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a b s t r a c t
To characterize the inﬂuence of reservoir conditions upon multiphase ﬂow, we calculated ﬂuid displacements (drainage processes) in 3D pore spaces of Berea sandstone using two-phase lattice Boltzmann (LB)
simulations. The results of simulations under various conditions were used to classify the resulting twophase ﬂow behavior into three typical ﬂuid displacement patterns on the diagram of capillary number
(Ca) and viscosity ratio of the two ﬂuids (M). In addition, the saturation of the nonwetting phase was
calculated and mapped on the Ca–M diagram. We then characterized dynamic pore-ﬁlling events (i.e.,
Haines jumps) from the pressure variation of the nonwetting phase, and linked this behavior to the occurrence of capillary ﬁngering. The results revealed the onset of capillary ﬁngering in 3D natural rock at
a higher Ca than in 2D homogeneous granular models, with the crossover region between typical displacement patterns broader than in the homogeneous granular model. Furthermore, saturation of the
nonwetting phase mapped on the Ca–M diagram signiﬁcantly depends on the rock models. These important differences between two-phase ﬂow in 3D natural rock and in 2D homogeneous models could be
due to the heterogeneity of pore geometry in the natural rock and differences in pore connectivity. By
quantifying two-phase ﬂuid behavior in the target reservoir rock under various conditions (e.g., saturation
mapping on the Ca–M diagram), our approach could provide useful information for investigating suitable
reservoir conditions for geo-ﬂuid management (e.g., high CO2 saturation in CO2 storage).
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
The characteristics of ﬂuid ﬂow in porous media have been the
subject of great interest in a wide range of scientiﬁc and engineering disciplines. In particular, the displacement of one ﬂuid by another (i.e., two-phase ﬂow) is a process that is central to enhanced
oil recovery (EOR), carbon capture and storage (CCS), remediation
of non-aqueous phase liquids (NAPL), and geothermal systems. In
CCS, the behavior of CO2 within a reservoir can be characterized
as two-phase ﬂow in a porous media system—speciﬁcally, the displacement of water (wetting phase) by supercritical CO2 (nonwetting phase) during drainage displacement [1,2], and CO2 displacement by water during the imbibition process. Pore-scale interfacial instabilities, such as Haines jumps [3], snap-off and ﬁngering
phenomena, relate to the stability, injectivity, mobility and satu-
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ration of CO2 in the reservoir. Therefore, understanding pore-scale
CO2 ﬂow is crucial to estimating critical CO2 characteristics in the
reservoir, including storage capacity, leakage risk, and storage eﬃciency (e.g., [4]).
The two-phase ﬂuid behavior in porous media is inﬂuenced
by many reservoir parameters, including the viscosity and density
of the ﬂuids, interfacial tension, pore structure, and other porous
medium characteristics (e.g., wettability and surface roughness)
(e.g., [5–8]), all of which vary from one reservoir to the next. A
number of numerical and experimental studies have been conducted to understand the complexities of multiphase ﬂuid ﬂow
in porous media (e.g., [9–22]). Lenormand et al. [23] demonstrated that the capillary number (Ca) and the viscosity ratio of
a two-phase ﬂuid (M) are the two most important factors (dimensionless values) affecting the displacement behaviors of twophase ﬂow in 2D micro-models. The capillary number is deﬁned
as Ca = μnVn /σ , where μn , Vn , and σ are the viscosity, velocity of the injected nonwetting ﬂuid, and interfacial tension, respectively. The viscosity ratio of a two-phase ﬂuid is deﬁned
as the ratio between the viscosity of the injected nonwetting
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Fig. 1. (a) Three-dimensional pore geometry (digital rock model) of the Berea sandstone (4003 grid cells), reconstructed from micro-CT scanner. (b) Pore size distribution of
the Berea sandstone [40]. (c) Example of surface of nonwetting phase during drainage process in the large model (10 0 03 grid cells) derived from the LB simulation. In this
ﬁgure, rock grain (solid part) and wetting phase are transparent.

phase to the viscosity of the defending wetting phase. Lenormand
et al. [23] reported that changes in Ca and M lead to three primary displacement patterns in two-phase ﬂow behavior: stable
displacement, viscous ﬁngering, and capillary ﬁngering. The stable displacement pattern, which corresponds to a ﬂat interfacial
front, can be observed at simultaneously high Ca and M. At high Ca
for M < 1, tree-like ﬁngers of the invading ﬂuid, known as viscous
ﬁngering, lead to unstable displacement. In this regime, capillary
forces are negligible as compared to viscous forces. At low Ca (typically less than 10−5 ), ﬂow in porous media is dominated by capillary forces, and ﬂuid ﬁngers grow in all directions—even backwards
against the bulk injection direction. Such patterns are evidence of
capillary ﬁngering; whereby ﬂuid displacement is not continuous
due to pore-scale capillary instabilities. When Ca or M takes on
an intermediate value, two displacement patterns occur simultaneously, with the resultant pattern termed “crossover” [14,24–26].
Owing to the intimate dependence of such patterns on pore-scale
properties and local thermodynamic conditions, displacement processes in the crossover domain are not yet fully understood [4].
Furthermore, the quantitative details of the Ca–M diagram as well
as crossover region depend on the scale of the system [27–29],
in addition to the pore structure. In larger systems, the boundaries between ﬂuid displacement patterns are not as sharp and the
crossover region is typically broader. Therefore, multi displacement
patterns can often occur simultaneously in larger systems.
Many studies in the literature have considered the dynamic behavior of the nonwetting phase, including trapping mechanisms, in
simple, and often homogeneous 2D, porous matrices (i.e., periodic
granular model; e.g., [30]). However, similar studies in 3D true natural rock pores are lacking. Although recent developments in imaging technology (e.g., X-ray microcomputed tomography; micro-CT)
enable observation of dynamic immiscible ﬂuid displacement in
natural rock (e.g., Haines jumps; [12]), temporal and spatial resolutions of the measurements of these displacements are often
limited. Furthermore, it is diﬃcult to quantify detailed displacement behavior over a broad range of reservoir conditions using
only laboratory experiments. Thus, numerical calculations of ﬂuid
ﬂow in 3D natural rock pores under a broad range of reservoirrelevant conditions are critical to quantifying pore-scale processes
in multiphase ﬂow in a more complete manner. Recently, the
digital rock approach has been developed to quantify these processes by combining modern microscopic imaging with numerical simulation (e.g., [4,6,31–35]). This approach, undertaken in a
high-performance computation environment, enables us to calculate porous ﬂow in natural rock samples and estimate hydrological

properties under a broad range of reservoir conditions (e.g., pressures and interfacial tension).
In this study, the 3D natural pore geometry of actual Berea
sandstone was extracted using micro-CT (Fig. 1a), and immiscible ﬂuid displacements (drainage processes) in the 3D pore model
were calculated under a broad range of reservoir conditions using two-phase lattice Boltzmann (LB) simulation ([36,37]). We then
evaluated the displacement characteristics of the two phases and
positioned them on the phase diagram for immiscible displacement characterized by Ca and M [23]. Although several previous
studies used LB simulation to reveal the ﬂuid behavior of limited pore throats, this study is the ﬁrst to illuminate the displacement patterns in a natural 3D pore geometry on the diagram of
Ca and M. We also characterized Haines jumps [3,12,16,38], which
are sudden drops in capillary pressure (i.e., differences in pressure
between nonwetting and wetting phases) when the interface between the two phases moves from a pore throat into a wider pore
body and thus displaces the wetting phase. The pressure variations
causing the Haines jumps therefore directly relate to the ﬂuid displacement patterns. We discuss herein the inﬂuence of pore heterogeneity and three-dimensionality upon the ﬂuid displacement
behavior, and attempt to identify suitable conditions in geo-ﬂuid
managements (e.g., CO2 storage) by mapping saturation of the nonwetting phase on the Ca–M diagram.
2. Methods
2.1. Digital rock model
To reveal ﬂuid behavior in natural sandstone, a digital rock
model was constructed from images of a cylindrical core of Berea
sandstone taken using a multi-slice micro-CT scanner (Fig. 1a).
Berea sandstone is a well-sorted sandstone with a relatively large
grain size and consists of quartz, feldspar, carbonates, and clay
minerals with a mean grain size of ∼250 μm [39]. The resolution
of the 2D scanned images was 3.2 μm. Total data sets were composed of 396 slices with intervals of 5 μm. These 2D pixel images
were linearly interpolated to construct a voxel-based 3D volume
with a 3-μm grid interval (Fig. 1a).
Each pixel in the CT images has a gray value that is assumed to
be proportional to the density of the material. To identify and label
the pore and grain phases within the images, segmentation was
carried out using a single grayscale threshold method to match
the porosity of Berea sandstone (∼21%). The details of this segmentation process are described in Jiang et al. [6]. The pore size
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Fig. 2. Surface of the nonwetting phase during drainage process in 3D natural sandstone for each displacement pattern. Nonwetting phase behavior in (a) viscous ﬁngering
regime and (b) capillary ﬁngering regime. The left side is the inﬂow side. These ﬁgures were obtained when the front of the nonwetting phase arrived at the outlet side.
The model size displayed in this ﬁgure (400 × 200 × 200 grid cells) is used for the LB simulations under various conditions.

Fig. 3. Displacement pattern and saturation plotted on the diagram of capillary number Ca and viscosity ratio M. Here we show the results of (a) 3D natural sandstone
and (b) 2D homogeneous pore model. The dots indicate the calculation conditions. The nonwetting phase behavior is classiﬁed as capillary ﬁngering (red dots), viscous
ﬁngering (blue dots) or stable displacement (green dots). The orange dots indicate the capillary ﬁngering close to stable displacement displayed in Figs. 4 and 5. The gray
dots indicate the unclassiﬁed behavior (crossover state). The red arrows indicate the condition of stable displacement for the 2D homogeneous model (Fig. 11b), but not for
the 3D natural sandstone (Fig. 11a). The color on the phase diagram shows the nonwetting phase saturation when the nonwetting phase arrived at the outlet side (as in Fig.
2). The gray-dashed lines are the boundaries of displacement patterns for the 2D homogeneous pore geometry from laboratory experiment [53].

distribution extracted from the digital rock (Fig. 1b; [40]) demonstrates that the typical pore size is ∼20 μm. The wide range of
pore size indicates the heterogeneity of the pore space of the Berea
sandstone.
2.2. Two-phase lattice Boltzmann (LB) simulation
In this study, the ﬂuid velocity ﬁeld within the 3D pore spaces
was calculated using two-phase LB simulation (Fig. 2). LB simulation is a computational ﬂuid dynamics method [36,41]. Unlike traditional numerical schemes that solve for the macroscopic
variables, this approach is based on the microscopic kinematic
equation for the particle distribution function of an assembly of
pseudo-molecules. The macroscopic variables are obtained by moment integration of these particle distribution functions. Using the
Chapman–Enskog expansion, it is possible to derive the incompressible Navier–Stokes equation in small Knudsen and Mach numbers limits [42–44]. This approach enables simulation of multiphase ﬂow in complex pore structures and is highly suitable for
parallel computing [45].

We used the color gradient model (an optimized version of the
Rothman–Keller/Gunstensen (RK) model) in LB simulation [46] to
treat the multiphase problem. This approach allowed higher M and
lower Ca than the previous LB multiphase extensions. Thus, we
were able to calculate the ﬂow behavior under a wide range of
conditions. The characteristics of each model in LB simulation are
described in Yang and Boek [47]. It should be noted that it is difﬁcult to consider a signiﬁcant density contrast of two-phase ﬂuids
using the present model, and such conditions require the use of
other more appropriate models (e.g., [48]). No-slip boundary conditions were imposed at all solid nodes via a halfway bounceback
scheme. The lattice pinning problem in this multiphase model,
which implies that the interface cannot move when the convection ﬂow is weak, has been recognized by several authors [49–51].
Due to this limitation, we simulate the two-phase ﬂow in a relatively high Ca (10−5 to 10−1 ) regime (Fig. 3). A pressure drop was
imposed between the inlet and outlet, while the boundary on the
lateral walls is impermeable.
To increase the computation eﬃciency of our LB implementation, we utilized graphics processor unit (GPU) parallel computing.
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The advantages of GPU computing, including large memory bandwidth, make it possible to conduct large-scale computation on a
small-scale GPU-based cluster [52]. Two-phase LB simulation has
frequently been applied to study pore-scale ﬂow dynamics, though
for a rather limited number of pore throats, owing to computational complexity. Our GPU implementation for LB simulation allows calculations for large digital rock. As such, a much larger
number of pore throats can be considered, thus capturing the spatial heterogeneity inherent in the actual rock. Using this approach,
we succeeded in calculating multiphase ﬂuid behavior in a digital rock model of ∼10 0 03 grid cells (∼2 mm in physical size with
∼2 μm resolution; Fig. 1c). From absolute permeability calculations
from single-phase ﬂow simulation for a large number of digital
rock models with difference domain sizes, we identiﬁed that the
representative elementary volume (REV) of the Berea sandstone we
used in this study is ∼1 mm (unpublished data).
3. Results and interpretation
The digital rock model for LB simulation should be larger
than (or close to) the REV (∼1 mm) and take into account the
multi-pore nature of Berea sandstone (dominant pore size in our
sample = 20 μm; Fig. 1b). In addition, we also need to consider
the scaling effect (i.e. scale of rock model) in the characterization
of two-phase ﬂuid displacement patterns on the Lenormand diagram [27–29]. The ﬂuid behavior would be mixed in the large
rock model. To clarify the boundary of displacement patterns,
therefore, we should focus on displacement patterns in a relatively small digital rock domain. From these reasons, the present
simulations were conducted for a digital rock model with dimensions of 400 × 200 × 200 lattice units (400 grid cells along
the ﬂow direction). Since the realistic scale of one lattice unit
was conﬁgured as 3 μm, the volume of this rock model was
1.2 mm × 0.6 mm × 0.6 mm. The size of the rock model is also limited by computational capability, and that reported herein represents the largest possible for two-phase ﬂow calculations at many
conditions even with the unique GPU-based simulation approach
utilized.
The surfaces of solid grains were assumed to be completely
hydrophilic. The lattice units each had a density of 1.0, corresponding to 10 0 0 kg/m3 for both the wetting and nonwetting
phases, because it is considered that the mobility ratio rather than

the density ratio plays a key role in our simulations. The time
step interval in our simulation is 3.6 × 10−6 s. Since we typically
calculate the two-phase ﬂuid behavior for ∼3,0 0 0,0 0 0 time-steps,
the ﬂuid behaviors during several seconds were characterized in
this study. The viscosity, injection pressure, and interfacial tension
were varied to compute the two-phase ﬂuid displacements under
a broad range of reservoir-relevant conditions in the parameter
space of Ca and M (Fig. 3). As shown in Fig. 2, our simulations
involved injection of the nonwetting ﬂuid into the digital rock
model already saturated with water at 51 different conditions. The
conditions in this drainage process are shown on the diagram of
Log Ca–Log M (dots in Fig. 3a). The Ca was calculated based on
the average ﬂuid velocity of both phases during the calculation
time. At high Ca, breakthrough occurred soon after beginning
injection of the nonwetting phase (across 400 grid cells in the
ﬂow direction). In several cases of low Ca, however, the injected
nonwetting phase moves slowly. In such cases, we ﬁnished the
numerical simulation before the nonwetting phase arrives at the
outlet side of rock model because of high computation cost.

3.1. Classiﬁcation of displacement patterns
Based on observation of the displacement behavior of the two
different ﬂuid phases under various conditions (Fig. 2), we classiﬁed the behaviors into three displacement scenarios on the diagram of Ca and M [23] shown in Fig. 3a. The animations of each
simulation cases are carefully checked to see if there is any typical capillary ﬁngering or viscous ﬁngering displacement behavior.
The simulation results shown in Fig. 2a and b exhibit characteristic features of viscous and capillary ﬁngering, respectively. In the
viscous ﬁngering regime (Fig. 2a), the thin ﬁngers follow preferential ﬂow paths. In contrast, ﬁngers grow in all directions in the
capillary ﬁngering regime (Fig. 2b). The detailed characterization
for each displacement pattern is discussed in the following section
(3.1.1–3.1.3).
To quantify displacement patterns and conﬁrm their classiﬁcation (Fig. 3a), we estimated the time variation of the nonwettingphase saturation (Fig. 4a) as well as its frontal position from the
inlet (or the most advanced tip of the interface; Fig. 4b). Here saturation refers to the free-phase saturation in the porous media,
not the dissolved saturation in the formation water. The frontal
position of a ﬁnger refers to the distance from the inlet to the

Fig. 4. (a) Saturation and (b) frontal position of injected nonwetting ﬂuid as a function of time-step in LB simulation. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 5. The relationship between saturation and the front position of nonwetting phase from the inlet side. In panel (a), we display all relationships. (b) The relationships
in the capillary ﬁngering regime close to the stable displacement. The displacement can be characterized as a step-like structure, but the front is always moving along
the ﬂow direction. (c) The relationships in the viscous ﬁngering regime. The displacement can be characterized as a smooth curve without a step-like structure. (d) The
relationships in the capillary ﬁngering regime. The displacement can be characterized as a step-like structure; saturation increases without moving tip of nonwetting phase.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

most deeply penetrated nonwetting ﬂuid in the rock. Thus, backward movements cannot be evaluated from Fig. 4b. The time
derivative of the frontal position of the nonwetting phase (Fig. 4b)
indicates the speed of nonwetting-phase movement from the inlet to the outlet of the rock model. We also plotted the saturation
as a function of the frontal position of the nonwetting phase (Fig.
5). In Fig. 5, we displayed the relationships for each displacement
pattern (Fig. 5b–d). The gradient of this relationship corresponds to
the degree of saturation in the bulk volume from the inlet to the
frontal interface of the nonwetting phase. Therefore, the gradient
in Fig. 5 represents how effectively the nonwetting phase saturation increased. Our results (Figs. 4 and 5) showed that saturation
and dynamic movement of the nonwetting phase are signiﬁcantly
inﬂuenced by reservoir conditions (on Ca–M diagram).
The saturation of the nonwetting phase was calculated when
it reached the outlet of the rock (i.e., crossed 400 grid cells), as
shown by the background colors in Fig. 3a. If the nonwetting ﬂuid
did not arrive at the outlet side, we calculated the ﬁtting curve of
the relationship displayed in Fig. 5 and estimated the saturation.
Therefore, the saturation displayed in Fig. 3 is not at equilibrium;
the equilibrium saturation is higher than this saturation.
To classify the displacement pattern from the balance between
capillary and viscous force, we calculated the pressure of the nonwetting phase (Fig. 6). In particular, we focused on the pressure
variation at a pore throat to characterize the pore-ﬁlling events.
The nonwetting phase pressure was calculated by averaging the
pressure inside the nonwetting phase in a surrounding subdomain

of the target pore throat (Figs. 7 and 8). In Fig. 9, we compared the
pressure variation at the same pore throat under various conditions. In a capillary ﬁngering regime where capillary force is dominant, the pressure should vary at the pore throat.
Using the information described above, we characterized and
classiﬁed each displacement mechanism as follows.
3.1.1. Capillary ﬁngering
In the regime of capillary ﬁngering (i.e., low Ca), indicated by
red dots in Fig. 3a, the movement of the nonwetting ﬂuid was
characterized by discontinuous burst-like ﬂow motions (possibly
Haines jumps). This movement can be clearly observed as a steplike structure in the time variation of the most advanced tip of
the interface, indicated by red lines in Fig. 4b. The spatial behavior of the nonwetting phase (Fig. 7c–j) demonstrates that the ﬁnger front moves not only in the injection direction (forward movement) but also against the injection direction toward the inlet
(backward movement; i.e., a reverse Haines jump). Since the backward movements are key characteristics of the capillary ﬁngering
regime [4], we can clearly identify capillary ﬁngering displacement
from these observations. We can also observe a step-like relationship on the cross-plot of saturation and the position of the ﬁnger front (Fig. 5d), suggesting that the saturation of the nonwetting
phase increases while the most advanced tip of the front remains
stationary. This behavior can be partially explained by backward
movements of the nonwetting phase (i.e., a reverse Haines jump;
Figs. 7h and 7j) and reﬂects the domination of localized pore-scale
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Fig. 6. Pressure distribution of nonwetting phase in viscous ﬁngering and capillary ﬁngering regimes. (a) and (c) Pressure distribution on the 2D slice extracted from 3D
digital rock model. Red indicates high pressure of nonwetting phase ﬂuid within the pore space. (b) and (d) Fingers of nonwetting phase surface cross the 2D pressure slice
shown in panels (a) and (c).

capillary forces in this ﬁngering regime. The acceleration of saturation with time (non-linear relationship) seen in Fig. 5d also indicates that the backward movement of the nonwetting phase and
growth of branching ﬁngers increase the saturation behind the ﬁnger front.
The dominant time variation in nonwetting phase pressure that
is associated with dynamic pore-ﬁlling events (i.e., Haines jumps)
is the characteristic feature of capillary ﬁngering, therefore the
pressure variation is useful information to identify the boundary of
the capillary ﬁngering regime (Figs. 6,7,9). The detailed interpretation of pressure variation is described in next Section (3.2).

3.1.2. Viscous ﬁngering
In the regime of viscous ﬁngering (i.e., high Ca and low M),
indicated by blue dots in Fig. 3a, the nonwetting phase advances
faster than in the capillary ﬁngering regime (Fig. 4b). This behavior indicates that the permeability (or injectivity) is high for this
ﬁngering regime [6]. Thin ﬁngers typically follow a number of preferential ﬂow paths in the same direction as injection (Fig. 2a),
and no backward movement of the nonwetting phase was noted
under these conditions (Fig. 5c). On the cross-plot of nonwetting
phase saturation and frontal position (Fig. 5c), the viscous ﬁngering regime is seen to be devoid of the step-like structures observed
in the capillary ﬁngering regime. The observed linear relationship
(Fig. 5c) indicates there was no backward movement of the nonwetting phase in the viscous ﬁngering regime.
The pressure of the nonwetting phase did not vary appreciably
during pore-ﬁlling events (Fig. 9). When the ﬂow velocity is high
(high Ca), pore-ﬁlling events occur very quickly and smoothly. Besides, the viscous pressure drop becomes dominant in this condition. The overall saturation was not high in this regime (color in
Fig. 3a). Thus, under viscous ﬁngering conditions, the nonwetting
phase did not inﬁltrate the pore space as effectively as it did under capillary ﬁngering conditions.

3.1.3. Stable displacement
In the 3D natural rock pore, the immiscible ﬂuid does not exhibit ideal stable displacement at conditions of high Ca and high
M (Fig. 3a), where stable displacement is expected from previous studies (e.g., [53]). Indeed, at the same condition, we successfully replicated ideal stable displacement (i.e., ﬂat interfacial front)
for a quasi-2D homogeneous periodic pore model (Figs. 3b,10,11).
We further discuss the differences between these two models
later.
Fig. 5b indicates the relationship between saturation and frontal
position in the condition close to stable displacement. Although
the relationship should be linear in ideal stable displacement, the
behavior in Fig. 5b is nonlinear (accelerated), as is the case in capillary ﬁngering. This behavior indicates that capillary ﬁngering still
occurred in the condition displayed in Fig. 5b and implies that the
ﬂuid displacement pattern is signiﬁcantly inﬂuenced by the heterogeneity (and likely the 3D nature) of the pore structure. For conditions close to stable displacement, the saturation of the nonwetting phase was high (Fig. 3a), suggesting that the nonwetting ﬂuid
effectively inﬁltrated the pore space.
Using the results of simulations at a broad range of reservoirrelevant conditions, we roughly identiﬁed the boundaries of the
three primary displacement patterns as a function of Ca and M
(Fig. 3a) for Berea sandstone. The ﬂuid displacement patterns and
saturation map shown in Fig. 3a is for the speciﬁc Berea sandstone
we used in this study, and so it would likely be different for other
types of reservoir rock.
To evaluate the inﬂuence of pore geometry upon the ﬂuid behavior and nonwetting phase saturation on the diagram, we conducted similar LB simulations for a quasi-2D homogeneous periodic pore model (1024 × 256 grid cells, and 8 grid cells for thickness; Figs. 3b,10). Many previous studies characterized ﬂuid behavior in similar 2D models. Because of the different dimensions of
these two pore models, furthermore, we could obtain insights for
the impact of system dimension upon the ﬂuid behavior. In com-

T. Tsuji et al. / Advances in Water Resources 95 (2016) 3–15

9

Fig. 7. The pressure and behavior of nonwetting phase during the pore-ﬁlling events (Log Ca = −4.19; Log M = −0.5). (a) The time evolution of the average pressure inside
the nonwetting phase at the pore throat (yellow arrow in panel b) within the red box in panel (c)–(j). The diameter of the pore throat is ∼30 μm (see panel b). (b) 2D slice
of digital rock perpendicular to the ﬂow direction. Red dots in panel (a) indicate the average pressure measured at each snapshot displayed in panel (c)–(j). The pressure
decreases at each pore-ﬁlling event. Four pore-ﬁlling events are identiﬁed from these panels. After the 4th pore ﬁlling events, we could not clearly observe pressure drop.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

parison to the crossover region for 2D homogeneous pore geometries [53], seen in Fig. 3, the crossover region in the natural Berea
sandstone (gray dots in Fig. 3) is much less deﬁned. In particular, the capillary ﬁngering in the Berea sandstone occurs at higher
Ca condition than that in the 2D homogeneous model. In addition,
the saturation of the nonwetting phase (color in Fig. 3) is much
different between 3D natural sandstone and the 2D homogeneous
model.

3.2. Characterization of pore ﬁlling events from pressure variation
As previously described, Haines jumps are displacement processes observed during slow drainage (i.e., rapid invasion process
spanning several pore volumes; [3]), as seen in the capillary ﬁngering regime. The local Reynolds numbers associated with such
interfacial jump velocity exceed values associated with Darcy-type
viscous ﬂow, and inertial effects may play a central role in these
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Fig. 8. Time variation of nonwetting phase pressure at pore throat during one pore-ﬁlling event (Log Ca = −4.19; Log M = −0.5). This pore-ﬁlling event corresponds to “event
1” displayed in Fig. 7. (a) The average pressure variation of nonwetting phase within the red box in panel (b). Red dots in panel (a) indicate the average pressure measured
at each snapshot displayed in panel (c)–(f). The diameter of the pore throat is ∼30 μm, which is the typical size of pore throats in Berea sandstone.

pore-scale dynamic events that govern front migration (e.g., [54]).
The jumps we identiﬁed in our results (Fig. 7) can inﬂuence the
nonwetting ﬂuid saturation (Fig. 3), and this phenomenon cannot
be captured without considering the inertial term in the Navier–
Stokes equation. This is particularly true of backward jumps in the
capillary ﬁngering regime, which increase the saturation or storage
eﬃciency of the nonwetting phase [4]. Therefore, characterization
of pore-ﬁlling events (including inertial phenomena; [55]) may be
crucial for accurate estimation of saturation in the reservoir (e.g.,
to evaluate eﬃciency of CO2 storage).

We also characterized the dynamic pore-ﬁlling events in Berea
sandstone based on the variation in nonwetting ﬂuid pressure
(Figs. 6–9). When pore-ﬁlling events occurred in conditions of low
Ca, the nonwetting ﬂuid pressure at the pore throat decreased
sharply (Figs. 7,8). Prior to these pore-ﬁlling events, a noted pressure accumulation was observed (Fig. 7). In this regard, the threshold capillary pressure characterizes the ability of a porous medium
saturated with a wetting phase to block the nonwetting phase
ﬂow. This threshold capillary pressure Pcth is proportional to the interfacial tension and inversely proportional to the effective radius

T. Tsuji et al. / Advances in Water Resources 95 (2016) 3–15

11

Fig. 9. Nonwetting phase pressure variation at the pore throat during the pore-ﬁlling events, parameterized by capillary number and viscosity ratio. The location of the pore
throat is the same as in Figs. 7 and 8. Downward and upward arrows indicate initiation and termination of the pore-ﬁlling event, respectively.

of the pore throat (e.g., [56]). This relationship is represented as
Pcth = 2σ rcosθ , where σ is the interfacial tension, θ is the contact
t

angle and rt is the pore throat radius. When the nonwetting phase
passes through the throat, the pressure difference between the
nonwetting and wetting phase, which corresponds to the capillary pressure Pc, should exceed the threshold value (Pcth ). Our results clearly show that the nonwetting phase pressure (or capillary
pressure) was locally concentrated at the tip of the penetrating
ﬁngers just before ﬁlling events in the capillary ﬁngering regime
(Fig. 8). Thus, the burst-like ﬂow that caused further ﬁnger penetration through the pore structure was caused by the instantaneous release of pressure concentration at the ﬁnger front. This
result suggests that the migration of ﬁngers is governed by local
ﬂow dynamics in several pores bodies and throats, rather than the
macroscopic pressure gradient associated with injection, in a capillary ﬁngering regime.
To illustrate this process, the pressure variation at the pore
throat was observed for sequential pore-ﬁlling events (Fig. 7a). After the nonwetting phase front moved far from the pore throat,
there was no further increase in the pressure at the throat, indicating that the nonwetting phase in the pore throat had attained
a local equilibrium. In the conditions of capillary ﬁngering (Log
Ca = −4.19, Log M = −0.5; Fig. 7), the pressure variation is observed
during ∼4 pore ﬁlling events after the nonwetting ﬁnger passed
through the pore throat, indicating that the spatial length of pres-

sure non-equilibrium is ∼400 μm along the ﬂow direction. This
characteristic length scale is changed due to reservoir conditions
(Ca and M). The pressure variations before the equilibrium state
at the pore throat (or length scale of pressure non-equilibrium
state) were larger under conditions of lower Ca, and the jump
events inﬂuence a large number of pore bodies and throats
[54]. Thus, one must consider rock models that are large enough
to capture the properties of equilibrium state (i.e., [57]). If simulations are conducted at much lower Ca, the model size should be
larger than that of the current model because of the longer spatial
length scale of pressure non-equilibrium. Continued increase in the
speed of computational hardware will eventually allow such larger
model systems to be effectively simulated using the GPU-based approaches described herein.
We also investigated the characteristics of pressure drop at the
pore throat due to pore-ﬁlling events under various reservoir conditions (Fig. 9). These results demonstrate that a large pressure
drop is characteristic of a low Ca condition (or the capillary ﬁngering regime). In cases of higher Ca, in which the nonwetting
phase smoothly passed through the pore throat, the pressure of the
nonwetting phase gradually changed during the pore-ﬁlling event
(Fig. 9). This behavior suggests that viscous forces are larger than
local capillary forces, meaning that the nonwetting phase moves
through pore throats without a signiﬁcant local concentration in
pressure under viscous ﬁngering conditions. Thus, at higher Ca,
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Fig. 10. The nonwetting phase during drainage process in a 2D homogeneous model for each displacement regime: (a) viscous ﬁngering regime, (b) stable displacement
regime and (c) capillary ﬁngering regime. This domain presented is only a portion of the entire 2D homogeneous model domain. Black arrows indicate the injection direction.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 11. Differences in ﬂuid behavior in (a) 3D Berea sandstone and (b) 2D homogeneous granular model at same condition (Log Ca = −2 and Log M = 1). Black arrows indicate
the injection direction. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

the macroscopic pressure gradient associated with injection dominates over local, pore-scale pressure gradients (Fig. 6a). Note that
the pressure concentration increase and drop were not observed
when Ca was higher than the condition displayed in Fig. 9. The
pressure variation of the Berea sandstone changed gradually at the
boundaries between regimes in the phase diagram (Fig. 9). Thus,
it is diﬃcult to clearly identify the distinct boundaries between
the primary displacement patterns in the case of 3D heterogeneous
natural sandstone.
The pressure variation further showed that the speed of dynamic pore ﬁlling events (Reynolds number Re) is locally high with
decreasing M or Ca (see time interval between two arrows in each

panel of Fig. 9). This pressure analysis demonstrates that the pressure variation (i.e., speed of pore ﬁlling events) is directly linked
to the pore-scale characteristics of the displacement patterns,
meaning that it can be used to classify the ﬂuid displacement
patterns.
4. Discussion
4.1. Inﬂuence of pore heterogeneity on the displacement patterns
The boundaries of the three displacement phases on the diagram of Ca and M [23] are clearly dependent on the pore structure,
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particularly the local pore geometry. The present results roughly
determined the phase boundaries between the three primary displacement patterns for 3D Berea sandstone (Fig. 3a). However,
these results are signiﬁcantly different from the results in the 2D
periodic homogeneous pore model (Fig. 3b) and results reported
in previous studies (e.g., gray dashed lines in Fig. 3; [53,58]). In
particular, capillary ﬁngering was observed in the natural sandstone in a higher Ca condition (Log Ca < −3; Fig. 3a), which was
not the case with 2D homogeneous pore geometries (Fig. 3b). Furthermore, the crossover region, where two-phase ﬂow behavior includes mixed displacement patterns, was less clearly deﬁned in the
case of natural sandstone. Finally, stable displacement was not observed in the 3D natural rock at the condition of high Ca and high
M (Fig. 3a); although this regime did yield stable displacement
within a 2D homogeneous synthetic pore model (Figs. 3b,11). Because of differences in the ﬂuid ﬂow behavior between 3D natural
sandstone and 2D homogeneous model, the saturation of the nonwetting phase on the Ca–M diagram is also signiﬁcantly different
(colors in Fig. 3a and b).
We suggest that these important differences between natural
sandstone and homogeneous pore geometries are primarily attributable to the inherent heterogeneity of the natural pore geometry. The natural rock embodies a wide variety of pores (from
narrow to wide throats; Fig. 1b). Thus high-threshold capillary
pressure is required when the nonwetting phase passes through
the narrow pore throats. Because the narrow throats are heterogeneously distributed in the natural rock, the nonwetting phase
is therefore heterogeneously trapped at the narrow throats while
the pressure perturbation is also dominant (Fig. 6). At pores with
low pressure gradients, capillary ﬁngering locally occurred. As a
result, capillary ﬁngering occurred at relatively high Ca in natural sandstone (Fig. 3). And, because multiple displacement patterns
occurred simultaneously in the natural sandstone, the crossover region between the displacement regimes was broad and less clearly
deﬁned (Fig. 3). Because the Berea sandstone used herein is well
sorted and less heterogeneous than other natural rocks characteristic of candidate reservoirs, capillary ﬁngering is likely the
dominant ﬂuid displacement regime in more heterogeneous (less
sorted) natural reservoir rocks.
Apart from pore heterogeneity of the digital rock sample
studied herein, another potentially important difference between
Lenormand’s phase diagram for 2D model and 3D natural sandstone (Fig. 3) could be the system’s dimensionality. Because the
pore connectivity and coordination number in a 3D system is
higher than in a 2D system, the variability of pore throats in a 3D
model is higher than that of a 2D system. Although it is diﬃcult
to quantify the difference between 3D and 2D system from the results presented herein (two cases; Fig. 3a and b), the dimensional
difference could also impact the morphology of the phase diagram.
Finally, differences in the ﬂuid ﬂow patterns noted in the Ca–
M diagram could also be associated with the scale of the system
considered. In larger systems, the crossover region will likely be
broader, making it diﬃcult to identify sharp boundaries in a phase
diagram [29]. Both capillary ﬁngering (at smaller scale) and viscous ﬁngering (at larger scale) will likely occur simultaneously in
large systems. Furthermore, when the two ﬂuids involved have different viscosities, the viscous pressure drop between two points
along the ﬂuid interface will typically be different in the two ﬂuids. This viscosity contrast will yield a change in the capillary pressure along the ﬂuid interface, which could generate a mixture of
viscous ﬁngering and capillary ﬁngering in large porous systems.
While the model size in this work is the largest tractable for twophase ﬂow with currently-available computational resources, it is
not very large in an absolute sense. Thus, we can only roughly
identify displacement patterns and the associated boundaries on
the phase diagram (Fig. 3).
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4.2. Suitable condition for effective saturation
This study demonstrates that the speciﬁc thermodynamic conditions of the reservoir can signiﬁcantly inﬂuence the local twophase ﬂow displacement patterns as well as the saturation (Fig. 3).
Thus, application of this approach to a particular reservoir rock will
help one identify preferable conditions for optimal reservoir management (including injection pressure), such as suitable conditions
for geological CO2 storage. Indeed, the saturation of the nonwetting
phase on the diagram of Ca and M (Fig. 3) represents suitable conditions for effective saturation. The saturation of the nonwetting
phase is signiﬁcantly altered by the speciﬁc reservoir conditions
considered in this study. Although the boundaries of the three displacement patterns were roughly identiﬁed herein, the saturation
can change gradually or rapidly, even within regimes exhibiting the
same displacement patterns. Furthermore, our study shows that
the saturation of the nonwetting phase depends strongly on the
details of the rock considered (Fig. 3). Thus, quantitative descriptions of the saturation distribution on the Ca–M diagram requires
similar simulations for speciﬁc target reservoir rocks (3D digital
rock). Note that the phase diagram could be also inﬂuenced by the
system scale, as described above.
In geological CO2 storage, the saturation and permeability (or
injectivity) of CO2 is of great concern. Although we only report
the saturation distribution on the Ca–M diagram in this study, it
is also possible to construct permeability distribution on the diagram. When CO2 is injected into subsurface rocks, the speed of
porous ﬂow is slow (Ca < 1), and the viscosity ratio between the
nonwetting phase (CO2 ) and wetting phase (water) is ∼0.1 (or Log
M = −1). The degree of saturation as mapped on the diagram between Ca and M (color in Fig. 3) shows that the saturation of CO2
increases signiﬁcantly under low Ca. Furthermore, since the viscosity of supercritical CO2 is more sensitive to changes in reservoir temperature and pressure than the viscosity of brine particularly near the critical point, the ﬂow behavior and the displacement patterns of CO2 will be strongly tied to the local temperature
and pressure of the reservoir. Therefore, in order to maximize CO2
storage, the injection condition of CO2 should be carefully selected.
The pore-scale simulation method used herein can be coupled
with reservoir simulators by transferring subgrid-scale information
to estimate the ﬂuid displacement patterns as well as resulting
hydrological properties (e.g., saturation or permeability) at relevant reservoir conditions. At present, ﬁeld-scale reservoir simulations do not seriously consider the dynamics of pore-scale ﬂuid
displacement patterns, though this study demonstrates that these
pore-scale behaviors have a signiﬁcant impact on the overall saturation and injectivity. In large-scale subsurface reservoirs, different displacement mechanisms will occur simultaneously due to the
heterogeneous pore geometry and pressure gradients, and spatially
and temporally varying reservoir conditions. In the region close to
the ﬂuid injection well, the ﬂuids will displace via viscous ﬁngering
because of the high local Ca. However, in most other parts of the
reservoir, capillary ﬁngering is likely to be dominant due to a low
local Ca. These different dynamic ﬂuid behaviors for each reservoir
will undoubtedly inﬂuence the security, eﬃciency, and capacity of
ﬂuid injection or extraction projects (e.g., CO2 geological storage).
5. Summary
The two-phase ﬂuid displacement patterns in 3D natural heterogeneous rock under various reservoir conditions were calculated
using LB simulation. The main results of this study include:
(1) Three typical ﬂow patterns in natural sandstone were classiﬁed on the Ca–M diagram. Since we calculated multiphase
ﬂow in a large digital rock model containing a number of
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(2)

(3)

(4)

(5)

pore throats, we were able to evaluate the inﬂuence of spatial pore heterogeneity inherent in the actual rock. This work
demonstrates that the digital rock approach can be effective
for revealing pore-scale phenomena.
Capillary ﬁngering occurred at higher Ca in natural sandstone than in homogeneous granular model. Stable displacement was not observed in the 3D natural rock at the conditions of high Ca and high M, although this regime did yield
stable displacement within a 2D homogeneous pore model.
The difference in ﬂuid behavior in 3D natural rock and 2D
homogeneous model is likely due to the heterogeneity of the
natural pore geometry, including pore connectivity.
Pressure variations during pore-ﬁlling events (Haines jumps)
were characterized at several conditions. These variations
can be used to diagnose the speciﬁc ﬂuid displacement
regime. In a capillary ﬁngering regime, pore-ﬂow dynamics
in local pore, rather than the macroscopic pressure gradient,
govern the migration of ﬁngers. From the pressure variation,
we could identify a characteristic length for non-equilibrium
state where local pore-ﬂow dynamic is dominant.
From these results, the most effective or suitable injection
conditions for geo-ﬂuid management (e.g., CO2 storage) in
natural sandstone were suggested. Saturation eﬃciency of
the nonwetting ﬂuid could be maximized in capillary ﬁngering and stable displacement regimes. However, the saturation can change gradually or rapidly, even within regimes
exhibiting the same displacement patterns. If rock samples
are available from a target reservoir, the approach presented
herein could be used to explore the ﬂuid displacement patterns in the parameter space of Ca and M, as well as the
overall saturation and permeability under such conditions.
This study shows that several ﬂuid displacement patterns
are mixed in the natural reservoir, and this variability in
ﬂuid displacement patterns can signiﬁcantly inﬂuence storage capacity associated with geo-ﬂuid management. Therefore, application of this analysis for the pore geometry of
reservoir rock could contribute to more effective and accurate ﬂuid management (enhanced saturation in CO2 storage).
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