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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 displace- 

ments (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 two- 

phase 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 oc- 

currence 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 dis- 

placement 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 impor- 

tant 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 CO 2 saturation in CO 2 storage). 

© 2016 Elsevier Ltd. All rights reserved. 
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. Introduction 

The characteristics of fluid flow in porous media have been the

ubject of great interest in a wide range of scientific and engineer-

ng disciplines. In particular, the displacement of one fluid by an-

ther (i.e., two-phase flow) is a process that is central to enhanced

il recovery (EOR), carbon capture and storage (CCS), remediation

f non-aqueous phase liquids (NAPL), and geothermal systems. In

CS, the behavior of CO 2 within a reservoir can be characterized

s two-phase flow in a porous media system—specifically, the dis-

lacement of water (wetting phase) by supercritical CO 2 (nonwet-

ing phase) during drainage displacement [1,2] , and CO 2 displace-

ent by water during the imbibition process. Pore-scale interfa-

ial instabilities, such as Haines jumps [3] , snap-off and fingering

henomena, relate to the stability, injectivity, mobility and satu-
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ation of CO 2 in the reservoir. Therefore, understanding pore-scale

O 2 flow is crucial to estimating critical CO 2 characteristics in the

eservoir, including storage capacity, leakage risk, and storage effi-

iency (e.g., [4] ). 

The two-phase fluid behavior in porous media is influenced

y many reservoir parameters, including the viscosity and density

f the fluids, interfacial tension, pore structure, and other porous

edium characteristics (e.g., wettability and surface roughness)

e.g., [5–8] ), all of which vary from one reservoir to the next. A

umber of numerical and experimental studies have been con-

ucted to understand the complexities of multiphase fluid flow

n porous media (e.g., [9–22] ). Lenormand et al. [23] demon-

trated that the capillary number ( Ca ) and the viscosity ratio of

 two-phase fluid ( M ) are the two most important factors (di-

ensionless values) affecting the displacement behaviors of two-

hase flow in 2D micro-models. The capillary number is defined

s Ca = μn V n /σ , where μn , V n , and σ are the viscosity, veloc-

ty of the injected nonwetting fluid, and interfacial tension, re-

pectively. The viscosity ratio of a two-phase fluid is defined

s the ratio between the viscosity of the injected nonwetting

http://dx.doi.org/10.1016/j.advwatres.2016.03.005
http://www.ScienceDirect.com
http://www.elsevier.com/locate/advwatres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.advwatres.2016.03.005&domain=pdf
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Fig. 1. (a) Three-dimensional pore geometry (digital rock model) of the Berea sandstone (400 3 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 0 3 grid cells) derived from the LB simulation. In this 

figure, rock grain (solid part) and wetting phase are transparent. 
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phase to the viscosity of the defending wetting phase. Lenormand

et al. [23] reported that changes in Ca and M lead to three pri-

mary displacement patterns in two-phase flow behavior: stable

displacement, viscous fingering, and capillary fingering. The sta-

ble 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 (typ-

ically less than 10 −5 ), flow in porous media is dominated by capil-

lary 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 simulta-

neously, 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 pro-

cesses 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 bound-

aries 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 be-

havior 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 nat-

ural rock pores are lacking. Although recent developments in imag-

ing 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 res-

olutions of the measurements of these displacements are often

limited. Furthermore, it is difficult to quantify detailed displace-

ment 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 reservoir-

relevant 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 pro-

cesses by combining modern microscopic imaging with numeri-

cal simulation (e.g., [4,6,31–35] ). This approach, undertaken in a

high-performance computation environment, enables us to calcu-

late porous flow in natural rock samples and estimate hydrological
roperties under a broad range of reservoir conditions (e.g., pres-

ures and interfacial tension). 

In this study, the 3D natural pore geometry of actual Berea

andstone was extracted using micro-CT ( Fig. 1 a), and immisci-

le fluid displacements (drainage processes) in the 3D pore model

ere calculated under a broad range of reservoir conditions us-

ng two-phase lattice Boltzmann (LB) simulation ( [36,37] ). We then

valuated the displacement characteristics of the two phases and

ositioned them on the phase diagram for immiscible displace-

ent characterized by Ca and M [23] . Although several previous

tudies used LB simulation to reveal the fluid behavior of lim-

ted pore throats, this study is the first to illuminate the displace-

ent patterns in a natural 3D pore geometry on the diagram of

a and M . We also characterized Haines jumps [3,12,16,38] , which

re sudden drops in capillary pressure (i.e., differences in pressure

etween nonwetting and wetting phases) when the interface be-

ween the two phases moves from a pore throat into a wider pore

ody and thus displaces the wetting phase. The pressure variations

ausing the Haines jumps therefore directly relate to the fluid dis-

lacement patterns. We discuss herein the influence of pore het-

rogeneity and three-dimensionality upon the fluid displacement

ehavior, and attempt to identify suitable conditions in geo-fluid

anagements (e.g., CO 2 storage) by mapping saturation of the non-

etting phase on the Ca–M diagram. 

. Methods 

.1. Digital rock model 

To reveal fluid behavior in natural sandstone, a digital rock

odel was constructed from images of a cylindrical core of Berea

andstone taken using a multi-slice micro-CT scanner ( Fig. 1 a).

erea sandstone is a well-sorted sandstone with a relatively large

rain size and consists of quartz, feldspar, carbonates, and clay

inerals with a mean grain size of ∼250 μm [39] . The resolution

f the 2D scanned images was 3.2 μm. Total data sets were com-

osed of 396 slices with intervals of 5 μm. These 2D pixel images

ere linearly interpolated to construct a voxel-based 3D volume

ith a 3- μm grid interval ( Fig. 1 a). 

Each pixel in the CT images has a gray value that is assumed to

e proportional to the density of the material. To identify and label

he pore and grain phases within the images, segmentation was

arried out using a single grayscale threshold method to match

he porosity of Berea sandstone ( ∼21%). The details of this seg-

entation 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. 11 b), but not for 

the 3D natural sandstone ( Fig. 11 a). 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] . 
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istribution extracted from the digital rock ( Fig. 1 b; [40] ) demon-

trates that the typical pore size is ∼20 μm. The wide range of

ore size indicates the heterogeneity of the pore space of the Berea

andstone. 

.2. Two-phase lattice Boltzmann (LB) simulation 

In this study, the fluid velocity field within the 3D pore spaces

as calculated using two-phase LB simulation ( Fig. 2 ). LB sim-

lation is a computational fluid dynamics method [36,41] . Un-

ike traditional numerical schemes that solve for the macroscopic

ariables, this approach is based on the microscopic kinematic

quation for the particle distribution function of an assembly of

seudo-molecules. The macroscopic variables are obtained by mo-

ent integration of these particle distribution functions. Using the

hapman–Enskog expansion, it is possible to derive the incom-

ressible Navier–Stokes equation in small Knudsen and Mach num-

ers limits [42–44] . This approach enables simulation of multi-

hase flow in complex pore structures and is highly suitable for

arallel computing [45] . 
We used the color gradient model (an optimized version of the

othman–Keller/Gunstensen (RK) model) in LB simulation [46] to

reat the multiphase problem. This approach allowed higher M and

ower Ca than the previous LB multiphase extensions. Thus, we

ere able to calculate the flow behavior under a wide range of

onditions. The characteristics of each model in LB simulation are

escribed in Yang and Boek [47] . It should be noted that it is dif-

cult to consider a significant density contrast of two-phase fluids

sing the present model, and such conditions require the use of

ther more appropriate models (e.g., [48] ). No-slip boundary con-

itions were imposed at all solid nodes via a halfway bounceback

cheme. The lattice pinning problem in this multiphase model,

hich implies that the interface cannot move when the convec-

ion flow is weak, has been recognized by several authors [49–51] .

ue to this limitation, we simulate the two-phase flow in a rela-

ively high Ca (10 −5 to 10 −1 ) regime ( Fig. 3 ). A pressure drop was

mposed between the inlet and outlet, while the boundary on the

ateral walls is impermeable. 

To increase the computation efficiency of our LB implementa-

ion, we utilized graphics processor unit (GPU) parallel computing.
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The advantages of GPU computing, including large memory band-

width, 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 computa-

tional complexity. Our GPU implementation for LB simulation al-

lows calculations for large digital rock. As such, a much larger

number of pore throats can be considered, thus capturing the spa-

tial heterogeneity inherent in the actual rock. Using this approach,

we succeeded in calculating multiphase fluid behavior in a digi-

tal rock model of ∼10 0 0 3 grid cells ( ∼2 mm in physical size with

∼2 μm resolution; Fig. 1 c). 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. 1 b). 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 di-

agram [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 rela-

tively small digital rock domain. From these reasons, the present

simulations were conducted for a digital rock model with di-

mensions 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 lim-

ited by computational capability, and that reported herein repre-

sents 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, corre-

sponding to 10 0 0 kg/m 

3 for both the wetting and nonwetting

phases, because it is considered that the mobility ratio rather than
Fig. 4. (a) Saturation and (b) frontal position of injected nonwetting fluid as a function 

figure legend, the reader is referred to the web version of this article.) 
he density ratio plays a key role in our simulations. The time

tep interval in our simulation is 3.6 ×10 −6 s. Since we typically

alculate the two-phase fluid behavior for ∼3,0 0 0,0 0 0 time-steps,

he fluid behaviors during several seconds were characterized in

his study. The viscosity, injection pressure, and interfacial tension

ere varied to compute the two-phase fluid displacements under

 broad range of reservoir-relevant conditions in the parameter

pace of Ca and M ( Fig. 3 ). As shown in Fig. 2 , our simulations

nvolved injection of the nonwetting fluid into the digital rock

odel already saturated with water at 51 different conditions. The

onditions in this drainage process are shown on the diagram of

og Ca –Log M (dots in Fig. 3 a). The Ca was calculated based on

he average fluid velocity of both phases during the calculation

ime. At high Ca , breakthrough occurred soon after beginning

njection of the nonwetting phase (across 400 grid cells in the

ow direction). In several cases of low Ca , however, the injected

onwetting phase moves slowly. In such cases, we finished the

umerical simulation before the nonwetting phase arrives at the

utlet side of rock model because of high computation cost. 

.1. Classification of displacement patterns 

Based on observation of the displacement behavior of the two

ifferent fluid phases under various conditions ( Fig. 2 ), we classi-

ed the behaviors into three displacement scenarios on the dia-

ram of Ca and M [23] shown in Fig. 3 a. The animations of each

imulation cases are carefully checked to see if there is any typi-

al capillary fingering or viscous fingering displacement behavior.

he simulation results shown in Fig. 2 a and b exhibit characteris-

ic features of viscous and capillary fingering, respectively. In the

iscous fingering regime ( Fig. 2 a), the thin fingers follow prefer-

ntial flow paths. In contrast, fingers grow in all directions in the

apillary fingering regime ( Fig. 2 b). The detailed characterization

or each displacement pattern is discussed in the following section

3.1.1–3.1.3). 

To quantify displacement patterns and confirm their classifica-

ion ( Fig. 3 a), we estimated the time variation of the nonwetting-

hase saturation ( Fig. 4 a) as well as its frontal position from the

nlet (or the most advanced tip of the interface; Fig. 4 b). Here sat-

ration refers to the free-phase saturation in the porous media,

ot the dissolved saturation in the formation water. The frontal

osition of a finger refers to the distance from the inlet to the
of time-step in LB simulation. (For interpretation of the references to color in this 



T. Tsuji et al. / Advances in Water Resources 95 (2016) 3–15 7 

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.) 
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ost deeply penetrated nonwetting fluid in the rock. Thus, back-

ard movements cannot be evaluated from Fig. 4 b. The time

erivative of the frontal position of the nonwetting phase ( Fig. 4 b)

ndicates the speed of nonwetting-phase movement from the in-

et to the outlet of the rock model. We also plotted the saturation

s a function of the frontal position of the nonwetting phase ( Fig.

 ). In Fig. 5 , we displayed the relationships for each displacement

attern ( Fig. 5 b–d). The gradient of this relationship corresponds to

he degree of saturation in the bulk volume from the inlet to the

rontal interface of the nonwetting phase. Therefore, the gradient

n Fig. 5 represents how effectively the nonwetting phase satura-

ion increased. Our results ( Figs. 4 and 5 ) showed that saturation

nd dynamic movement of the nonwetting phase are significantly

nfluenced by reservoir conditions (on Ca–M diagram). 

The saturation of the nonwetting phase was calculated when

t reached the outlet of the rock (i.e., crossed 400 grid cells), as

hown by the background colors in Fig. 3 a. If the nonwetting fluid

id not arrive at the outlet side, we calculated the fitting curve of

he relationship displayed in Fig. 5 and estimated the saturation.

herefore, the saturation displayed in Fig. 3 is not at equilibrium;

he equilibrium saturation is higher than this saturation. 

To classify the displacement pattern from the balance between

apillary and viscous force, we calculated the pressure of the non-

etting phase ( Fig. 6 ). In particular, we focused on the pressure

ariation at a pore throat to characterize the pore-filling events.

he nonwetting phase pressure was calculated by averaging the

ressure inside the nonwetting phase in a surrounding subdomain
 F  
f the target pore throat ( Figs. 7 and 8 ). In Fig. 9 , we compared the

ressure variation at the same pore throat under various condi-

ions. In a capillary fingering regime where capillary force is dom-

nant, the pressure should vary at the pore throat. 

Using the information described above, we characterized and

lassified each displacement mechanism as follows. 

.1.1. Capillary fingering 

In the regime of capillary fingering (i.e., low Ca ), indicated by

ed dots in Fig. 3 a, the movement of the nonwetting fluid was

haracterized by discontinuous burst-like flow motions (possibly

aines jumps). This movement can be clearly observed as a step-

ike structure in the time variation of the most advanced tip of

he interface, indicated by red lines in Fig. 4 b. The spatial behav-

or of the nonwetting phase ( Fig. 7 c–j) demonstrates that the fin-

er front moves not only in the injection direction (forward move-

ent) but also against the injection direction toward the inlet

backward movement; i.e., a reverse Haines jump). Since the back-

ard movements are key characteristics of the capillary fingering

egime [4] , we can clearly identify capillary fingering displacement

rom these observations. We can also observe a step-like relation-

hip on the cross-plot of saturation and the position of the fin-

er front ( Fig. 5 d), suggesting that the saturation of the nonwetting

hase increases while the most advanced tip of the front remains

tationary. This behavior can be partially explained by backward

ovements of the nonwetting phase (i.e., a reverse Haines jump;

igs. 7 h 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). 
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capillary forces in this fingering regime. The acceleration of satu-

ration with time (non-linear relationship) seen in Fig. 5 d also in-

dicates that the backward movement of the nonwetting phase and

growth of branching fingers increase the saturation behind the fin-

ger 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 interpreta-

tion 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. 3 a, the nonwetting phase advances

faster than in the capillary fingering regime ( Fig. 4 b). This behav-

ior indicates that the permeability (or injectivity) is high for this

fingering regime [6] . Thin fingers typically follow a number of pref-

erential flow paths in the same direction as injection ( Fig. 2 a),

and no backward movement of the nonwetting phase was noted

under these conditions ( Fig. 5 c). On the cross-plot of nonwetting

phase saturation and frontal position ( Fig. 5 c), the viscous finger-

ing regime is seen to be devoid of the step-like structures observed

in the capillary fingering regime. The observed linear relationship

( Fig. 5 c) indicates there was no backward movement of the non-

wetting 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. Be-

sides, the viscous pressure drop becomes dominant in this condi-

tion. The overall saturation was not high in this regime (color in

Fig. 3 a). Thus, under viscous fingering conditions, the nonwetting

phase did not infiltrate the pore space as effectively as it did un-

der capillary fingering conditions. 
.1.3. Stable displacement 

In the 3D natural rock pore, the immiscible fluid does not ex-

ibit ideal stable displacement at conditions of high Ca and high

 ( Fig. 3 a), where stable displacement is expected from previ-

us studies (e.g., [53] ). Indeed, at the same condition, we success-

ully replicated ideal stable displacement (i.e., flat interfacial front)

or a quasi-2D homogeneous periodic pore model ( Figs. 3 b, 10 , 11 ).

e further discuss the differences between these two models

ater. 

Fig. 5 b indicates the relationship between saturation and frontal

osition in the condition close to stable displacement. Although

he relationship should be linear in ideal stable displacement, the

ehavior in Fig. 5 b is nonlinear (accelerated), as is the case in cap-

llary fingering. This behavior indicates that capillary fingering still

ccurred in the condition displayed in Fig. 5 b and implies that the

uid displacement pattern is significantly influenced by the hetero-

eneity (and likely the 3D nature) of the pore structure. For con-

itions close to stable displacement, the saturation of the nonwet-

ing phase was high ( Fig. 3 a), suggesting that the nonwetting fluid

ffectively infiltrated the pore space. 

Using the results of simulations at a broad range of reservoir-

elevant conditions, we roughly identified the boundaries of the

hree primary displacement patterns as a function of Ca and M

 Fig. 3 a) for Berea sandstone. The fluid displacement patterns and

aturation map shown in Fig. 3 a is for the specific Berea sandstone

e used in this study, and so it would likely be different for other

ypes of reservoir rock. 

To evaluate the influence of pore geometry upon the fluid be-

avior and nonwetting phase saturation on the diagram, we con-

ucted similar LB simulations for a quasi-2D homogeneous peri-

dic pore model (1024 ×256 grid cells, and 8 grid cells for thick-

ess; Figs. 3 b, 10 ). Many previous studies characterized fluid behav-

or in similar 2D models. Because of the different dimensions of

hese two pore models, furthermore, we could obtain insights for

he impact of system dimension upon the fluid behavior. In com-
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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.) 
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arison to the crossover region for 2D homogeneous pore geome-

ries [53] , seen in Fig. 3 , the crossover region in the natural Berea

andstone (gray dots in Fig. 3 ) is much less defined. In particu-

ar, the capillary fingering in the Berea sandstone occurs at higher

a condition than that in the 2D homogeneous model. In addition,

he saturation of the nonwetting phase (color in Fig. 3 ) is much

ifferent between 3D natural sandstone and the 2D homogeneous
odel. v  
.2. Characterization of pore filling events from pressure variation 

As previously described, Haines jumps are displacement pro-

esses observed during slow drainage (i.e., rapid invasion process

panning several pore volumes; [3] ), as seen in the capillary fin-

ering regime. The local Reynolds numbers associated with such

nterfacial jump velocity exceed values associated with Darcy-type

iscous 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. 
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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 CO 2 storage). 
We also characterized the dynamic pore-filling events in Berea

andstone based on the variation in nonwetting fluid pressure

 Figs. 6 –9 ). When pore-filling events occurred in conditions of low

a , the nonwetting fluid pressure at the pore throat decreased

harply ( Figs. 7,8 ). Prior to these pore-filling events, a noted pres-

ure accumulation was observed ( Fig. 7 ). In this regard, the thresh-

ld capillary pressure characterizes the ability of a porous medium

aturated with a wetting phase to block the nonwetting phase

ow. This threshold capillary pressure P th 
c is proportional to the in-

erfacial tension and inversely proportional to the effective radius
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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. 
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f the pore throat (e.g., [56] ). This relationship is represented as

 

th 
c = 

2 σ cos θ
r t 

, where σ is the interfacial tension, θ is the contact

ngle and r t is the pore throat radius. When the nonwetting phase

asses through the throat, the pressure difference between the

onwetting and wetting phase, which corresponds to the capil-

ary pressure Pc , should exceed the threshold value ( P th 
c ). Our re-

ults clearly show that the nonwetting phase pressure (or capillary

ressure) was locally concentrated at the tip of the penetrating

ngers just before filling events in the capillary fingering regime

 Fig. 8 ). Thus, the burst-like flow that caused further finger pen-

tration through the pore structure was caused by the instanta-

eous release of pressure concentration at the finger front. This

esult suggests that the migration of fingers is governed by local

ow dynamics in several pores bodies and throats, rather than the

acroscopic pressure gradient associated with injection, in a cap-

llary fingering regime. 

To illustrate this process, the pressure variation at the pore

hroat was observed for sequential pore-filling events ( Fig. 7 a). Af-

er the nonwetting phase front moved far from the pore throat,

here was no further increase in the pressure at the throat, indi-

ating that the nonwetting phase in the pore throat had attained

 local equilibrium. In the conditions of capillary fingering (Log

a = −4.19, Log M = −0.5; Fig. 7 ), the pressure variation is observed

uring ∼4 pore filling events after the nonwetting finger passed

hrough the pore throat, indicating that the spatial length of pres-
ure non-equilibrium is ∼400 μm along the flow direction. This

haracteristic length scale is changed due to reservoir conditions

 Ca and M ). The pressure variations before the equilibrium state

t the pore throat (or length scale of pressure non-equilibrium

tate) were larger under conditions of lower Ca , and the jump

vents influence a large number of pore bodies and throats

54] . Thus, one must consider rock models that are large enough

o capture the properties of equilibrium state (i.e., [57] ). If simula-

ions are conducted at much lower Ca , the model size should be

arger than that of the current model because of the longer spatial

ength scale of pressure non-equilibrium. Continued increase in the

peed of computational hardware will eventually allow such larger

odel systems to be effectively simulated using the GPU-based ap-

roaches described herein. 

We also investigated the characteristics of pressure drop at the

ore throat due to pore-filling events under various reservoir con-

itions ( Fig. 9 ). These results demonstrate that a large pressure

rop is characteristic of a low Ca condition (or the capillary fin-

ering regime). In cases of higher Ca , in which the nonwetting

hase smoothly passed through the pore throat, the pressure of the

onwetting phase gradually changed during the pore-filling event

 Fig. 9 ). This behavior suggests that viscous forces are larger than

ocal capillary forces, meaning that the nonwetting phase moves

hrough pore throats without a significant local concentration in

ressure 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.) 
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the macroscopic pressure gradient associated with injection dom-

inates over local, pore-scale pressure gradients ( Fig. 6 a). 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 dy-

namic pore filling events (Reynolds number Re) is locally high with

decreasing M or Ca (see time interval between two arrows in each
anel of Fig. 9 ). This pressure analysis demonstrates that the pres-

ure variation (i.e., speed of pore filling events) is directly linked

o the pore-scale characteristics of the displacement patterns,

eaning that it can be used to classify the fluid displacement

atterns. 

. Discussion 

.1. Influence of pore heterogeneity on the displacement patterns 

The boundaries of the three displacement phases on the dia-

ram of Ca and M [23] are clearly dependent on the pore structure,
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articularly the local pore geometry. The present results roughly

etermined the phase boundaries between the three primary dis-

lacement patterns for 3D Berea sandstone ( Fig. 3 a). However,

hese results are significantly different from the results in the 2D

eriodic homogeneous pore model ( Fig. 3 b) and results reported

n previous studies (e.g., gray dashed lines in Fig. 3 ; [53,58] ). In

articular, capillary fingering was observed in the natural sand-

tone in a higher Ca condition (Log Ca < −3; Fig. 3 a), which was

ot the case with 2D homogeneous pore geometries ( Fig. 3 b). Fur-

hermore, the crossover region, where two-phase flow behavior in-

ludes mixed displacement patterns, was less clearly defined in the

ase of natural sandstone. Finally, stable displacement was not ob-

erved in the 3D natural rock at the condition of high Ca and high

 ( Fig. 3 a); although this regime did yield stable displacement

ithin a 2D homogeneous synthetic pore model ( Figs. 3 b, 11 ). Be-

ause of differences in the fluid flow behavior between 3D natural

andstone and 2D homogeneous model, the saturation of the non-

etting phase on the Ca–M diagram is also significantly different

colors in Fig. 3 a and b). 

We suggest that these important differences between natural

andstone and homogeneous pore geometries are primarily at-

ributable to the inherent heterogeneity of the natural pore ge-

metry. The natural rock embodies a wide variety of pores (from

arrow to wide throats; Fig. 1 b). Thus high-threshold capillary

ressure is required when the nonwetting phase passes through

he narrow pore throats. Because the narrow throats are hetero-

eneously distributed in the natural rock, the nonwetting phase

s therefore heterogeneously trapped at the narrow throats while

he pressure perturbation is also dominant ( Fig. 6 ). At pores with

ow pressure gradients, capillary fingering locally occurred. As a

esult, capillary fingering occurred at relatively high Ca in natu-

al sandstone ( Fig. 3 ). And, because multiple displacement patterns

ccurred simultaneously in the natural sandstone, the crossover re-

ion between the displacement regimes was broad and less clearly

efined ( Fig. 3 ). Because the Berea sandstone used herein is well

orted and less heterogeneous than other natural rocks charac-

eristic of candidate reservoirs, capillary fingering is likely the

ominant fluid displacement regime in more heterogeneous (less

orted) natural reservoir rocks. 

Apart from pore heterogeneity of the digital rock sample

tudied herein, another potentially important difference between

enormand’s phase diagram for 2D model and 3D natural sand-

tone ( Fig. 3 ) could be the system’s dimensionality. Because the

ore connectivity and coordination number in a 3D system is

igher than in a 2D system, the variability of pore throats in a 3D

odel is higher than that of a 2D system. Although it is difficult

o quantify the difference between 3D and 2D system from the re-

ults presented herein (two cases; Fig. 3 a and b), the dimensional

ifference could also impact the morphology of the phase diagram.

Finally, differences in the fluid flow patterns noted in the Ca–

 diagram could also be associated with the scale of the system

onsidered. In larger systems, the crossover region will likely be

roader, making it difficult to identify sharp boundaries in a phase

iagram [29] . Both capillary fingering (at smaller scale) and vis-

ous fingering (at larger scale) will likely occur simultaneously in

arge systems. Furthermore, when the two fluids involved have dif-

erent viscosities, the viscous pressure drop between two points

long the fluid interface will typically be different in the two flu-

ds. This viscosity contrast will yield a change in the capillary pres-

ure along the fluid interface, which could generate a mixture of

iscous fingering and capillary fingering in large porous systems.

hile the model size in this work is the largest tractable for two-

hase flow with currently-available computational resources, it is

ot very large in an absolute sense. Thus, we can only roughly

dentify displacement patterns and the associated boundaries on

he phase diagram ( Fig. 3 ). 
.2. Suitable condition for effective saturation 

This study demonstrates that the specific thermodynamic con-

itions of the reservoir can significantly influence the local two-

hase flow displacement patterns as well as the saturation ( Fig. 3 ).

hus, application of this approach to a particular reservoir rock will

elp one identify preferable conditions for optimal reservoir man-

gement (including injection pressure), such as suitable conditions

or geological CO 2 storage. Indeed, the saturation of the nonwetting

hase on the diagram of Ca and M ( Fig. 3 ) represents suitable con-

itions for effective saturation. The saturation of the nonwetting

hase is significantly altered by the specific reservoir conditions

onsidered in this study. Although the boundaries of the three dis-

lacement patterns were roughly identified herein, the saturation

an change gradually or rapidly, even within regimes exhibiting the

ame displacement patterns. Furthermore, our study shows that

he saturation of the nonwetting phase depends strongly on the

etails of the rock considered ( Fig. 3 ). Thus, quantitative descrip-

ions of the saturation distribution on the Ca–M diagram requires

imilar simulations for specific target reservoir rocks (3D digital

ock). Note that the phase diagram could be also influenced by the

ystem scale, as described above. 

In geological CO 2 storage, the saturation and permeability (or

njectivity) of CO 2 is of great concern. Although we only report

he saturation distribution on the Ca–M diagram in this study, it

s also possible to construct permeability distribution on the di-

gram. When CO 2 is injected into subsurface rocks, the speed of

orous flow is slow ( Ca < 1), and the viscosity ratio between the

onwetting phase (CO 2 ) and wetting phase (water) is ∼0.1 (or Log

 = −1). The degree of saturation as mapped on the diagram be-

ween Ca and M (color in Fig. 3 ) shows that the saturation of CO 2 

ncreases significantly under low Ca . Furthermore, since the vis-

osity of supercritical CO 2 is more sensitive to changes in reser-

oir temperature and pressure than the viscosity of brine partic-

larly near the critical point, the flow behavior and the displace-

ent patterns of CO 2 will be strongly tied to the local temperature

nd pressure of the reservoir. Therefore, in order to maximize CO 2 

torage, the injection condition of CO 2 should be carefully selected.

The pore-scale simulation method used herein can be coupled

ith reservoir simulators by transferring subgrid-scale information

o estimate the fluid displacement patterns as well as resulting

ydrological properties (e.g., saturation or permeability) at rele-

ant reservoir conditions. At present, field-scale reservoir simula-

ions do not seriously consider the dynamics of pore-scale fluid

isplacement patterns, though this study demonstrates that these

ore-scale behaviors have a significant impact on the overall sat-

ration and injectivity. In large-scale subsurface reservoirs, differ-

nt displacement mechanisms will occur simultaneously due to the

eterogeneous pore geometry and pressure gradients, and spatially

nd temporally varying reservoir conditions. In the region close to

he fluid injection well, the fluids will displace via viscous fingering

ecause of the high local Ca . However, in most other parts of the

eservoir, capillary fingering is likely to be dominant due to a low

ocal Ca . These different dynamic fluid behaviors for each reservoir

ill undoubtedly influence the security, efficiency, and capacity of

uid injection or extraction projects (e.g., CO 2 geological storage). 

. Summary 

The two-phase fluid displacement patterns in 3D natural het-

rogeneous rock under various reservoir conditions were calculated

sing LB simulation. The main results of this study include: 

(1) Three typical flow patterns in natural sandstone were clas-

sified on the Ca –M diagram. Since we calculated multiphase

flow in a large digital rock model containing a number of
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pore throats, we were able to evaluate the influence of spa-

tial pore heterogeneity inherent in the actual rock. This work

demonstrates that the digital rock approach can be effective

for revealing pore-scale phenomena. 

(2) Capillary fingering occurred at higher Ca in natural sand-

stone than in homogeneous granular model. Stable displace-

ment was not observed in the 3D natural rock at the condi-

tions 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. 

(3) 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. 

(4) From these results, the most effective or suitable injection

conditions for geo-fluid management (e.g., CO 2 storage) in

natural sandstone were suggested. Saturation efficiency of

the nonwetting fluid could be maximized in capillary fin-

gering and stable displacement regimes. However, the satu-

ration 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 pat-

terns in the parameter space of Ca and M , as well as the

overall saturation and permeability under such conditions. 

(5) This study shows that several fluid displacement patterns

are mixed in the natural reservoir, and this variability in

fluid displacement patterns can significantly influence stor-

age capacity associated with geo-fluid management. There-

fore, application of this analysis for the pore geometry of

reservoir rock could contribute to more effective and accu-

rate fluid management (enhanced saturation in CO 2 storage).
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