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Abstract: The influence of wettability on the permeability performance of water—oil two-phase flow
has attracted increasing attention. Dispersed flow and stratified flow are two flow regimes for water—
oil two-phase flow in capillary fractures. The theoretical models of relative permeability considering
wettability were developed for these two water—oil flow regimes from the momentum equations of
the two-fluid model. Wettability coefficients were proposed to study the impact of wettability on
relative permeabilities. Experiments were conducted to study the relative permeabilities of laminar
water-oil two-phase flow in water-saturated and oil-saturated horizontal capillary fractures with
different hydraulic diameters. These fractures were made of polymethylmethacrylate (PMMA) and
polytetrafluoroethylene (PTFE), which had different surface wettabilities. In this experiment, the
regimes are dispersed flow and stratified flow. The results show that the effect of wettability on
the relative permeabilities increases as the hydraulic diameters of capillary fractures decrease for
water—oil two-phase flow. The relative permeabilities in a water-saturated capillary fracture are higher
than those in an oil-saturated capillary fracture of the same material. The relative permeabilities in a
PTEE capillary fracture are larger than those in a PMMA capillary fracture under the same saturated
condition. Wettability has little effect on the permeability performances of water—oil two-phase flow
in water-saturated capillary fractures, but is significant for those in oil-saturated capillary fractures.

Keywords: relative permeability; wettability; water—oil flow; two-phase flow; capillary fracture;
stratified flow; dispersed flow

1. Introduction

Two-phase flow in capillary fractures has been received much attention in a lot of
engineering fields such as ground water recharge, enhanced oil recovery, carbon dioxide
sequestration, groundwater contamination and geothermal energy production [1]. Rela-
tive permeabilities are useful quantities to describe two-phase flow behaviors in capillary
fractures and porous media [2]. The determination of relative permeabilities is of great
significance for parameter calculation, dynamic analysis and reservoir numerical simula-
tion [2,3]. Previous studies indicate that the relative permeabilities in capillary fractures are
dependent on many factors such as fluid pressure, fracture geometry, flow regime, surface
roughness, interfacial tension, and wettability [4—6]. Among these factors, wettability has
attracted increasing attention.

Wettability is the ability of a liquid wetting on a solid surface. This parameter plays
important roles in controlling fluid, solute, heat, and current flow in fractures and porous
media [7]. For water—oil two-phase flow in capillary tubes, wettability influences the
displacement efficiency and fluids’ saturations by affecting relative permeabilities, since
it is a significant factor in controlling multiphase flow [8]. Some researchers point out
that wettability is related to the capillary effect, which not only affects gas-liquid two-
phase flow [9,10], but also has an undeniable impact on liquid-liquid two-phase flow [5].
Therefore, the understanding of the wettability effect on water—oil two-phase flow in
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capillary fractures has significance for fractured reservoirs. Generally, reservoirs have the
following states of wettability, such as water saturated and oil saturated [11]. To date,
few studies have been performed for the wettability effect on relative permeabilities in
capillary fractures.

Some researchers have drawn the following conclusions through experiments. Zhao etal. [12]
changed the wettability of a microfluidic porous medium and emphasized the significant
effect of saturated condition on displacement efficiency via fluid-fluid displacement ex-
periments. Paolinelli et al. [13] performed experiments of water—oil two-phase flow in
carbon steel and PVC pipes of similar internal diameter 0.1 m. They demonstrated that
poor surface wettability hindered droplet sticking and spreading in a hydrophobic pipe.
Riley et al. [14] investigated water—oil flows in hydrophilic and hydrophobic channels. They
found that the pressure drop of water—oil two-phase flow increased when oil completely
or partially saturated the wall. Prakash et al. [15] examined the effect of capillary wall
wettability on the liquid-liquid two-phase flow in a capillary tube with an inner diameter
of 2.4 mm. They pointed out that the presence of a wetting layer or a thicker wetting
film on a tube would affect the wettability of channel and the distribution of water—oil
two-phase flow. Oyenowo et al. [16] experimentally studied the effect of aqueous formate
solution on the core-scale wettability alteration of carbonate porous media and found
that the fluid flowing in the porous media had an impact on the wettability of the cores.
The initial oil-saturated core could reach a more water-saturated state by increasing the
concentration of injected aqueous formate solution. These above experimental studies
indicate that wettability situation has an important influence on water—oil two-phase flow.

Single and multiphase flow in fractures and porous media are commonly simulated
by the pore-scale method. This method was also used to study the wettability effect
on water—oil two-phase flow. Al-Futaisi et al. [17] used a two-phase pore network ex-
tracted from a sample of Bentheimer sandstone to investigate the influence of wettability
alteration on two-phase flow. As the system became less water saturated, the residual
oil saturation initially decreased but increased dramatically at the transition from water-
saturated to oil-saturated condition and then decreased to a minimum in oil-saturated
systems. Zhao et al. [18] studied the wettability effect on waterflood oil recovery based
on a capillary-controlled pore-scale network model. Recovery increased as the system
becomes less water saturated, whereas it initially increased and then decreased in oil-
saturated systems. Ryazanov et al. [19] applied the pore-scale network model to make
some quantitative predictions of residual oil in pore systems of mixed wettability. Residual
oil was different when the system changed from moderately oil saturated to moderately
water saturated. Zhao et al. [20] simulated water—oil two-phase flow in porous media with
different oil-saturated solid fractions based on lattice Boltzmann model. At a constant water
saturation, the relative permeability of water increased with the increase in the oil-saturated
solid fraction. Cheng et al. [21] used a multi-relaxation time multi-component lattice Boltz-
mann method to investigate the wettability effect on the development of fingering flow
in flat parallel plates. As saturated condition increased, finger flow increased and finger
width decreased. Yi et al. [5] studied the two-phase flow in rough-walled fractures with
different wettabilities based on the free energy multiphase lattice Boltzmann model. The
wettability effect on fluid flow increased as the fracture width decreased. These above
studies adopt numerical simulation and obtain conclusions similar to those of experimental
studies on wettability.

As introduced above, the effects of wettability on water—oil two-phase flow have been
extensively studied. These studies are either experimental or numerical simulation studies.
There are few studies for different wettability situations such as water-saturated fractures
and oil-saturated fractures, which are based on the combination of experiment and theory.
In this work, the theoretical models of relative permeability considering wettability will
be developed for water—oil flow from the momentum equations of the two-fluid model.
Experiments were performed to verify the theoretical models developed.
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2. Permeability Performance of Water-Oil Flow

The details of flow regimes are associated with wettability [13,22,23]. The water—oil
flow regimes in channels of different hydraulic diameters were investigated by many
researchers [24-28]. Core annular flow, dispersed flow, slug flow and stratified flow are
four main flow regimes for water—oil two-phase flow in tubes and capillary fractures [28].
Dispersed flow and stratified flow are two common flow regimes occurring in capillary
fractures [29]. The theoretical models of relative permeability considering wettability are
developed for these two water—oil flow regimes from the momentum equations of the
two-fluid model.

2.1. Absolute Permeability

The absolute permeability of laminar flow in capillary channels is shown as the
followings [30]

L2

Po

where k is absolute permeability, m?; d}, is the hydraulic diameter of a fracture, m; Po is the
Poiseuille number.

In Equation (1), the Poiseuille number for rectangular fractures is often predicted as
below [31]

(1)

Po = 96(1 — 1.3553a + 1.9467a% — 1.7013a° + 0.9564a* — 0.25371x5) 2)

where « is the aspect ratio of the shorter side and the longer side for a rectangular channel
O<a<).
In Equation (1), d}, is calculated as below

dh = f (3)

where A is the cross-sectional area, m%; B is the wetted perimeter, m.

2.2. Relative Permeability

The relative permeabilities of water—oil two-phase flow in horizontal capillary channels
are expressed as Equations (4) and (5) [32], which are

_ kok Ap

ho= 0T (4)
_ Kok Ap

Jo= "0 (5)

where [, and ], are the seepage velocities for water and oil, respectively, m/s; kry is the
relative permeability of water phase; k;, is the relative permeability of the oil phase; y is
the dynamic viscosity of water phase, Pa-s; i, is the dynamic viscosity of the oil phase, Pa-s;
L is the length of the capillary fracture, m. Ap is the pressure drop of water—oil flow, Pa.

From Equations (4) and (5), if the properties of fluids and a fracture are fixed, the
relative permeabilities can be obtained for water—oil flow as long as the pressure drop is
known at a certain flow rate. The pressure drop of water—oil flow in a capillary fracture is
the key to study the seepage law of water—oil flow. When water and oil pass together in a
capillary fracture, capillary force exists and is related to wettability [33]. The influence of
wettability on the relative permeabilities of stratified and dispersed water—oil flow regimes
in capillary fractures is analyzed in detail below.

For oil-water two-phase flow in capillary fractures, it can be assumed as one-dimensional
steady flow. Assuming the phase 1 is a wetting fluid and the phase 2 is a non-wetting fluid,
considering wall shear stresses, interfacial shear stress and capillary force, the momentum
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equations can be obtained for laminar two-phase flow in a horizontal fracture according
to the two-fluid model developed by Lahey [34]. The results are shown by the following
Equations (6) and (7). The term F,, in Equation (7), which is related to capillary force, can
be expressed by Equation (8) following the approach proposed for dispersed bubbles [34].
The sum of those terms associated with capillary force is zero by adding Equation (6) to
Equation (7), which is expressed by Equation (9). Accordingly, the term F,; is obtained
to be Equation (10). The main radius of curved surface for fluid 1 and 2 are denoted by
r1 and rp. The interfacial tension between fluid 1 and 2 is denoted by ¢. The term p. in
Equations (8) to (10) can be expressed by Equation (11).

dp _uB1  TB;

_Sldx 5 4 fn (6)
dip+p.) _mB 7B )

2T x A A 2

ds
Frp» = PCTXZ 8
d
Faz+52£— 1 =0 )
_ dpc as, d(Sape)
SZ P dx - dx (10)
1 1

=+ 7) w

The expressions of the variables in Equations (6) and (7) are relevant to flow regime.
For stratified flow, Table 1 shows the basic relations for the calculations of those variables
in Equations (6) and (7) [35].

Table 1. Basic relations for stratified flow.

Physical Quantity Equation
Seepage velocity for fluid 1 h= S =G =28
Seepage velocity for fluid 2 I = 52142 = (1242 = %
Wall shear stress for fluid 1 = —Alpl u?
Wall shear stress for fluid 2 T2 = gAzpzuz
Interfacial shear stress between fluids 1 and 2 T = 8 Aipi(upy — uq) |ug — uq
Darcy friction coefficient for fluid 1 A= 1571
Darcy friction coefficient for fluid 2 Ay = 1123702
Reynolds number for fluid 1 Re; = %1‘11
Reynolds number for fluid 2 Re, = ”2572'712
Ml>u2/d1_Bi dQZ%
Hydraulic diameters of fluids 1 and 2 Uy =up, dy = d2 = 32

414?

4A
uq <M2,d1 1d2_Bz+B

In Table 1, J; and ], are the seepage velocities for fluids 1 and 2, respectively, m/s; 11
and u, are the average velocities for fluids 1 and 2, respectively, m/s; Q; is the volumetric
flow rate of fluid 1, m3/s; Q5 is the volumetric flow rate of fluid 2, m3/s; Q is the total
volumetric flow rate of fluid 1 and fluid 2, m3/s; ¢1 and ¢, are the volumetric contents
for fluid 1 and fluid 2, respectively. S; and S, are the saturations for fluid 1 and fluid 2,
respectively. p; and p, are the densities for fluid 1 and fluid 2, respectively, kg/m?; T and
T, are the wall shear stresses for fluid 1 and fluid 2, respectively, Pa; 7; is the shear stress of
two-phase interface, Pa; A1 and A; are the Darcy friction factors for fluid 1 and fluid 2 in
laminar case, respectively; A; and p; are the friction factor and the density of faster phase,
respectively; Re; and Re; are the Reynolds numbers of fluid 1 and fluid 2, respectively. A;
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and A; are the cross-sectional areas for fluid 1 and fluid 2, respectively, m?2; By and B, are
the wetted perimeters for fluid 1 and fluid 2, respectively, m; B; is the wetted perimeter
of two-phase interface, m; d; and d; are the hydraulic diameters of fluid 1 and fluid 2,
respectively, m; p11 and y; are the dynamic viscosities for fluid 1 and fluid 2, respectively,
Pa-s; p. is capillary pressure, Pa; F;; and Fy; are the capillary forces for fluid 1 and fluid 2,
respectively, Pa/m.

For stratified two-phase flow, the basic relations in Equations (6) and (7) are shown in
Table 1. Equation (8), Equation (10) and the physical quantities in Table 1 are taken into
Equations (6) and (7), Equations (12) and (13) are obtained as below

d(Sape)

B\? S k Ap
_ 3 1dx .
h_Sl<B1> al 1+ il Il (12)
ch pc  dSp
B \? “dx TS dax | kK Ap
_ o3 x 2 dx )
]2_52(32) b1+ 5 T (13)

where a and b are interfacial slip coefficients of relative permeabilities for stratified flow, as
shown in Table 2. These two interfacial slip coefficients were proposed to effectively reflect
the influence of two-phase interfacial slip on the relative permeabilities of stratified flow in
previous study [30].

Table 2. Interfacial slip coefficients.

U1 =y uy > Uy Uy <up
a 1 L 3 1 2
ki) 14t (1-2.3L) 177(32;?31'%%-(%*%)
b 1 B; (B +B;) ;'11 91 (S2_ 9232 (By+B;) B, 55,2
N e e ) P [y )

From comparing Equations (4) and (5) with Equations (12) and (13), the relative
permeabilities for stratified flow with the effect of wettability are obtained as follows

B\’ fe2n) B \?2
kr,lzsi'(Bl) al1+—37 :5{’(31> a(1+cq) (14)
T
dpc ¢ dS
_ Q3 B 2 _TZ_%TJCZ ) B 2
T

where k, ; is the relative permeability of wetting fluid 1, k. is the relative permeability
of non-wetting fluid 2. c; is the wettability coefficient of the relative permeability of
fluid 1. c; is the wettability coefficient of the relative permeability of fluid 2. These
two proposed wettability coefficients are used to study the effect of wettability on the
relative permeabilities.

From Equations (14) and (15), the relative permeabilities of stratified water—oil flow
are relevant to wetted perimeter, saturation, interfacial slip coefficient and wettability
coefficient. The relative permeabilities of stratified water—oil flow in a capillary fracture
with the effect of wettability are shown in following Equations (16)—(19) in terms of the
wettability coefficients. If oil is the wetting fluid and the water is non-wetting fluid, the
expressions for stratified flow are the followings, which are

B2
kr10=S3 <B0> a(l+cyo) (16)
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B

2
kipw = S5 (B> b(1+ o) (17)
w

where k; 1 , is the relative permeability of oil in the case that oil is the wetting fluid, c; , is
the wettability coefficient of the relative permeability of oil in the case that oil is the wetting
fluid, ki . is the relative permeability of water in the case that water is the non-wetting
fluid, ¢y, is the wettability coefficient of the relative permeability of water in the case that
water is the non-wetting fluid.

However, if water is the wetting fluid and oil is the non-wetting fluid, the equations
are expressed for stratified flow as below

B 2
kr,Z,o = Sg (B) b(l + C2,0) (18)
o
3 B 2
kl‘,l,w = SW (B > ﬂ(l =+ C][w) (19)
W

where k5, is the relative permeability of oil in the case that oil is the non-wetting fluid,
2,0 is the wettability coefficient of the relative permeability of oil in the case that oil is the
non-wetting fluid, k1 . is the relative permeability of water in the case that water is the
wetting fluid, c; , is the wettability coefficient of the relative permeability of water in the
case that water is the wetting fluid.

If wettability is not considered, Equations (20) and (21) are obtained. In this instance,
the relative permeabilities of stratified water—oil flow are relevant to wetted perimeter,
saturation and interfacial slip coefficient.

3 B 2
keo = S2 <Bo> a (20)
2
kew = S5, (B) b (21)
Bw

For dispersed flow, wall shear stress of non-wetting fluid 2 is zero, the wall shear
stress of wetting fluid 1 is equal to the wall shear stress of dispersed flow, and the wetted
perimeter for wetting fluid 1 is the total wetted perimeter. Equation (22) can be obtained
from Equations (6) and (7) without considering wettability. The basic relations for dispersed
flow are shown in Table 3 as below [36].
dp  TBi  S)tmB

ST a A

(22)

Table 3. Basic relations for dispersed flow.

Physical Quantity Equation
Wall shear stress for dispersed flow Tm = %/\mpmugn
Darcy friction coefficient for dispersed flow Am = RPTO
Reynolds number for dispersed flow Rem = ”mﬁimdh
Density for two-phase flow Pm = ¢101 + ¢202 = S101 + S202

In Table 3, T, is the wall shear stress for dispersed flow, Pa; A, is the Darcy friction
factor for dispersed flow in laminar flow case; pr, is the density for dispersed flow, kg/m?;
Ren, is the Reynolds number of dispersed flow; ym is the dynamic viscosity for dispersed
flow, Pa-s; un, is the average velocity of dispersed flow, m/s.

Equation (22) and the physical quantities in Table 3 are taken into Equations (4) and (5),
the relative permeabilities of dispersed water—oil flow in horizontal capillary fractures are
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obtained, as shown in the following Equations (23) and (24). It can be seen that the relative
permeabilities of dispersed water—oil flow are relevant to saturation and viscosity.

ko = So o (23)
m

K = Sou I (24)
Hm

If wettability is considered, Equation (25) is obtained from Equations (6), (7) and (22).
Equation (25) and the physical quantities in Table 3 are taken into Equations (4) and (5), the
relative permeabilities of dispersed liquid-liquid flow in a capillary fracture with the effect
of wettability are obtained as follows.

dp B AF,
[t Ll 2
dx A <1 SleB> ( 5)
d(Sape)
_c M d _ o M
ka = S1 o (1 + o _x d(szpc)) = Sl—m(l +c1) (26)
k S]dx
d(Sapc)
_¢q 12 dx _q M2
kr2 - 52 Hm (1 + Unpm d(Sapc) ) a 52 HUm (1 + CZ) (27)
k Sldx

From Equations (26) and (27), the relative permeability model for dispersed water—oil
flow is related to saturation, viscosity and wettability coefficient. Similarly, the relative
permeabilities of dispersed water—oil flow in a capillary fracture with the effect of wettability
are shown in following Equations (28)—(31) in terms of the wettability coefficients. If oil is
the wetting fluid and the water is non-wetting fluid, the expressions for dispersed water-oil
flow are the followings.

kr,l,o = SO& (1 + C1,0) (28)
Hm
kr,2,w = Swgl (1 + CZ,W) (29)

However, if water is the wetting fluid and oil is the non-wetting fluid, the equations
are expressed for dispersed water—oil flow as below.

keno = So 2 (1+ ) (30)
Hm

ke iw = Swi (14 c1) (31)
HUm

3. Experimental Method and Setup

Considering that the laminar pore-scale flow satisfies Darcy’s law, the relative per-
meabilities of laminar dispersed flow and stratified flow are investigated in this study for
different wettability situations such as water-saturated capillary fractures and oil-saturated
capillary fractures made of different materials.

3.1. Wettability of Fracture Materials

Solids with different wettabilities exhibit different surface properties, which lead to
inconsistent liquid-liquid flow structures in channels [5]. It is generally believed that
polymethylmethacrylate (PMMA) and polytetrafluoroethylene (PTFE) have different wet-
tabilities. PMMA is hydrophilic and PTFE is hydrophobic. Solid wettability is often
quantified by the contact angle. If one fluid contact angle is less than 90°, the solid is wetted
by this fluid. The contact angle 0 is the expression of thermodynamic equilibrium between
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the liquid phase, the solid phase, and the gas phase, where the gas phase can be replaced
by another immiscible liquid phase. It is shown as below [37]
Ysg — Vsl

Mg

0= (32)

where 7 is solid-gas surface tension, N/m; 7 is solid-liquid surface tension, N/m; Tg is
liquid—gas surface tension, N/m.

A schematic of the contact angle of a liquid drop is shown in Figure 1. Water-saturated
capillary fractures and oil-saturated capillary fractures have different wettability properties.
In order to better comprehend the water—oil flow in a saturated capillary fracture, a liquid-
liquid-solid contact angle is designed, as illustrated in Figure 2. The liquid-liquid—solid
contact angle is measured in a transparent tank. The volume of the white oil or water is set
as 5 pL, which is put on each plate, and then a camera record the profile of liquid drop.

». Vg

Solid

Figure 1. Schematic of the contact angle of a liquid drop.

I—D—I

| ]Oi] ‘ ‘ Water | | Bracket I:I Liquid extractor DFracture material

Figure 2. Schematic drawing for fluid 2—fluid 1-solid contact angle measurement.

In the experiment, water (ow = 1000 kg/ m?, uw = 0.000987 Pa-s) and white oil
(0o = 810 kg/m?, 1o = 0.0098 Pa-s, pio/ piw = 9.9) are working fluids at 23 °C and 0.101 MPa.
The interfacial tension between oil and water measured by surface tension meter is
0.03 N/m. In the experiment, a fracture is initially saturated with water is called a
water-saturated fracture, and a fracture is initially saturated with white oil is called an
oil-saturated fracture. 0guid_solid-gas aNd Ofiuid 2-fluid 1-solid are contact angles for capillary
fractures, as shown in Figure 3. Boil-gas-PMMA - Owater-gas-PMMA are 30.2° and 81.9°, respec-
tively. Boil_gas_PTFE, Owater-gas-PTFE are 53.5°and 110.8°, respectively. These two materials
are lipophilic and have different hydrophobic properties. 8,1 water-PMMA s Qoil-water_PTFE are
77.2°and 82.1°, respectively. 0y, ater—oil-PMMA , Owater—oil-PTEE are 96.3°and 126.3°, respectively.
It can be seen that 0gid 2-fluid 1-solid 18 greater than Ofyiq-solid—gas- This is because that the
surface of an oil-saturated or water-saturated solid is covered by liquid film which prevents
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other liquid from contacting the surface of solid under the action of ionosphere and changes
the static friction of surface contact [38].

. Y

PMMA plate

(b)

0

oil-gas-

/ Air
O1l

| T — e ...
PMMA plate

(d)

PMMA plate

(e) (f)

Figure 3. Cont.
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O water-oir-pTrE —126.3°

Oil
\ Water

PMMA plate

(8) (h)

Figure 3. Contact angles of different materials. (a) Owater-gas-PMmMA = 81.9°. (b) Oyyater-gas—prrE = 110.8°.
(€) Ooilgas-PMma = 30.2°. (d) Ooilgas-PTFE = 53.5°. (&) Ooil-water-PMMA = 77.2°. (f) Ooilwater-PTFE = 82.1°.
(g) Owater—oil-PMMA = 96.3°. (h) Oateroil-pTrE = 126.3°.

3.2. Experimental Capillary Fractures

Two-phase flow in rectangular fractures is receiving increasing attention [39]. Ex-
perimental rectangular capillary fractures were fabricated in the polymethylmethacrylate
(PMMA) plate and polytetrafluoroethylene (PTFE) plate by using micromachining tech-
nology. The total length of the rectangular capillary fracture is 1250 mm. Two pressure
taps with a distance of 790 mm are machined on the rectangular capillary fracture, which
are connected to pressure transmitters. The distance from the fracture inlet/outlet to the
pressure tap is 230 mm. The heights H of the rectangular capillary fracture section are all
10 mm, and the widths W are 1.15 mm, 2.15 mm and 4 mm, respectively. The size of capil-
lary fractures conforms to the scale characteristics of fractured reservoirs [40]. The detail
dimensions of the rectangular capillary fractures are shown in Table 4. Due to the opacity
of PTFE, there is a spliced PMMA fracture at the outlet of the experimental section of PTFE
fracture, which is beneficial to observe water—oil flow regime in fractures. Experimental
rectangular capillary fractures are shown in Figure 4.

Table 4. Dimensions of the rectangular capillary fractures.

F 2 k/x 10~7

racture W/mm H/mm H/W A/mm Po m2 B/mm dp/mm
PTFE 1.15 10.0 8.7 11.5 83.28 1.02 22.3 2.06

PMMA 1.15 10.0 8.7 115 83.28 1.02 22.3 2.06

PMMA 2.15 10.0 4.7 21.5 75.23 3.33 243 3.54

PMMA 4 10.0 2.5 40 65.50 9.97 28 5.71

(b)

Figure 4. Experimental rectangular capillary fractures. (a) PMMA fracture. (b) PTFE fracture.
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3.3. Experimental Setup

Figure 5 shows the experimental setup. Nitrogen cylinder serves as a power source
to force water and white oil through horizontal capillary fractures. The total volume
flowrate of oil and water flow was 10 L/h. In these rectangular capillary fractures, the
water-oil flow was laminar and Reynolds numbers was between 2 and 1000. The oil flow
rate and water flow rate were controlled by rotameters. All experimental parameters
were recorded and measured under a new steady state. The experimental pressure drop
range was 0.054 kPa-30 kPa, which was measured through a pressure transmitter. The
uncertainties of flow rate, pressure drop, height and width were all 0.2%. The standard
uncertainties of temperature was 0.1 °C. Absolute permeability k, the Poiseuille number Po
and the hydraulic diameter of a fracture dy,, and the experimental relative permeabilities
of water-oil flow (krw and kr,) were calculated by Equations (1)—(5). From the uncertainty
propagation law [41], in this experiment, the combined relative standard uncertainties of
Po, k, kryw and ky, are 0.1%, 0.9%, 1.4% and 1.4%, respectively.

Pressure controller

Liquid inlet

Rotameter

Liquid reservoir

Oil-water flow

Liquid inlet () |: :l

Temperature gauge 1

Liquid
Level
gauge

N
Nitrogen cylinder

Rotameter

Water
———

Digital camera Liquid tra
Liquid reservoir 4 p

Figure 5. Experimental setup.

4. Results and Discussion

In this experiment, the water—oil flow was horizontal and laminar. Dispersed flow
and stratified flow were observed in capillary fractures. These two flow regimes are shown
in Figure 6. From Equations (4) and (5), the pressure drop of water-oil two-phase flow is
crucial. The pressure drops of water—oil two-phase flow in water-saturated PMMA capillary
fractures with hydraulic diameters of 2.06 mm, 3.54 mm and 5.71 mm are analyzed and
verified firstly. The volumetric oil content of the transition from dispersed water—oil flow
to stratified water—oil flow in capillary fractures with hydraulic diameters of 2.06 mm,
3.54 mm and 5.71 mm are 0.4, 0.5 and 0.53, respectively. The volumetric oil content of the
transition from stratified water—oil flow to dispersed water—oil flow is 0.7.
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Figure 6. Flow regimes in capillary fractures. (a) Stratified flow. (b) Dispersed flow.

For stratified water—oil flow in a water-saturated PMMA capillary fracture, the oil
phase is non-wetting fluid and water phase is wetting fluid. The comparison between
the calculated pressure drops and the experimental ones for stratified water—oil flow in
water-saturated PMMA capillary fractures is shown in Figure 7. The lines are the calculated
results by Equations (6) and (7) without considering wettability while other marks are the
experimental results. It shows that Equations (6) and (7) without considering wettability
can well predict the pressure drop of stratified water—oil flow in water-saturated PMMA
capillary fractures. That is to say, the relative permeabilities of stratified flow model without
considering wettability can well predict the relative permeabilities of stratified water—oil
flow in water-saturated PMMA capillary fractures.

20
16 -
-
.E 12 Experiment
£ i O d=2.06mm
é O dv=3.54mm
~ A d=571mm
d 8+ Calculation from Egs. (6), (7)
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—TA—AA—A—~

0 L | L | L | L L L L L
0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75
s

Figure 7. Comparison between the calculated pressure drops and the experimental ones for stratified
water-oil flow in water-saturated PMMA capillary fractures (0i1_water-PMMA = 77.2°).

For dispersed water—oil flow, the experimental viscosity in a water-saturated PMMA
capillary fracture with a hydraulic diameter of 2.06 mm is compared with the empirical
viscosity models [42-44] in Figure 8a. The experimental values of viscosity are between the
viscosity values calculated by these three empirical models. A new viscosity Equation (33)
is proposed based on experimental viscosity and Brinkman model as below

= (1— 4>d)—2'5(0.001d£ +2.865¢4) (33)
h
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where ji; is the ratio of dynamic viscosity for dispersed flow to the dynamic viscosity of
continuous phase; ¢4 is the ratio of volumetric contents for the dispersed phase.
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Figure 8. Comparison between the calculated data and the experimental ones for dispersed flow
in water-saturated PMMA capillary fractures. (a) Viscosity in a water-saturated PMMA capillary
fracture (dy, = 2.06 mm, 01_water-PMMA = 77-2°) [42—44]. (b) Pressure drop in water-saturated PMMA
capillary fractures with different hydraulic diameters (6j_water_pmmA = 77.2°).

In Figure 8a, the new viscosity Equation (33) can well predict the viscosity for dispersed
water—oil flow in a water-saturated PMMA capillary fracture. In Figure 8b, the lines are the
calculated results by Equations (22) and (33) without considering wettability while other
marks are the experimental results. It shows that the calculated pressure drops in water-
saturated PMMA capillary fractures with different hydraulic diameters are consistent with
the experimental pressure drops. So the relative permeabilities of dispersed flow model
without considering wettability can well predict the relative permeabilities of dispersed
flow in water-saturated PMMA capillary fractures.

Numerous experimental and simulation studies have shown that the state of wet-
tability of tubes have an impact on water—oil two-phase flow There are few reports on
the combination of theory and experiment to analyze the wettability effect on the relative
permeabilities of water—oil flow. Therefore, based on the theoretical models of relative
permeability developed in this paper, the relative permeabilities of water—oil two-phase
flow have been investigated for different wettability situations such as water-saturated
capillary fractures and oil-saturated capillary fractures made of different materials.

4.1. Relative Permeabilities in Saturated Capillary Fractures of Different Diameters

First, the relative permeabilities of water—oil two-phase flow in saturated PMMA
capillary fractures with hydraulic diameters of 2.06 mm, 3.54 mm and 5.71 mm are analyzed.
The results are illustrated in Figure 9.
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Figure 9. Relative permeabilities of water—oil two-phase flow in saturated PMMA capillary fractures
with different hydraulic diameters: (a) d, = 2.06 mm, (b) d}, = 3.54 mm, and (c) dj, = 5.71 mm.

As shown in Figure 9, the lines represent the calculated results of relative permeability
models without considering wettability while other marks represent the experimental
results. The relative permeability models without considering wettability can well predict
the relative permeabilities of water—oil flow in water-saturated PMMA capillary fractures.
The relative permeabilities of water—oil two-phase flow in a water-saturated PMMA cap-
illary fracture are greater than those in an oil-saturated PMMA capillary fracture. As
seen in Figure 3, 0,1 gas PMMA, Owater-gas-PMMA are 30.2° and 81.9°, respectively. PMMA is
lipophilic and hydrophilic. The adsorption of oil makes the space for fluid to flow in the oil-
saturated PMMA fracture smaller. Water film on a fracture is beneficial for fluid flow [15].
As also seen in Figure 3, 6,;1_water-PMMA, Owater—oil-PMMA are 77.2°and 96.3°, respectively.
Ooil-water-PMMA — Goil-gas—PMMA > Owater—oil-PMMA — Bwater—gas—PMMA/ water-saturated capil-
lary fractures are advantageous to the flow of water—oil two-phase flow. In addition, the
wettability effect on the relative permeabilities of water—oil two-phase flow increases as the
hydraulic diameters of capillary fractures decrease. This can be explained that two fluids
flow in a fracture with significantly interfering with each other and fracture surface when
the fracture diameter is small, which is same as the conclusions of Yi [5].
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Analysis of variance is used to study the relative permeabilities of water-oil two-phase
flow in rectangular capillary fractures with different wettabilities [45]. The volumetric
oil content and wettability situation are two factors that affect the relative permeabilities
of water—oil two-phase flow. The degrees of freedom for volumetric oil content and
wettability situation are 29 and 1, respectively. F critical values of for volumetric oil content
and wettability situations at a significance level of 0.05 are 1.86 and 4.18, respectively.
Table 5 shows that F values for the relative permeabilities of water—oil two-phase flow in
saturated capillary fractures with hydraulic diameters of 2.06 mm, 3.54 mm and 5.71 mm
are greater than F critical values, so the wettability of saturated fracture has an effect on the
relative permeabilities of water—oil two-phase flow.

Table 5. F values for the relative permeabilities of water—oil two-phase flow in saturated PMMA
capillary fractures with different hydraulic diameters.

F Values for Relative Permeabilities in Saturated PMMA Capillary Fractures

Factors dy, =2.06 mm dy, = 3.54 mm dy =5.71 mm F Critical Values
kro krw kro krw kro Krw
Volumetric oil content 630.25 800.86 1648.28 1704.72 1950.27 3892.66 1.86
wettability situation 594.23 30.79 805.45 28.69 343.87 26.24 418

4.2. Relative Permeabilities in Saturated Capillary Fractures of Different Materials

Next, the relative permeabilities of water—oil flow in capillary fractures of different
materials with the same hydraulic diameter of 2.06 mm are analyzed. Material types of
fracture are selected: PTFE and PMMA. The results are illustrated in Figure 10.
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Figure 10. Relative permeabilities of water—oil two-phase flow in a saturated PTFE capillary fracture
and a saturated PMMA capillary fracture with a hydraulic diameter of 2.06 mm. (a) Relative
permeabilities in water-saturated capillary fractures of different materials; (b) Relative permeabilities
in oil-saturated capillary fractures of different materials.

As shown in Figure 10, the relative permeability models without considering wettability
can well predict the relative permeabilities of water—oil flow in a water-saturated PMMA
capillary fracture and an oil-saturated PTFE fracture. The relative permeabilities of water—oil
flow in a PFTE capillary fracture are larger than those in a PMMA capillary fracture. The
wettability effect on the relative permeabilities of water—oil two-phase flow in an oil-saturated
fracture is greater than that on the relative permeabilities of water—oil two-phase flow in a
water-saturated fracture. As shown in Figure 3, 6,1 gas PMMA, Owater-gas-PMMA are 30.2° and
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81.9°, respectively. Oyil.gas PTFE, Owater—gas-PTFE are 53.5°and 110.8°, respectively. PMMA is
hydrophilic and PTFE is hydrophobic. PMMA is more lipophilic than PTFE. Hydrophobic
capillary fractures are beneficial for fluid flow [46]. Therefore, water—oil two-phase flow
can flow better in a PTFE capillary fracture. As also shown in Figure 3, 04i1_water-PMMA,
Boil-water—PTFE are 77.2°and 82.1°, respectively. Owater—oil-PMMA, Owater—oil-PTFE are 96.3°and
126.3°, respectively. 01 water-PTFE — Ooil-water-PMMA < Owater—oil-PTFE — Owater-oil-PMMA- AS @
result, the wettability has a significant impact on the relative permeability of water—oil two-
phase flow in an oil-saturated capillary fracture. Table 6 also shows that F values for the relative
permeabilities of water—oil two-phase flow in capillary fractures of different materials with a
hydraulic diameter of 2.06 mm are greater than F critical values. That is to say, the wettability
of fracture material has influence on the relative permeabilities of water—oil two-phase flow.

Table 6. F values for the relative permeabilities of water—oil two-phase flow in saturated capillary
fractures of different materials with a hydraulic diameter of 2.06 mm.

F Values for Relative Permeabilities in Saturated Capillary Fractures of Different Materials

Factors Water Saturated Oil Saturated F Critical Values
kro krw kro krw

Volumetric oil content 860.20 3020.35 451.85 800.86 1.86

Wettability situation 384.41 41.52 603.99 30.79 4.18

4.3. Effect of Wettability on Relative Permeabilities

For the same flow regime, considering wettability or not will result in different relative
permeability models. According to the relative permeability models considering wettability

(Equations (14), (15), (26), and (27)), in the case dp ¢ =0and % = 0, both ¢q and ¢, become

0. In the case % # 0and % # 0, c; for stratlfled flow is associated with pressure drop

per unit length, saturation of wetting fluid 1, EZ; and dsz . ¢y for stratified flow is related

to pressure drop per unit length, capillary pressure, saturatlon of non-wetting fluid 2, dpc

and . ¢1 and c; for dispersed flow are both associated with saturation of wetting ﬂuld 1
absolute permeability, average velocity for dispersed flow, dynamic viscosity for dispersed
flow, ‘Zp = and dsz . Figure 11 shows the effect of wettability on relative permeabilities.

Based on experlmental relative permeabilities, Figure 11a, Equations (14), (15), (26)
and (27), c¢; and ¢, are obtained, as shown in Figure 11b,c. It can be seen from Figure 11b,c,
for water—oil flow in oil-saturated capillary fractures, c;, ranges from —0.10 to 0.02 and
cow ranges from —0.30 to 0.02. For water—oil flow in water-saturated capillary fractures,
20 ranges from —0.01 to 0.05 and ¢y, ranges from —0.01 to 0.05. Wettability can reduce
the relative permeability of oil by a maximum of 10%, increase the relative permeability
of oil by a maximum of 5%, reduce the relative permeability of water by a maximum of
30% and increase the relative permeability of water by a maximum of 5%. It also indicates
that wettability has little effect on the permeability performances of water—oil two-phase
flow in water—saturated capillary fractures, but is significant for those in oil-saturated
capillary fractures. d ~ and ‘f;;f are different in capillary fractures of different wettabilities.
As also shown in Figure 3, PTFE and PMMA are oleophilic materials. Oil droplets are
more easily sticky on the surfaces of capillary fractures than water droplets, resulting in
the different effects of wettability on the permeability performance of water—oil two-phase
flow in water-saturated capillary fractures and oil-saturated capillary fractures.
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Figure 11. Effect of wettability on the relative permeabilities of water—oil two-phase flow in capillary

fractures with different wettabilities. (a) Relationship between oil saturation and oil volumetric

content. (b) ¢; and c; for stratified flow. (c) c; and ¢ for dispersed flow.

5. Conclusions

Based on the momentum equations of the two-fluid model with considering wall shear
stresses, interfacial shear stress and capillary force, the relative permeability models with
considering wettability were developed for dispersed flow and stratified flow. Experiments
were conducted to study the relative permeabilities of laminar water—oil two-phase flow in
water-saturated and oil-saturated horizontal capillary fractures with different hydraulic
diameters. The main conclusions are as below:

(1) The relative permeabilities of stratified water—oil flow are relevant to wetted perimeter,
saturation, interfacial slip coefficient and wettability coefficient. The relative permeabili-
ties of dispersed water—oil flow hinge on saturation, viscosity and wettability coefficient.

(2) Wettability coefficients are proposed to study the wettability effect on the relative
permeabilities of water—oil flow. Wettability has little effect on the permeability
performances of water—oil two-phase flow in water-saturated capillary fractures, but

is significant for those in the oil-saturated capillary fractures.
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(38) The relative permeabilities of water—oil two-phase flow in a water-saturated capillary
fracture are higher than those in an oil-saturated capillary fracture of the same material.
As the hydraulic diameter of capillary fractures decreases, the influence of wettability
on the relative permeabilities of water—oil two-phase flow increases. The relative
permeabilities of water—oil two-phase flow in a PTFE capillary fracture are larger than
those in a PMMA capillary fracture for the same saturated condition.

(4) Both theoretical models and analysis of variance on experimental data show that
wettability has an influence on the relative permeabilities.
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