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Abstract:

The characterization of two-phase flow has been commonly based on homogeneous wet
capillary models, which are limited to heterogeneous wet porous media. In this work,
capillary pressure and relative permeability models for three heterogeneous wet systems
are derived, which enable the analysis of the effect of oil-wet ratio on the two-phase
flow mechanism. The capillary pressures, relative permeabilities and water cut curves
of three systems are simulated at the primary drainage stage. The results show that
water-wet and oil-wet systems exhibit drainage and imbibition characteristics, respectively,
while heterogeneous wet systems show both of these characteristics, and a large oil-
wet ratio is favourable to oil imbibition. Mixed-wet large and mixed-wet small systems
have water-wet and oil-wet characteristics, respectively, at the end and the beginning of
oil displacement. At the drainage stage, the oil-wet ratio can significantly decrease oil
conductivity, while water conductivity is enhanced. The conductivity difference between
oil and water firstly decreases and then increases with rising water saturation, and the
difference diminishes with the increase in oil-wet ratio. The oil-wet ratio can reduce water
displacement efficiency, and its effects on the water cut curves vary between the three
systems due to wettability distribution and pore-size mutation. The mixed-wet small system
has the strongest oil imbibition ability caused by the largest capillary pressure in oil-wet
pores and the smallest drainage pressure in water-wet pores, and high water conductivity
causes the greatest water cut. The trend of variations in the mixed-wet large system is
opposite to that in the mixed-wet small system, and the fractional-wet system is located
between the other two systems.

1. Introduction

(Kjosavik et al., 2002). In addition, a large number of tertiary
recovery techniques, such as surfactant displacement, alkali

Early studies concluded that the wettability of oil reservoirs
is homogeneous (water-wet or oil-wet) (Nutting, 1934; Craig,
1971). With the advancement of experimental methods, it
was gradually recognized that reservoir wettability is hetero-
geneous (Alhammadi et al.,, 2020; Gao et al., 2020; Pierez
et al.,, 2020; Cai, 2021; Elakneswaran et al., 2021). The
reservoir conditions can be extremely complex, as numerous
uncertain factors provide formation conditions for heteroge-
neous wet systems, such as mineral species, pore geometry,
fluid chemistry, pore surface roughness, fluid-pore surface
contact time, interfacial tension, temperature, and pressure
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displacement, CO; displacement, may cause a variation in the
original reservoir wettability and make it complex (Chang et
al., 2020; Diao et al., 2021; Zheng et al., 2021; Wu et al.,
2022).

The heterogeneous wet phenomenon indicates the presence
of hydrophilic and oleophilic surfaces, which can increase the
complexity of the two-phase flow mechanism. The heteroge-
neous wetting system is generally divided into two types: 1) a
mixed-wetting system where wettability is distributed accord-
ing to pore size, including mixed-wet large (MWL) (Skauge et
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al., 2003) and mixed-wet small (MWS) (Skauge et al., 2007),
where large and small pores are oil-wet, respectively; and
2) a fractional wetting (FW) system (Jerauld and Rathmell,
1997) where wettability is uncorrelated to pore size. Numerous
experimental studies have shown that the FW system is the
most common one for oil reservoirs (Dodd et al., 2014).

Capillary pressure and relative permeability are the intrin-
sic equations of multi-phase flow (Anderson, 1987; Cai et
al., 2014; El-Amin et al., 2017; Jiao et al., 2020), therefore,
these have been subjected to experiments with artificial FW
systems. Usually, physical models for artificial porous media
are packed with quartz sand (water-wet) and polytetrafluo-
roethylene (PTFE) particles (oil-wet) in different proportions
but the same grain size, thus models have a different oil-
wet ratio k, which is the ratio of oil-wet particle volume
to total particle volume. Thus far, the effect of k on the
flow mechanism of the FW system has been comprehensively
and uniformly understood (Bauters et al., 2000; Hwang et
al., 2006; Falode and Manuel, 2014). However, experimental
studies on MWL and MWS systems are challenging because
their artificial porous media are not currently possible to
manufacture.

Early theoretical studies mainly focused on capillary pres-
sure empirical models for the FW system, and several capillary
pressure models have been proposed since. However, the
simulation results have poor fitting with experimental data
as the empirical parameters lack clear physical meanings,
and these models can only be used for prediction in water-
wet and oil-wet systems. Ustohal et al. (1998) proposed a
phenomenological model with meaningful parameters that can
simulate the FW system, while the abundant input parameters
limit its application range. O’Carroll et al. (2005) put forward
a model with clear physical meaning parameters. However,
purely positive or negative capillary pressure curves could still
not be simulated.

As an alternative approach, the formation mechanism of
heterogeneous wet systems was applied to pore-scale modeling
(Kovscek et al., 1993). However, the two-phase flow and
variation equations are complex and difficult to calculate in
a real 3D (three-dimensional) pore network model (Nemer et
al., 2020). To simplify the pore network, a capillary bundle
model or a 3D ideal model was used. Several studies applied
the thin-film theory to the capillary bundle model and the
3D network model with equilateral triangular cross-sectional
pores, and subsequent capillary pressure or relative perme-
ability models were proposed by the work-energy conversion
theory (Hui and Blunt, 2000; Helland and Skjaeveland, 2004;
Valvatne and Blunt, 2004). Unfortunately, the above models
can only simulate the flow rules of the MWL system due
to the single pore shape and the simplified mechanism of
wettability change. Therefore, Kallel et al. (2017) improved
the wettability variation criterion proposed by Blunt (1997)
by using combinations of different pore shapes, to simulate
two-phase flows of the MWS and FW systems. Zhao et al.
(2018) simulated the effect of k on the relative permeability
curves based on the Lattice Boltzmann model and derived the
2D fluid distribution for separate displacement stages. Zheng
et al. (2021) proposed the fluid distribution and displacement

process of cylindrical FW capillary, and studied the effect of
k on capillary pressure curves.

However, a unified two-phase flow model has been chal-
lenging to obtain owing to the complex combination of pore
shapes and the actual reservoir wettability change mechanism
(Kovscek et al., 1993). In this work, we investigate the two-
phase flow in heterogeneous wet systems, which provides
significant aid to simplify the above problem. Moreover, the
cylindrical capillary bundle is adopted as the pore structure to
establish different wettability distributions, and the capillary
pressure and relative permeability models of three heteroge-
neous wet systems are derived based on the flow equations
(Young-Laplace equation and conductivity equation). Subse-
quently, the two-phase flows of MWL, MWS and FW systems
are simulated, and the differences between them are analyzed.

2. Model descriptions

2.1 Fundamental equations

The “3R modeling method” suggests that, although the
exact characteristics of the real pore are unknown, three
important parameters (pore volume V (r), conductivity g, and
capillary pressure P,) can be obtained from the pore radius. A
cylindrical capillary for the pore structure and homogeneous
wetting for the pore surface are assumed (oil-wet or water-
wet). The capillary pressure can be expressed by the Young-
Laplace equation:

P — 26(;089 0
where r denotes cross-sectional radius, ¢ denotes interfacial
tension, and 6 is the contact angle.

When the oil enters the water-wet pores (6 < 90°), the
capillary pressure acts as a force of resistance. A larger r
leads to a smaller P., whereby this benefits oil displacement.
This rule is the opposite when the oil enters the oil-wet pores
(6 >90°).

The one-phase conductivity in the cylindrical capillary
follows Fourier’s law (Purcell, 1949), such as:

ot

C8u
where 1 denotes fluid viscosity.

8c 2

2.2 Pore size distribution and capillary bundle
model

The pore size distribution is described by the lognormal
distribution function, and we consider that it is adequate to
characterize a wide range of core samples (Kosugi, 1994).
The density function f(r) is then given by the formula:

2

f(r):ﬁexp [_W]a Tmin <7 <rmax (3)
where 71 denotes the mean, A denotes the variance; ryy
and rmax are the minimum and maximum capillary radius,
respectively; their values in this paper are 1 =1.14, A =0.58,
Fmin = 0.01 um, and rp,x =20 yum.

The pore volume V), of the capillary bundle model is
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expressed as:

" AV (Fdr 4)

Tmin
The water saturation S, of the capillary bundle model can
be expressed as:

V:

Vi

Sw= A 4)

where V,, denotes water volume in the capillary bundle model.
Assuming that the capillary bundle model is initially satu-
rated with water. For water-wet pores, when the displacement
pressure reaches the capillary entry pressure P, oil enters the
capillary bundle by piston-like drainage, the corresponding r
is the minimum critical radius r.,, and P{, > 0. For oil-wet
pores, when the displacement pressure reaches the capillary
entry pressure P, oil enters the capillary bundle by piston-like
imbibition, the corresponding r takes the value of maximum
critical radius r.,, and P¢, < 0. Two capillary entry pressures

co
can be expressed as:

20 cos 6
P, = — (6a)
cw
20 cos 6
P = — (6b)
co

The one-phase conductivity gy in the cylindrical capillary
bundle model is:

= [ rngelrar ™

Tmin
For the capillary bundle model, absolute permeability is
a constant and is proportional to the conductivity. Thus,
the relative permeability of water and oil (K, K,) can be
calculated by:

Kpy =52 (8a)
8s
Kro = & (8b)
8s
where g,, and g, respectively represent water and oil conduc-

tivity.

According to the wettability distribution of different het-
erogeneous wet systems, the capillary pressure and relative
permeability models can be derived by combining the dis-
placement pressure, the corresponding S,,, K and Kj,.

2.3 Wettability distribution

For the MWL system, pores larger than the wettability
critical radius r,, are oil-wet and those smaller than r,, are
water-wet (Fig. 1(a)); the opposite is true for the MWS system
(Fig. 1(b)). In the FW system, oil-wet and water-wet pores co-
exist in all pore size distributions, and k is constant (Fig. 1(c)).

The relationships between r, and k for the MWL and
MWS systems are established as:

frmax
m

v Q\ACLL
L Fr)V (rdr

"min

(9a)

knws = o (9b)
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Fig. 1. Wettability distributions of heterogeneous wet systems
when k = 1/2 (the red area indicates oil-wet pores, and the
blue area indicates water-wet pores).

With the increase in r,;, the kpsw; decreases, while this is
the opposite for kyws.

For the FW system, assuming that the oil-wet pore size
distribution function is f,(r), the water-wet pore size distri-
bution function is f,,(r), and f,(r) + fiw(r) = f(r). Then, the
krw can be expressed by:

Jrmax £ (R (r)dr

Fmin
rrr:i" f(n\V(rdr

2.4 Capillary pressure and relative permeability
models

krw = (10)

Heterogeneous wet systems consist of oil-wet pores (6, =
170°) and water-wet pores (68, = 10°), and the oil-water
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interfacial tension o,,, = 0.26 N/m. The k values are 0, 1/4,
1/2, 3/4, and 1, where k = 0 and k = 1 indicate the water-
wet and oil-wet systems, respectively. The capillary bundle
model is initially saturated with water, and the oil enters the
capillary bundle by the P, transited from negative infinity to
positive infinity.

When oil imbibition into the oil-wet pores occurs (P, < 0)
Sy for MWL, MWS, and FW systems can be respectively
calculated by:

Jrm SV (r)dr+ [0 f(r)V (r)dr

S, = T P F OV (i e
i OV () + [ )V ()dr

St = 2 : « 11b

s T POV (rdr (o)

2 BV O [ fV O

SW-,FW = frmax

o f(r)V (r)dr

The values of K;,, and K,, for the oil imbibition stage for

MWL, MWS, and FW systems can be respectively calculated
by:

e f(r)ge(r)dr+ [ f(r)ge(r)dr

"min

Krvam = T g (ndr (122
Koomwr = m (12b)
Koas BT 08 >f:néx>d(r)+fr(m)d<r fOslrr
Kromws = W (13b)
ko T <>gf< ;f"f f,;E::;dr< Deldr
Koo iw = W (14b)

Tmin

Once the oil has saturated all oil-wet pores, when the oil
enters the water-wet pores (P, > 0), the S,, for MWL, MWS,
and FW systems can be respectively calculated by:

Jre Fr)V (r)dr
S e Y () 2
fr“” f(rV(r)dr
Swmws = W (15b)
7 fu(P)V (r)dr
Sy m— 15
FW = i 70V (7)dr (15¢)

< min

The values of K, and K, for the oil drainage stage for
MWL, MWS, and FW systems can be respectively calculated

by:
Jrow f(r)ge(r)dr

Krwmwr = ff,g‘ (Fae(r)dr (16a)
'rm.ix d + "min . d
Km,MWL = jr,n (r) frgmz ? )‘IVC(M )dfr)g (r) ! (16b)

Tmin

Jrg f(r)ge(r)dr

Krwmws = W (17a)
Koo s = S f(r)g )f, n;)dzv;‘f,(n) di r)gc(r)dr (17b)
Ky, pw = W (18a)
Koo iy — Jm fo(r)gf (m a)xdr(+) fr(n) LJ;: (r)ge(r)dr (15b)

Tmin

3. Results and discussion

3.1 Capillary pressure curves

Fig. 2 shows the capillary pressure curves of the three
heterogeneous wet systems, which reveal the imbibition ability
of the wetting phase in porous media. The top blue and bottom
red curves of the group, which correspond to the drainage
and imbibition processes of the conventional water-wet (k = 0)
and oil-wet (k = 1) systems, respectively, are centrosymmetric.
However, other curves with k values are located between them,
following the trend that the capillary pressures gradually move
downward with the increase in k, and feature both drainage
and imbibition processes.

For the MWL and MWS systems, the curves with different
k values overlap with the water-wet and oil-wet systems,
respectively. The water saturation range of overlap decreases
and increases, respectively, with the increase in k in the MWL
and MWS systems. The number of oil-wet pores increases
with the growth of k, thus oil enters water-wet pores (where the
inflection point occurs) at lower S,, for the MWL and MWS
systems. There is no overlapping phenomenon (without any
inflection points) for the FW system caused by the difference
in wettability distribution, and the curves are close to oil-wet
and water-wet systems at high and low S,,, respectively.

Wettability distribution is the main reason for the difference
in two-phase flow rules. In the imbibition stage, oil firstly
enters the oil-wet pores of the minimum radius, and the
imbibition process is stopped when oil as the non-wetting
phase enters water-wet pores of the maximum radius. When
water-wet pores of the minimum radius are saturated, the
whole displacement process is completed. For the MWS and
MWL systems, the radius and contact angle of the maximum-
radius oil-wet pore and water-wet pore are largely different
(these are respectively called pore-size mutation and contact
angle hysteresis), thus the water phase needs higher pressure
to enter the water-wet pore, resulting in a discontinuous curve.
However, for the FW system, the maximum radii of the oil-wet
pore space and water-wet pore space are equal, and only the
wetting hysteresis exists, resulting in a minimal discontinuity
in the curve.
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Fig. 2. Capillary pressure curves of different heterogeneous
wet systems.

3.2 Relative permeability curves

Fig. 3 shows the relative permeability curves and relative
permeability ratio curves of different systems. The relative
permeability curves of uniform wetting systems are symmet-
rically distributed around S,, = 0.5, and other curves with k
are located between them. K,, decreases and K}, increases for
the same S,, with the increase in k, and the point of K, = K,
moves to lower S, to achieve higher oil conductivity. For
the MWL system, a higher k indicates the decrease in ry,,
which leads to weakened oil conductivity, while water can
enter larger oil-wet pores at lower S,, when water has saturated
all water-wet pores, which in turn enhances the water flowing
ability. For the MWS system, the r,, rises with the increase in
k, thus water also can enter larger oil-wet pores at lower S,

which is opposite to the MWL system. For the FW system, oil
can occupy smaller pores with the increase in k, which reduces
oil flowability, while this situation enhances water flowability.
According to the above analysis, the flow mechanisms of the
three heterogeneous wet systems are significantly different.

The relative permeability curves of the MWL and MWS
systems overlap with the water-wet and oil-wet systems,
respectively, which is the same for the capillary pressure
curves (Fig. 2); the explanations can be found in Subsection
3.1. Meanwhile, the curves of MWL and MWS systems both
show obvious inflection points due to the pore-size mutation
and contact angle hysteresis.

The relative permeability ratio curve can characterize the
difference in two-phase conductivity between different flow
stages. A value close to 1 means a smaller conductivity
difference. The curves of water-wet and oil-wet systems are
parallel to each other in semi-logarithmic coordinates, and
the other curves are located between them. The conductivity
difference first decreases and then rises with the increase in
S, and the curves gradually move upward with the increase in
k. At the beginning of the water displacement process, water
enters the maximum oil-wet pores at lower S,, with increasing
k, resulting in the conductivity of water gradually approaching
that of oil. As the water displacement process continues,
the conductivity difference gradually increases such that the
water dominates the flow process at a lower S, (K, /K > 1),
especially in systems with high k value.

3.3 Water cut curves

The water cut curve can reflect the water displacement
efficiency under various stages. Fig. 4 depicts the water cut
curves of different systems. the water cut is less than 0.02
represents the water-free cut stage; the water cut is 0.02 ~ 0.2
represents the low water cut stage; the water cut is 0.2 ~ 0.6
represents the medium water cut stage; the water cut is
0.6 ~ 0.9 represents the high water cut stage; the water cut
is 0.9 ~ 0.98 represents the ultra-high water cut stage. The
water cut curves with the change of k are located between
the uniform wetting systems, and the water cut is positively
related to k& for the same S,,, which means that the water
displacement efficiency becomes worse with the increase in
k. For the MWL system, the water cut curve shows a trend
of slowly and then rapidly increasing with the rise of §,,, and
the change magnitude increases with the decrease in k. This
phenomenon is caused by two reasons: one is that water firstly
enters water-wet small pores; this changing trend of water
cut is a gradual effect of the relatively small pore volume
(Fig. 1(a)). Then, water enters the largest oil-wet pores at
the inflection point (corresponding k) of the curve, and the
larger oil-wet pore volume can lead to an obvious increase in
water cut. The other reason is that water enters oil-wet pores
at a larger pore radius with the increase in k, resulting in the
rising trend of water cut being more dramatic. For the MWS
system, the water cut increases rapidly and then slowly, and
the change magnitude increases with the enhancement of k; the
percolation mechanism is the opposite for the MWL system.
For the FW system, the curve trend is relatively flat at low
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Fig. 3. Relative permeability curves and relative permeability ratio curves of heterogeneous wet systems.

and high S, values due to the fact that there is no pore-size
mutation.

3.4 Comparison of heterogeneous wet systems

Based on the capillary pressure curves of the three hetero-
geneous wet systems (Fig. 5), the curve of the FW system is
symmetrical to S,, = 0.5 when k = 1/2, and the curves of the
MWL and MWS systems are symmetrically distributed around
the FW system. For the MWS system, the oil imbibition ability

is the strongest in the imbibition stage owing to the greatest
capillary pressure; in the drainage stage, oil can enter the
water-wet pores at lower capillary pressure, resulting in the
curves of the MWS system located below those of the MWL
system. The curve of the FW system is between the other two
systems.

As can be seen from the relative permeability curves (Fig.
6), the oil relative permeability curve of the MWL system is
shifted to the right, which indicates that the oil phase is more
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likely to occupy large pores under the same S,,. K, is the
largest under the same S,, for the MWS system, which is
caused by water mainly occupying large pores. The curve of
the FW system is between the other two and symmetrically
distributed to S,, = 0.5. For the water cut curves (Fig. 7),
the MWS system with the highest water content leads to the
poorest water displacement efficiency, the MWL system has
a great water displacement efficiency, and the FW system is
between the other two systems.

3.5 Discussion and comparison of previous
models
Bradford and Leij (1996) put forward a capillary pressure
model of the FW system:
PV (S,) = P™ (Sw) — o (19)

where P/ and P! represent the capillary pressure of FW
system and water-wet system, respectively, and ¢ is a constant
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that is related to the oil-wet ratio. However, this model cannot
simulate the capillary pressure curve of the oil-wet system by
shifting «.

Skjaeveland et al. (2000) treated the positive and negative
portions of curves as an individual model and proposed a
capillary pressure model of the FW system, such as:

PV () = ewP™ (Sw) + o2 (S5) (20)
where P?" denotes the capillary pressure of oil-wet system;
¢y and ¢, are constants, and ¢,, =1, ¢, =0and ¢, =0, c, =1
for the water-wet and oil-wet system, respectively. However,
¢y and ¢, are difficult to select for the FW system.

O’Carroll et al. (2005) presented a capillary pressure model
of the FW system based on Leverett’s scaling function and the
Cassie-Baxter function, which (without empirical constants) is
expressed as:

PEY(8,) = (1 —k)cos 6,,P2™ (S,,) +kcos 6,P7 (S,) (21)
where S, denotes oil saturation. However, this model lacks
a definite physical meaning of the Cassie-Baxter function
(Cassie and Baxter, 1944) for the FW system.

Therefore, the aforementioned empirical models cannot
accurately simulate the capillary pressure of the FW system,
and no empirical models exist for the MWL and MWS
systems. Currently, the pore-scale models of capillary pressure
and relative permeability are established by polygonal pore
and MS-P theory (Mayer and Stowe, 1965; Princen, 1969a,
1969b; Princen, 1970). However, the solution of these models
is very difficult to obtain due to the complex formation process
of pores and the combination of pore shapes. The models
proposed in this work can well simulate two-phase flows for
three heterogeneous wet systems, and the simulation accuracy
and applicability are superior to existing empirical models.
However, certain disadvantages of the model in this paper are
also inevitable. For example, there are no irreducible phases,
as the pore connectivity is not considered. Moreover, the
capillary pressure curves and relative permeability curves have
inflection points due to pore-size mutation and contact angle
hysteresis, although the FW system is an exception owing to
the existence of contact angle hysteresis. Compared to fine
pore-scale models, the proposed model is sufficient to describe
the processes on a large scale but is not precise on the pore-
scale. Therefore, pore-scale heterogeneous wet models based
on circular capillary should be further investigated to improve
the model of this paper.

4. Conclusions

In this work, capillary pressure and relative permeability
models were derived for heterogeneous wet systems, to com-
prehensively study the effect of oil-wet ratio on two-phase flow
and the difference between three heterogeneous wet systems.
From the proposed models and subsequent computational
results, the following conclusions can be drawn:

1) The conventional water-wet (k = 0) and oil-wet (k = 1)
systems only have drainage and imbibition processes,
respectively, while heterogeneous wet systems possess
both characteristics. The imbibition ability enhances with

the increase in oil-wet ratio. For heterogeneous wet
systems, there is a start-up pressure in the imbibition
process, which is explained by the obvious contact angle
hysteresis and pore-size mutation.

2) The MWL and MWS systems have two-phase flow char-
acteristics of water-wet and oil-wet system, respectively,
at the end and beginning of oil drainage. However, this
phenomenon does not appear in the FW system due to
different wettability distributions. A large k value can
increase K,,, and decrease K,, for the same S,,, and the
points of K,, = K,,, move to the lower S,, to achieve
higher oil conductivity.

3) At the beginning of water displacement, water enters
the maximum oil-wet pores at lower S,, along with the
increase in k, resulting in the conductivity of water grad-
ually approaching that of oil. With the water saturation
increasing, the conductivity difference gradually increases
as the water dominates the flow process, especially in sys-
tems with high k value. The water displacement efficiency
decreases with the increase in k.

4) The MWS system has the strongest oil imbibition ability,
which is caused by the largest capillary pressure in the
oil-wet pore and the smallest drainage pressure in the
water-wet pore. The high water conductivity results in the
lowest water displacement efficiency in the MWS system.
However, the variation in the MWL system follows the
opposite trend. The characterization results for the two-
phase flow in the FW system are between those for the
MWS and MWL systems.
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