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Abstract. Capillary behaviors of two phases in porous media are widely
investigated by pore-scale simulations. Flow properties of miscible two-
phase fluids pose challenges because compositional species in miscible
fluids exist in both of two phases. In this work, pore-network model-
ing is developed to analyze capillary behaviors of miscible fluids. First,
the pore-network structure is generated by introducing the Halton se-
quence and the Delaunay triangulation. Then, we perform the primary
drainage to simulate the variation of capillary pressure as a function of
saturation under equilibrium conditions. The miscibility details of two-
phase fluids are determined by two-phase flash calculations. The effect
of representative network sizes on capillary behaviors is analyzed to bal-
ance computational demands and interpretability. Our models demon-
strate the efficiency and the robustness of the network generation proce-
dure. Finally, our simulation results indicate that the miscibility of fluids
significantly influences capillary behaviors, highlighting the necessity of
species-specific compositional modeling for miscible two-phase fluids in
porous media.
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1 Introduction

Two-phase flow of fluids in subsurface porous media has been playing an impor-
tant role in energy resources exploitation and carbon geological storage. Com-
pared with gas-water or oil-water two phases that have been traditionally mod-
eled as immiscible phases, gas-oil two phases can be miscible and then simulated
by species-specified compositional flow [1, 2]. Species in miscible fluids can ex-
ist in both of two phases, leading to complex phase and interfacial behaviors.
These behaviors are heavily affected by temperature, pressure, and composition
conditions. Understanding the flow properties of miscible phases is one of the
key issues to enhance sustainable recovery of hydrocarbon resources and stable
storage of greenhouse gases.

Capillary pressure pc plays an essential role in residual trapping of fluids
during the two-phase flow in porous media. The variation of pc as a function of
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the wetting-phase saturation Sw is known as the pc-Sw curve. In fact, the pc-Sw

curve is one of the most common constitutive properties of two-phase flow in
porous media. The pc-Sw curve can be obtained from laboratory experiments
and numerical simulations. Compared with laboratory experiments, numerical
simulations overcome the limitations at spatial and temporal scales to investigate
the pc-Sw curve in porous media under equilibrium conditions [3]. The prevalent
numerical method for the pc-Sw curve is pore-network modeling with the low
computational cost. A pore-network model is composed of pore bodies and pore
throats with simple geometries. Pore bodies mainly contribute to network satu-
rations and serve as computational nodes for flow simulations [4]. The miscible
two-phase fluids involve the equation of state (EoS) to characterize their phys-
ical properties. As one of the most prevalent EoSs, the Peng-Robinson EoS has
shown excellent estimation for hydrocarbon phase behaviors. Two-phase flash
calculations are the important part of phase equilibrium calculations to obtain
details of compositional species in each phase. Successive substitution iteration
and Newton’s method are popular methods to solve the formulations of two-
phase flash problems [5].

The workflow of this work is summarized as follows. We at first introduce
the Halton sequence and Delaunay triangulation in the pore-network generator
to create the pore-network structure. Then, we perform the primary drainage
simulations to compute pc-Sw curves. We evaluate the effect of representative
network sizes based on the outcomes of pc-Sw curves in order to optimize the
computational cost and interpretability. At last, we consider binary miscible flu-
ids whose two-phase information is obtained from flash calculations to investigate
the capillary behaviors in porous media.

2 Methodology

2.1 The network structure

In this work, we have developed random generator-based pore-network models
for flow simulations. The generation procedure is summarized as follows. At first,
the network topology was determined by creating a given number of pore bodies
distributed in a two-dimensional (2D) square domain. We generated quasiran-
dom pore bodies in this 2D space by use of the Halton sequence. Compared
with the source of pseudorandom numbers, pore bodies created by the Halton
sequence is of lower discrepancy in distribution but not uniformly cover the do-
main [6]. Second, we connected pore bodies by pore throats using the Delaunay
triangulation method to create triangles in the 2D domain [7]. In practice, we
predefined a specific number of pore bodies based on the density of pore bodies
within the 2D domain, positioning them at the four domain boundaries to avoid
lengthy pore throats. For approximating the statistical properties of the porous
media, pore throats between pore bodies were randomly deleted according to
the averaged coordination number. The pore-throat deletion was followed by
the elimination process which was conducted to delete isolated pore bodies, iso-
lated clusters, and dead-end pore bodies by use of the method proposed by Raoof
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Fig. 1. The pore-network model consisting of 10050 pore bodies and 25094 pore throats
with the average coordination number of 5.0: (a) the structure illustration, (b) the
inscribed radius distribution of pore bodies, and (c) the inscribed radius distribution
of pore throats.

and Hassanizadeh [8]. Third, we determined pore body sizes by the lognormal
distribution function, while pore throat sizes were assigned according to their
neighboring pore bodies at both ends [9, 10]. We used cube as the geometry of
pore bodies and square as the cross-sectional shape of pore throats. These angu-
lar geometries can accommodate two phases simultaneously. An example of the
pore-network model we generated is shown in Fig. 1a. In this case, we generated
10050 pore bodies and 25094 pore throats with the average coordination number
of 5.0. Figs. 1b and 1c show the generated inscribed radius distributions of pore
bodies and pore throats, respectively.

2.2 Numerical experiments

Miscible fluids we used in this work can be partitioned into two phases, vapor
and liquid. We simulated the primary vapor drainage in a strongly liquid-wet
porous medium to obtain pc-Sw curves, where contact angle was assumed as zero.
Therefore, we did not consider the effect of contact angles on capillary pressure.
The primary drainage process can be explained as follows. The liquid phase is
initially saturated in the pore network at the given temperature and pressure.
The vapor phase starts to contact the pore network at the same temperature.
With the increase of the vapor phase, there is a gradual increment of capillary
pressure between two phases in the pore network. At each step of capillary
pressure, equilibrium positions of all gas-liquid interfaces within the network are
determined. Then, computations are carried out for wetting-phase saturation Sw

within the entire pore network. As a results, a pc-Sw curve for the network can
be obtained.
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Non-wetting phase invasion in pore throats is controlled by entry capillary
pressure formulated by the MS-P theory involving interfacial tension σ, pore
throat radius rt, contact angle θ [11]. Due to the assumption of θ=0◦ in this
work, the entry capillary pressure is dependent on σ with the given rt. We have
calculated σ for miscible fluids which have Nc components using the Weinaug-
Katz equation:

σ =
[ Nc∑
j=1

(χjxjcw − χjyjcn)
]E (1)

where χj is the parachor of component j, xj and yj are mole fractions of com-
ponent j in liquid and vapor phases, respectively, cw and cn are molar densities
of liquid and vapor phases, respectively, and E is the critical scaling exponent
(E = 4.0). The parachor is an empirical value for the given component species
[12]. For calculating σ, we need to know the compositional variables of two
phases, including xj , yj , cw, cn. Two-phase flash calculations can be used to
compute these compositional variables. With the known overall composition zj
for miscible fluids, the fugacities of each species in liquid and vapor phases, fL

j

and fV
j , are supposed to be equal to each other, i.e., fL

j =fV
j . Knowing liquid

and vapor pressures, pL and pV , we have introduced corresponding fugacity co-
efficients, φL

j and φV
j , where fL

j = φL
j xjp

L and fV
j = φV

j yjp
V . The vapor-liquid

equilibrium ratio for component j, Kj , is defined as the ratio of yj to xj (Kj =
yj/xj). Based on the fugacity equivalence relation, Kj is computed as given by:

Kj =
φL
j p

L

φV
j p

V
(2)

EoSs play an important role in two-phase flash calculations, since φL
j and φV

j are
calculated from EoSs [5]. In this work, we have employed the Peng-Robinson EoS
for miscible fluids. The vapor-phase mole fraction in miscible fluids is defined as
βV = NV /N , where NV and N are mole numbers of the vapor phase and overall
miscible fluids, respectively. With βV , Kj , and zj , the Rachford-Rice equation
(FRR = 0) is given by:

FRR =

Nc∑
j=1

(Kj − 1)zj
1 + βV (Kj − 1)

= 0 (3)

Two-phase flash formulations are solved by successive substitution iteration
in this work. Without any information about vapor-liquid two-phase equilibrium
to calculate Kj from Eq. 2 at the beginning of two-phase flash calculations,
Wilson’s correlation with thermodynamic properties of fluids is employed to
obtain the initial guess of Kj , as given by:

K0
j =

pc,j
pV

exp(5.37(1 + ωj)(1−
Tc,j

T
)) (4)

where ωj is the acentric factor of component j, Tc,j and pc,j are critical tempera-
ture and critical pressure of component j, respectively, and T is the temperature.
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With known Kj (Kj = K0
j for the first step), the Rachford-Rice equation (Eq.

3) is solved to obtain βV . Next, the Peng-Robinson EoS is employed to get φL
j

and φV
j for updating Kj according to Eq. 2. Related EoS parameters used in

this work can be found in Ref. [12]. Successive substitution iteration repeats
updating Kj and βV until the convergence is reached.

3 Results and discussion

3.1 The representative network size

The representative elementary volume (REV) size is an important issue when
investigating flow properties in porous media. The REV effect is analyzed using
our pore-network model to obtain the representative network size. As shown in
Fig. 2, we selected 400, 2000, and 4000 pore bodies generated within the square
domain. The interfacial tension is set as 72.8mN/m. We performed the primary
vapor drainage and calculated pc-Sw curves in pore-network models for 20 runs
using the same input parameters. It can be seen that the network sizes heavily
influence pc-Sw curves during the drainage. With 400 pore bodies, there are
large variations of pc-Sw curves for different runs. As the number of pore bodies
increases, pc-Sw curves from each run gradually approaches the average curve.
Fig. 2 shows that pc-Sw curves are not significantly influenced by the network
size when containing 4000 pore bodies. Therefore, we used 4000 pore bodies to
simulate the drainage process for miscible fluids. It should be noted that this is
only valid for our 2D models. If there is a three-dimensional (3D) pore-network
model, the best representative network size will change. This is because 3D pore-
network models can have higher coordination number for pore bodies than the
2D version.

(a) (b) (c)
Average

Runs

Average

Runs

Average

Runs

Fig. 2. The effect of representative network sizes on pc-Sw curves: (a) 400 pore bodies,
(b) 2000 pore bodies, and (c) 4000 pore bodies.
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3.2 Capillary behaviors of miscible fluids

To investigate capillary behavoirs of different miscible fluids in porous me-
dia, we consider binary mixtures consisting of one component selected from
nitrogen(N2), methane(C1), or carbon dioxide (CO2), and the other one chosen
from n-butane (nC4), n-pentane (nC5), or n-decane (nC10). It should be noted
that we have performed the primary vapor drainage only when there exist two
phases. As a matter of fact, one single phase for miscible fluids may occur un-
der appropriate temperature and pressure conditions. Due to the monotonically
decreasing function of βV in the Rachford-Rice equation (FRR in Eq. 3), we
roughly used the values of FRR|β=0 and FRR|β=1 to determine whether there
were two phases. In the case of two phases, it is required that FRR|β=0>0 and
FRR|β=1<0. However, a more rigorous examination of phase states should utilize
the procedure of phase stability analysis [5].

(a) (b) (c)
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Fig. 3. The capillary behaviors of N2-nC4, C1-nC4, and CO2-nC4 miscible fluids at
T=323K: (a) pV =2MPa, (b) pV =4MPa, and (c) pV =6MPa.

In this study, the interfacial tension between two phases is computed using
the Weinaug-Katz equation (Eq. 1) before the drainage. More accurate results
of interfacial tension may be considered by use of the density gradient theory
[13]. Figs. 3-5 present pc-Sw curves of various miscible fluids calculated from
our pore-network model with 4000 pore bodies. It is found that all of binary
miscible fluids present the monotonous decrease in capillary pressure when the
vapor-phase pressure pV increases from 2 MPa to 6 MPa. This phenomenon is
dominant by the variation of interfacial tension. We can observe that the binary
miscible fluids (N2-nC4, C1-nC4, and CO2-nC4) have similar pc-Sw curves at
pV =2 MPa, as shown in Fig. 3a. Differences among these miscible fluids on
capillary behavoirs expand significantly as pV increases (see Figs. 3b and 3c). In
addition, at the same T and pV conditions, N2, C1, and CO2 exhibit a higher
capillary pressure when mixed with alkane with the longer carbon chain, as
shown in Figs. 3a, 4a and 5a.
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Fig. 4. The capillary behaviors of N2-nC5, C1-nC5, and CO2-nC5 miscible fluids at
T=323K: (a) pV =2MPa, (b) pV =4MPa, and (c) pV =6MPa.
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Fig. 5. The capillary behaviors of N2-nC10, C1-nC10, and CO2-nC10 miscible fluids at
T=323K: (a) pV =2MPa, (b) pV =4MPa, and (c) pV =6MPa.

Interfacial tension-induced capillary behaviors are very common in miscible
fluids. Therefore, the estimation of these complex capillary behaviors using tradi-
tional pore-network modeling with the fixed interfacial tension may lead to large
errors. Preliminary results in Figs. 3-5 have indicated that the thermodynamic
analysis on pore-network modeling is needed in the future for the explanation of
interactions between flow properties and phase miscibility.

4 Conclusions

We have simulated capillary behaviors of miscible fluids in porous media during
the primary drainage process through the pore-network modeling method. Ran-
dom generator-based pore-network models were developed by mainly introducing
the Halton sequence and the Delaunay triangulation. Multiple cases in this work
have shown that our network generation is efficient and robust, approaching the
probability distribution properties of porous media. We have examined the effect
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of representative network sizes on capillary behaviors for generated pore-network
models. It was found that simulations employing a network of 4000 pore bodies
could successfully generate representative pc-Sw curves in our cases. Our simula-
tion results indicate that it is essential to account for the thermodynamic effect
of fluids when modeling capillary behaviors for miscible fluids.
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