
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the nonwetting fluid at low Ca is better than that at high Ca due to the more 
significant number of large clusters at low Ca.

3.6.  Nonwetting Fluid Residual Trapping

The distribution of the residual nonwetting fluid within the pore space after 
the end of imbibition is shown in Figure 11. The residual nonwetting fluid 
at high Ca is mainly located in the center of pore space as nearly spherical 
droplets, while at low Ca, it mainly occupies two or more adjacent pores in 
clusters. In addition, the size of isolated nonwetting fluid trapped at the exact 
location or in the same pore increases with decreasing Ca. This trend is more 
intuitively observed in the Ketton model.

To quantitatively evaluate the distribution characteristics of nonwetting 
fluids trapped in different types of porous media at different Ca, the cluster 
number N(s) and cluster size s of the disconnected residual nonwetting fluids 
are counted, and the cumulative cluster-size distribution S(s) is calculated 
according to the following relationship (Dias & Wilkinson, 1986):

𝑆𝑆(𝑠𝑠) =

∞
∑

𝑠𝑠

𝑠𝑠𝑠𝑠(𝑠𝑠)

𝑁𝑁𝑝𝑝

� (4)

where Np denotes the number of voxels occupied by the pore space. Figure 12 
represents S(s) as a function of s in a log-log plot for the residual nonwetting 

fluid clusters in different models. Results indicate that cluster size under all Ca spans a wide range of nearly six 
orders of magnitude for all three models. In addition, S(s) is almost constant for s less than a certain value (about 
10 3 voxels and varies between model and Ca), while S(s) decreases significantly for s greater than that value. 
This means that the number of large clusters is small, but their contribution to the overall saturation is significant, 
while the number of tiny droplets is large, but their contribution to the overall saturation is negligible. This is more 
consistent with the results observed in the micro-CT scanning experiment after imbibition (Iglauer et al., 2012).

4.  Conclusions
In this work, forced imbibition in three natural rocks is simulated under the completely wetting and viscously 
unfavorable conditions based on the color lattice Boltzmann model. The two-phase interface and fluid structure 
during the whole displacement process are analyzed in detail and the following two conclusions are obtained:

1.	 �Incomplete pore filling and nonwetting fluid ganglion are present at different injection flow rates, but the 
reasons behind them and their dynamics are different. This is mainly determined by the different flow charac-
teristics of the invading fluid. At the high capillary number (lgCa = −2.5), ganglion dynamics dominate imbi-
bition, due to the flow characteristic of the invading fluid flowing in leading films along a part of solid surface 

Figure 11.  Nonwetting fluid clusters trapped in the pore space at the end of 
imbibition, where nonwetting fluid and pore-solid interface are shown in red 
and gray, respectively.

Figure 12.  Nonwetting fluid residual cluster distributions as a function of cluster volume under different capillary numbers for the model of (a) Bentheimer, (b) 
Doddington, and (c) Ketton.
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of large pores, as well as the effect of larger viscous forces. At the low capillary number (lgCa = −4.0), 
ganglion trapping dominates imbibition, due to corner flow and snap-off, and the effect of larger capillary 
forces.

2.	 �The local filling dynamics and the overall morphology of the two-phase interface control the two-phase fluid 
distribution and fluid structure. As the capillary number, expressed in logarithms, varies from −2.5 to −4.0, 
the morphology of the displacement front changes from viscous fingering to a rough but uniform characteris-
tic. Accordingly, before breakthrough, the two-phase interface increases, the connectivity becomes poor, the 
microscopic displacement efficiency decreases, and the final residual trapping increases. Pore structure only 
affects the magnitude of changes in these indicators, but not their trend over time.

The present work visualizes the rich flow physics and complex interfacial dynamics that occur in the pore space 
during imbibition as only a single factor changes, that is, the injection flow rate, and examines their effects on 
the overall structure and distribution of the fluids from multiple perspectives. These results help to deepen our 
understanding of the microscopic flow mechanisms behind the engineering applications such as oil resource 
exploitation and groundwater contamination remediation. It is also helpful to improve the research methods or 
theories related to multiphase flow in porous media, and may also help the upscaling studies under fully wetting 
conditions. For example, the effect of additional interfaces such as corner flow and film-like flow is included in 
the displacement rules in pore network modeling to more realistically reflect the actual flow process, and with 
the help of other methods, to more accurately predict the seepage characteristics at scales of engineering interest. 
Only a single and uniform wetting condition is considered in this work. However, the in situ wetting conditions 
in actual reservoirs are highly complex due to the spatial distribution of mineral composition, adsorption of polar 
substances in hydrocarbon, and the solid surface's roughness. Therefore, future work can focus on how wetta-
bility heterogeneity affects pore filling mechanisms and displacement patterns and can carry out a pore-by-pore 
analysis to better understand the microscopic flow mechanisms during immiscible displacement in porous media.

Data Availability Statement
Two-phase fluid distribution data for the Ketton model at different injection flow rates used in this study are 
deposited at https://doi.org/10.5281/zenodo.7081173. The open-source LBPM software package at https://github.
com/OPM/LBPM is used in this study.
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