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Viscous coupling during simultaneous flow of different fluid phases has a significant impact on their flow
through porous media. In this work, a new multiscale strategy is proposed for multiphase flow in porous
media. We use the lattice Boltzmann method (LBM) to simulate two-phase flow at pore scale and obtain
empirical terms for the viscous coupling inside individual pores. The empirical coupling terms are then
used in a pore-network model to efficiently simulate two-phase flow through porous media at core scale.
It is shown that including viscous coupling leads to better predictions of relative permeability.
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1. Introduction

The understanding of multiphase flow at pore scale is im-
portant for many applications, including carbon dioxide storage,
petroleum recovery and the exploitation of shale oil and gas (Blunt
et al,, 2013). Pore-scale modeling is important to develop this un-
derstanding for two reasons: (1) it provides physical insight into
displacement processes which is missing from empirical contin-
uum formulations of fluid flow (Joekar-Niasar and Hassanizadeh,
2012); and (2) it acts as a complement to laboratory experiments,
providing rapid predictions of properties for a range of flow condi-
tions (Raeini et al., 2014).

Among various pore-scale simulators, pore-network models are
extremely efficient and have been extensively used to study fluid
flow through porous media (Joekar-Niasar and Hassanizadeh, 2012;
Blunt, 2001). The idealization of the pore space as a lattice of
pores connected by throats was first advanced by Fatt (Fatt, 1956).
Then, the use of geologically realistic networks was introduced
by Bryant and Blunt (Bryant and Blunt, 1992) and Bryant et al.
(Bryant et al., 1993a,b). Bakke and @ren (Bakke and @ren, 1997)
further extended this method to represent a wide range of sedi-
mentary rocks. Patzek (Patzek, 2001) presented a series of accu-
rate predictions of multiphase flow properties using this approach.
Network models can accommodate different rock wettabilities
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(@ren and Bakke, 2003; Valvatne and Blunt, 2004; Ryazanov et al.,
2010) and three-phase flow (Fenwick and Blunt, 1998; Van et al.,
2004; Piri and Blunt, 2005a,b).

Despite the success and wide application of network modeling,
it still suffers from some limitations. The major problem is the sim-
plification of the pore-space geometry and flow processes within it,
which then leads to the neglect of important effects, such as vis-
cous coupling (Valvatne and Blunt, 2004), which is usually of great
importance (Ehrlich, 1993).

To overcome these limitations, it is necessary to perform simu-
lations that solve the relevant flow equations directly on a repre-
sentation of the pore space. The lattice Boltzmann method (LBM)
is widely used since it can handle multiphase fluid transport in
complex structures coupled with interfacial dynamics, electroki-
netics and thermodynamics (He and Li, 2000; Wang, 2012; Guo
and Wang, 2015; Xie et al., 2015; Chen and Doolen, 1998; Aidun
and Clausen, 2010; Huang et al., 2015). Various types of LBMs have
been employed to perform direct simulations of two-phase flow
in porous media, including both capillary and viscous forces (Liu
et al.,, 2015; Gunstensen et al.,, 1991; Shan and Chen, 1993; Swift
et al, 1995; He et al, 1999; Inamuro et al., 2004; Lee and Lin,
2005; Zheng et al., 2006; Connington and Lee, 2013; Shao et al.,,
2014; Vogel et al., 2005; Ahrenholz et al., 2008; Lehmann et al.,
2008). Huang et al. (Huang et al., 2009a) and Li et al. (Li et al.,
2005) found that viscous coupling effects - how the flow of one
phase impacts the other - are important over a broad range of
relevant flow conditions. However, the computational cost of LBM,
or indeed any other direct simulation approach, to study flow in


http://dx.doi.org/10.1016/j.advwatres.2016.11.017
http://www.ScienceDirect.com
http://www.elsevier.com/locate/advwatres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.advwatres.2016.11.017&domain=pdf
mailto:m.blunt@imperial.ac.uk
mailto:mrwang@tsinghua.edu.cn
http://dx.doi.org/10.1016/j.advwatres.2016.11.017

C. Xie et al./Advances in Water Resources 100 (2017) 26-34 27

(2)

(©)

Fig. 1. Possible fluid configurations. (a) Wetting fluid filled the whole pore. (b) Wetting fluid in the corner with the non-wetting phase in the center. (c) One fluid layers
(red) sandwiched between the other fluid occupying the corner and center. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

realistic rock samples to derive averaged flow properties at the mm
to cm scale, is extremely huge, and for complex systems, it is dif-
ficult to accommodate all the relevant flow physics and the pore
geometry in a single direct simulation.

In this work, we combine the advantages of both the lattice
Boltzmann method and pore-network modeling: conceptually we
consider the network model as an upscaled representation of flow
with properties derived from a pore-scale LBM simulation. We will
update a two-phase network model (Valvatne and Blunt, 2004)
while employing an improved free-energy multiphase LBM model
for the direct simulations (Zheng et al., 2006; Shao et al., 2014).
Then the effect of viscous coupling will be rigorously considered
by lattice Boltzmann simulations in the pore space. Furthermore,
two empirical functions will be obtained using our LBM results and
used to include the effect of viscous coupling in a previous pore-
network model (Valvatne et al., 2005).

2. Methodology

In pore-network model (Valvatne and Blunt, 2004), flow con-
ductance gp of fluid p is the key parameter to estimate transport
properties like flow rate g, and relative permeability kyp. The lo-
cal flow rates g, ; between each pair of adjacent pores i and j are
generalized by Darcy’s law as

p,ij = &p.ij VP, (1)

where VP; is the pressure gradient between the pore centers. For
different fluid configurations shown in Fig. 1, the conductance g,
is decided accordingly.

The single-phase conductance is given by

g =A Iy (2)
with parameter A being 0.5, 0.6 and 0.5623 for circular, triangu-
lar and square elements respectively (Oren et al., 1998; Patzek and
Silin, 2001). wu is the dynamic viscosity, Ais the cross-sectional
area, and G is the shape factor (Mason and Morrow, 1991).

For two-phase flow, the conductance of each phase should be
computed separately. For fluids occupying the corner and layer
area, empirical expressions (Valvatne and Blunt, 2004) are adopted
as

AZG,
===, 3
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where subscripts ¢ and | represent the corner and layer configura-
tions respectively, parameters C, Ac and G, are all related with the
corner fluid geometry, while by and g; are geometry parameters of
the layer fluid.

It is noted that Egs. (3) and (4) are derived for two-phase
case but only the viscosity of one phase appears in each equation,
which means that flow in each phase is independent of the other
phase and viscous coupling effect is not considered.

Fluid 1 -VPI(Fl) —

=Y

Fig. 2. Sketch of two-phase co-current flow between two infinite and parallel
plates.

However, the existence of the other phase should not be ig-
nored as illustrated in the following example, in which two-phase
co-current flow inside a straight channel formed between two in-
finite and parallel plates is considered. As shown in Fig. 2, fluid
1 with density p; and kinematic viscosity v; lays symmetrically
in the center driven by pressure gradient VP;, while fluid 2 with
density p, and kinematic viscosity v, lays in two sides close to
the plates driven by pressure gradient VP,. The distance between
two plates is 2H, with interface coordinates being =+ Y;. Theoretical
cross-sectional velocity distribution is obtained as (Huang and Lu,
2009)

O<y<Y: u=Ay’+G (5a)
Yi<y<H: u=Ay>+By+GC, (5b)
where

A; =-VP/(2p1v1) (6a)
Ay =—-VP/(2pv2) (6b)
By = —2AY; 4 2A1Yi(p1v1)/(02v2) (6¢)
G = (A2 —A)Y? — By (H - Y;) — AH? (6d)
G, = —-AH> —-B,H . (6e)

When applying the same pressure gradient as VP;=VP,=VP,
the conductance of both fluids are derived as
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It is clear from the above equation that the conductance of
fluid 1 is affected by fluid 2 for this simple cross-flow configura-
tion, which demonstrates the importance of viscous coupling effect
when estimating two-phase transport properties. For other types
of configurations in pore-network models, however, analytical so-
lutions are very difficult to obtain, and the viscous coupling be-
tween phases becomes much more complex.

In this paper, we adopt direct simulation by a free-energy based
multiphase LB model (Zheng et al., 2006; Shao et al,, 2014). Two
sets of LB equations are derived for the evolution of two-phase
momentum and interfacial dynamics respectively as

fi(x+ ALt + At) — fi(x, t) = —Tlf(f,»(x,t) - fx.0) + Q)
(8)

SR+ GAL t+ A) —gi(x, 1) = —Tlg(gf(x, t-glx1), (9

with the collision term (Q}) given as

(1) 3At, 2\,
Qf_<l_2tf) E ><(c,—u)-[V<3 I

+ (-¢Vu+F)(1 +Fi)}, (10)
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where f; and g; are the distribution functions, with 7 and g7 be-
ing the corresponding equilibrium distribution functions; subscript
i is the discrete direction of the lattice velocity ¢;, x is lattice po-
sition, u is velocity vector, t is time, At is the time step, 7; and
T4 are the relaxation parameters; the macroscopic variable F is the
body force, p is the local density, ¢ =(p1—p>)/2 is the order pa-
rameter to distinguish two phases with density p; and p,, u is
the chemical potential and it is related to the interface tension co-
efficient o. The kinematic viscosity v is closely related to the re-
laxation parameter 7y as
1 3v

Y=3 T aar
when using the widely adopted lattice velocity model like D2Q9 or
D3Q19 in this paper.

Through fluid-fluid interface, which usually covers 3-5 lattice
widths, fluid properties such as kinematic viscosity and density are
assumed to be linearly proportional to the weight of ¢ as

T (11)

(12)

V= + g;‘_"; (V2 — V1) (13a)
p=p1+ (Z)zi(f;] (P2 — P1) (13b)

This treatment for the transition area has been widely adopted
and found to be quite effective (He et al., 1999; Xie et al., 2016a),
and it captures the viscous coupling inherently compared with
other works that used velocity and stress continuity conditions at
prescribed interfaces (Patzek and Kristensen, 2001; Dehghanpour
et al., 2011).

By using the Chapman-Enskog expansion, the Navier-Stokes
equation

e (pu) + V(ouu) = —V(poc®/3) + pvAu— ¢V +F, (14)

and the convective Cahn-Hilliard equation (Cahn and Hilliard,
1958; Anderson et al., 1998)

%P +u-Vo =MV3u (15)
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Fig. 3. Cross-sectional velocity profile of the two-phase co-current flow.

can be recovered to second-order accuracy from Egs. (8) and (9).
Here pg=(p1+p03)/2 is the mean density, and M is the mobil-
ity controlling the diffusion rate of interface (Huang et al., 2009b).
Therefore, this model is successful in dealing with two-phase flows
with large density and viscosity ratios, and it is further developed
to consider two-phase non-Newtonian fluids (Xie et al., 2016a).

3. Results and discussion

In this section, we start with two benchmarks to validate the
accuracy of the multiphase LBM model to capture the viscous cou-
pling effect. Then, two-phase flows in triangular tubes are simu-
lated by the LBM. The major two kinds of fluid configurations are
discussed, including the water in corner case and the oil in layer
case. Next, a pore-network model (Valvatne and Blunt, 2004) is
modified by considering this effect using two correction functions.
Finally, the effect of the viscous coupling on the pore-network
model predictions is investigated.

3.1. Benchmarks

The multiphase LBM code used in this work has been validated
in previous works, including test cases considering static and dy-
namic contact angles for wettability (Xie et al., 2016b), and the
Young-Laplace law for capillary pressure (Xie et al., 2016a). In this
work, the emphasis is on accurately describing the viscous cou-
pling effect.

In the first test case, the analytical solution for two-phase co-
current flow between parallel plates depicted in Fig. 2 is exam-
ined. The fluid domain is set as 100 mm x 200 mm x 20 mm on
101 x 201 x 21 lattices with H = 200 mm and Y; = 50 mm. Peri-
odic boundary conditions are applied on the x and z axes, while
for the solid boundaries at top and bottom of the y axis, bounce-
back rules are adopted which produce a no-flow boundary condi-
tion at the solid wall. Fluid densities are p; = 50 kg/m3 and p, =
1000 kg/m?3; kinematic viscosities are v; = v, = 0.01667 m?/s; in-
terface tension is ¢ = 0.03 N/m; mobility is M = 0.01 kg ¢ s/m3;
and lattice velocity is c=100 m/s. The applied body forces for this
case are set as F;=15 Pa/m and F, =0, which means that fluid 2
will be dragged by fluid 1 through the viscous shear force at the
interfaces. When the system reaches the steady state, we are able
to extract the velocity profile in Fig. 3, showing an excellent agree-
ment between our simulation data and the theoretical solution.

The second test case is the simulation of a Poiseuille-type co-
current flow with the same geometry as in Fig. 2, but applying a
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Fig. 4. Relative permeability results for two-phase co-current flow.

uniform pressure gradient (body force) as VP; =V P, =VP. For this
case, the analytical relative permeability for the wetting fluid 2 and
non-wetting fluid 1 are given as (Yiotis et al., 2007)

1
kyp = Esg 3-5) (16a)

_ 3 p1vy 2 3 i
kn _5][5 P2V2 +Sl(1 - 5021)2)]’

where S, and S; are the wetting phase saturation and the non-
wetting phase saturation, respectively.

In the following simulation, the computational domain and
boundary conditions are the same as in the first case, but the in-
terface position Y; is varied to get different saturation configura-
tions. Here Y;=10 mm—90 mm are chosen which corresponds to
the wetting phase saturations of 90% — 10%, respectively. While the
other two full saturated (S, =100% and 0%) permeability data are
simply given by the ordinary single-phase LBM simulations. Fluid
densities are different from the first case with p; =100 kg/m? and
02=1000 kg/m3, while the other properties are kept the same.
The pressure gradient is set as VP=15 Pa/m. Thence, the relative
permeabilities can be computed as

Slyioy, tady

(16b)

kr2(S2) = (17a)
' Jlyj=0 U2.5pdY
o trdy
kit (S2) = -0 (17b)
f‘y|=o uy spdy

when the steady-state velocities u; and u, are reached. u;sp and
uysp are the single-phase velocities for fluids 1 and 2 under the
same flow conditions. Fig. 4 compares the present LBM results
with the analytical results, again, the data match well with each
other.

The above two benchmark cases validate the accuracy of our
multiphase LBM model to account for viscous coupling effect and
to calculate the relative permeability.

3.2. Viscous coupling effect on the pore-network prediction

In this subsection, we will use the multiphase LBM model as
a direct simulator for flow in pores or throats, to further examine
the impact of viscous coupling effect on predicting the transport
properties in pore-network models. Two types of fluid configura-
tion in a pore/throat corner are considered. In both cases, fluids are

driven by a uniform pressure gradient perpendicular to the plane
and flow through an equilateral triangular tube. The cross-sectional
fluid configurations are shown in Figs. 5 and 6, with the blue re-
gion representing water, the red region representing oil, and the
half angle being 8 =30°

In our calculations, water density is set to p, =1000 kg/m3, oil
density is p, = 800 kg/m3, and the interface tension is set to o =
0.01 N/m. The flow domain size is 2 mm x 1.74 mm x 0.1 mm on
a 201 x 175 x 11 lattice with the side length of the equilateral trian-
gle being 2 mm. Periodic boundary condition is applied on z axis
which contains 11 lattices along the flow direction, and bounce-
back boundaries are applied on the three sides of the triangle. For
the water in corner case, the kinematic viscosity of water is fixed
at the value of v, =1x10-6m?2/s, while the kinematic viscosity
of oil increases from the value of v,=1.25x10-%m?/s to infinite
to investigate the viscous coupling effect. In order to account for
the infinite viscosity of oil, we switch our two-phase simulation
in Fig. 5(a) to a single-phase simulation in Fig. 5(b), where the oil
is replaced by the solid rock with the corner water region kept
the same. However for the oil in layer case, the kinematic viscos-
ity of oil is fixed as v, = 4x 10-6 m2/s, while the water viscosity
increases from vy, = 3.33 x10~7 m?/s to infinite. Correspondingly,
the single-phase simulation in Fig. 6(b) is necessary, where the wa-
ter is replaced by the solid rock with the layer oil region being the
same.

Initially, the fluid regions are segmented by the radius toward
the triangle center. Then, without any external forces, the systems
will naturally evolve to their equilibrium states due to the wetta-
bility differences. Once the equilibrium states establishes, the inter-
face positions will no longer change and a pressure gradient of F =
50 Pa/m along the z direction is applied to fluids. Meanwhile, the
geometrical parameters needed for predicting the transport prop-
erties in Eqs. (3) and (4) are determined. Fig. 5(a) shows the equi-
librium configuration for the corner water case with a contact an-
gle of & = 45°, and Fig. 6(a) is the equilibrium configuration for
the oil layer case with a contact angle of & = 90° One may note
that the layer configuration here is a little bit different from that
of the previous paper (Valvatne and Blunt, 2004). In previous work,
the curvatures of the oil-water interface on both sides of the layer
are the same, which is in agreement with most natural cases that
fluids inside the pores are connected. While in this work, it is the
contact angle on two sides set to be same but not the curvature.
This is because what we consider here is actually a 2D pore with
infinite length, which makes the fluids disconnected, and therefore
the curvature is only determined by surface wettability. Although
this 2D simplification is adopted, it is compatible with the assump-
tion used in the network model.

Thence, we obtain the steady-state velocities and volumetric
flow rates for both phases. For the water in corner case, water
flow rates are plotted against water-to-oil dynamic viscosity ra-
tio in Fig. 7(a); while for the layer case, oil flow rates are plot-
ted against oil-to-water dynamic viscosity ratio in Fig. 7(b). It
should be noted that the zero viscosity ratio points represent the
single-phase flow situations, which are obtained by the ordinary
single-phase LBM simulations. Also shown in Fig. 7 are the cor-
responding pore-network predictions by using Eqs. (1), (3) and
(4). It is easily observed that these predictive points are quite
close to our single-phase LBM results, which demonstrates the as-
sumption in the original pore-network model that flow in each
phase is not considered to be affected by the other phase. How-
ever, this assumption is not always valid, because the two-phase
results deviate largely from the single-phase results, and the de-
viation increases obviously with the dynamic viscosity ratio in
both cases, which are mainly caused by the viscous coupling
effect.
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4.

T

LY

1IN 1
vy .' ' vy .
XL
F, .Y/ AN
.

il
4

R TS

ST
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Fig. 5. Cross-sectional fluid configuration for water in corner case (half angle §=30°). (For interpretation of the references to color in this figure, the reader is referred to

the web version of this article.)
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(b) Single-phase flow set-up.

Fig. 6. Cross-sectional fluid configuration for oil in layer case (half angle 8=30°). (For interpretation of the references to color in this figure, the reader is referred to the

web version of this article.)

In Fig. 8, more detailed information is presented to explain
this effect, where we extract velocity profiles along the center line
of the cross-sectional triangle. For each configuration, four pro-
files are obtained under different viscosity ratio conditions includ-
ing the single-phase condition. From the results, we can see in
all regions, the velocities obtained by two-phase simulations are
larger than the values obtained by single-phase simulations. For
the corner configuration, oil does not move when considered as an
infinite-viscosity solid under single-phase condition. However, this
is not the case for a real two-phase scenario where the water-to-oil
viscosity ratio is not zero. With the increasing of viscosity ratio, oil
velocities increase substantially. As a result, the higher-velocity oil
will drag the corner water through the viscous shear force at the
interface, leading the corner water to gaining more velocity. Simi-
larly, for the oil in layer configuration, due to the effect of viscous
coupling, as the oil velocities increase with the oil-to-water viscos-
ity ratio increases. Correspondingly, the higher velocities will lead
to much higher flow rates as illustrated in Fig. 7.

In summary, the above results show that the impact of viscous
coupling on predicting the transport properties is significant, and
the flow of each phase should not be considered independently in
the pore-network models.

3.3. Modification of the pore-network model

The pore-network model by Valvatne and Blunt (Valvatne and
Blunt, 2004) is extended considering the viscous coupling effect in
this section. From Fig. 7, we observe the monotonous increase of
water flow rate in corner with water-to-oil viscosity ratio, and in-
crease of oil flow rate in layer with oil-to-water viscosity ratio. To
incorporate this effect in the network model, we add two modifi-
cation factors fe(tecorner/[center) and fi( fdiqyer/hcorner) to the original
correlations for the water-film and oil-layer conductance in Egs. (3)
and (4) as

AZG, n
— <. (ﬂ) 18
Epe Mc fc Mecenter ( )
bﬁgz ( Miayer )
— D081 ¢ Miayer \ 19
gp,l My fl Mcorner ( )

where the corner function fc(itcorner//dcenter) 1S Supposed to be
mainly related to the viscosity ratio of fluid in the corner to fluid
in the center; while the layer function fi(iiyer/[tcorner) is mainly
related to the layer-to-corner fluid viscosity ratio. For the zero vis-
cosity ratio conditions, these two functions should be equal to one
since the original correlations predict well for the single-phase as
illustrated in Fig. 7. Therefore, the two single-phase LBM flow rates
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Fig. 7. Viscous coupling effect on predicting the flow rates.

are defined as the base rates, and the correction factors for other
viscosity ratios are then obtained by dividing the flow rates under
two-phase conditions by the base rates.

The obtained correction factors as a function of viscosity ratios
are shown by the points in Fig. 9. Besides of the two examples in
Fig. 7, we also included the impact of contact angle and fluid sat-
uration. For the corner case, contact angles of 6§ =45°, 6 =70° and
6=90°, with corner water saturation being S, =0.185, S,,=0.273
and Sy, = 0.415 are discussed. For the layer case, contact angles of
6=90°, 6=110° and 6 =125°, with layer oil saturation being S, =
0.168, S, = 0.200 and S, = 0.296 are discussed. These parameter
value ranges come from real typical applications. The results in-
dicated that the correction factor was not sensitive to wettability
or saturation in these value ranges of properties. This is because
the correction factors are the relative ratios between the flow rate
predicted under two-phase condition and that under single-phase
condition, which scale similarly as contact angle or fluid satura-
tion changes. We believe that the correction factor will show its
dependence on wettability and saturation at the extreme values of
contact angle and saturation. But for their common values in prac-
tice, we can just simplify the correlations as Eqs. (18) and (19) with
no dependence on wetting and saturation parameters. By the way,
when the contact angle or the saturation is away from the com-
mon values, too high or too low, the viscous coupling effect will
diminish so that the correction factor will not be so important any
more. Thus, two global exponential fitting curves are adopted to fit
the scattered data as shown in Fig. 9, which are taken as the em-
pirical modification functions in Eqgs. (18) and (19) respectively as

fc(ﬂcarner/ﬂcen[er) =4.568 — 359237]‘877%2:”‘[:; (20)
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Fig. 8. Fluid velocities along the triangle center line. Single-phase results are repre-
sented by the dash black lines, and two-phase results under different viscosity ratio
conditions are represented by the solid color lines.

Finally, after Eqs. (18)-(21) combined, the original pore-network
model is modified for predicting the transport parameters with
viscous coupling effect considered.

3.4. Performance of the modified pore-network model

In this section, the above modification is further examined by
revisiting two previous calculations for the relative permeability
curves.

The first example is taken from Valvatne’s Ph.D. thesis
(Valvatne, 2004), where a mixed-wet carbonate “Sample 1” was
simulated. This carbonate network was originally modified from
a Berea network generated by Bakke and @ren (Bakke and @ren,
1997). Here we keep exact the same parameters as in Val-
vatne’ work, like interface tension (29.9 mN/m), water viscosity
(0.927 x 10~3 Pa/s), oil viscosity (6.17 x 10~3 Pa/s), water-wet con-
tact angles (25° —65°), oil-wet contact angles (80° —82°) with
fraction of 0.68, etc. By using the present model, the relative per-
meability curves are re-calculated in Fig. 10. Our results are com-
pared with the experimental data (Valvatne, 2004) as well as the
original prediction. As is seen, both of the modeling results under-
predict the permeabilities, but the results obtained by the modi-
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Fig. 9. Modification functions obtained by considering the viscous coupling effect.

fied model are closer to the experiments. This remaining deviation
should be mainly ascribed to the network used, which is not orig-
inally constructed from the carbonate rock.

Another example is taken from the work of Dong and Blunt
(Dong and Blunt, 2009), where the water flooding relative perme-
abilities for a water-wet Berea sandstone “Sample 13" were pre-
dicted. The network was extracted by using an advanced maxi-
mal ball algorithm. Again, in the simulation by using the mod-
ified pore-network model, all the parameters are kept the same
with interface tension being 30 mN/m, water viscosity being
1.05x10~3 Pa/s, oil viscosity being 1.39x10-3 Pa/s and contact
angles being 50° — 70°. The present results are compared with
the experimental data (Oak, 1990) and the original predictions, as
shown in Fig. 11. The comparisons show evident improvement of
the present model over the original model, and good agreement
with the experimental data as well. One may find that the im-

provement in this case is better than the previous case, because
the effective flow region in homogeneous sandstones is usually
larger than that in heterogeneous carbonates, which usually en-
hances the viscous coupling effect.

Therefore, these results given in the above examples illustrate
that the present pore-network model is more accurate due to its
pore-scale essence of considering the viscous coupling effect.

4. Conclusions

Using a multiphase LBM model to provide the details of two-
phase flow at pore scale, we present an improved pore-network
model taking the viscous coupling effect into consideration at core
scale. The two-phase LBM simulations in triangular tubes are per-
formed to illustrate the importance of viscous coupling effect in
pore-network predictions. Results of two kinds of fluid configura-
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Fig. 11. Predicted water flooding relative permeabilities for water-wet Berea sand-
stone “Sample 13”. Present modeling results (blue lines) are compared with the
original predictions (black lines). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

tions including a water in corner case and an oil layer case indicate
that viscous coupling effect have great impact on the fluid velocity
distribution and flow rates. We use the LBM results to find cor-
relations for the effect of viscous coupling. The network model is
modified by incorporating these correlations as correction factors
for water-film and oil conductance. In the end, the accuracy of this
improved pore-network model is further validated by revisiting a
series of previous predictions for the relative permeability curves.

To conclude, the flow details in pore-scale are usually signifi-
cant and cannot be neglected, and direct simulations like lattice
Boltzmann modeling are able to capture these pore-scale infor-
mation accurately but they are time consuming, while the pore-
network model is extremely efficient and hence practical for larger
scale simulations but with less accuracy. This work build the
bridge between these two methods, which results to an improved
network model containing more pore-scale mechanisms and si-
multaneously maintaining its original efficiency. We believe the
idea of this work could also be extended to developing the pore-

network model by imbedding more complex pore-scale mecha-
nisms, such as wettability characterization, chemical reaction and
electrical dynamics.
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