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The groundwater system is one of the most important subsurface resources on
Earth, which offers many important services to humankind, such as irrigated
agriculture, household use, and manufacturing. However, the safety of
groundwater resources is seriously threatened by contamination from
human activities. The emulsion has been proposed as a potential solution
for the removal of contaminants due to its high apparent viscosity. Here we
reveal the pore-scale mechanism for the viscosity increase in decane-water
emulsions by lattice Boltzmann simulations. We assess the effect of phase
saturation, interfacial tension, and contact angle, on the apparent viscosity of
decane-water emulsions in porous media. Our results show that the apparent
viscosity of the emulsion reaches its maximum value when the decane
saturation is around 20%. We also find that this maximum viscosity increases
with interfacial tension, and it is larger in decane-wet or water-wet systems than
it is in intermedia-wet media.

KEYWORDS

emulsion, apparent viscosity, groundwater treatment, pore-scale mechanism, lattice
boltzmann simulation

Abbreviations: of, parameter related to the density ratio between fluids; ﬁ“, parameter controls the
interface thickness of phases k and ; y‘“, interfacial tension; pk, macroscopic phase density; p, total
density; ¢!, angle between ¢; and GM; Hs, dynamic viscosity of the single-phase reference fluid; p/ g,
apparent viscosity; _O‘k, collision term; (Q‘k)s, single-phase operator; (Q‘k)‘, perturbation operator;
(_Q:()M, recoloring operator; I';, modified forcing term; AX, parameter related to interfacial tension; ¢,
velocity space; f‘k, distribution function; f,k’eq, equilibrium distribution function; F, body force; GX,
“color” gradient perpendicular to the interface between the phases k and (; i, direction of the discrete
velocity space; Q, flow rate; s, single-phase flow state; t, two-phase flow state; At, time step; u, flow
velocity; Wi, weight parameters; x, lattice position.
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Introduction

As a crucial component in the hydrosphere, groundwater
plays an important role in water balance, widely affecting many
water systems such as urban domestic water (Kuroda, K., and
Fukushi, 2008), industrial water (Foster, and Chilton, 2003),
agricultural irrigation water (Garduio, and Foster, S., 2010).
However, groundwater pollution caused by contaminants
migration (Postigo, et al., 2018), percolation of liquid sprayed
over land (Beckett, 1993), or inter-aquifer leakage (Nyer, 1992),
has become a serious threat to the safety of groundwater systems.
Some of the contaminants may be trapped in small pores and
become a long-term source of groundwater pollution
(Tlangasekare, T. H., 1998). As the pollution process is slow
and the subsurface geological structure is complex, groundwater
pollution is difficult to be treated (Foster, S., et al., 2002).

The foam/emulsion system has been proposed as one of the
most promising ways to reduce groundwater pollution (Osei-
Bonsu, et al., 2018). With a favorable mobility ratio due to its high
apparent viscosity, the foam/emulsion system can suppress
uneven displacements (Mauray, A., et al., 2020) and enhance
displacement efficiency (Xie, C., et al., 2018a). As a result, the
pollution trapped in small pores is more likely to be displaced by
foam/emulsion (Jeong, S. W., and Corapcioglu, M. Y., 2003).

Many studies have focused on the viscosity of foam/emulsion
systems. Theoretically, (Hirasaki and Lawson, 1985) established a
mathematical model showing that the foam’s apparent viscosity
grows proportionally with the bubble density and decreases with
the velocity. (Yan, W. et al, 2006) developed a set of
mathematical models for foam flow in uniform cracks, and
the effect of gas flow rate on apparent viscosity was
investigated. (Valko, P. and Economides, M. ], 1992)
developed a constitutive equation for foamed polymer
solutions, which showed that the apparent viscosity increases
with the foam quality. These theoretical works are based on many
idealized assumptions, which limits their practical applications.
Experimentally, (Zhang, et al., 2012) measured the average
apparent foam viscosity and found that it was significantly
higher than the viscosity of gas or water. (Mauray, et al,
2020) studied foam flow in a porous medium, and found that
the relationship between the apparent viscosity and the capillary
number follows a decreasing power-law function. (Shojaei, et al,
2019) illustrated that the roughness of the fracture wall strongly
increases the foam’s apparent viscosity and shear rate. These
experiments have presented solid evidence for the foam’s high
apparent viscosity, yet they are difficult to reveal its mechanisms
at the pore scale. Numerically, (Omirbekov, S., et al., 2020)
performed Darcy-scale simulations and showed the impact of
foam quality on its apparent viscosity at a fixed flow rate.
(Abbaszadeh, M., et al., 2014) constructed an empirical foam
model in a commercial reservoir simulator, and successfully
predicted  the apparent foam  viscosity — compared
with experimental data. (Sun, J., et al, 2021) simulated the
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two-phase flow of Newtonian oil and non-Newtonian foam in
a straight channel by the Volume of Fluid (VOF) method, and
they found an optimum oil/foam flow rate ratio for the best oil
transportation.

The lattice Boltzmann method (LBM) has become one of the
most powerful numerical tools for investigating the pore-scale
mechanisms of many subsurface flow problems, due to its
advantages in easy boundary treatment and efficient parallel
computing (Lin, X, et al., 2021; Liu, H,, et al, 2016; Guo. Y
and Wang. M, 2015; Xie, C., et al., 2017; Chen, Y., et al., 2019; Xie,
C,, etal, 2020; Xie, C,, et al,, 2021; Xie, C,, et al,, 2022; Zhang, T.
and Sun, S. 2019; Zhang, T., et al., 2020). Mobarak, M., et al.
(2022) evaluated the permeability of different foam structures by
lattice Boltzmann simulations. (Radhakrishnan, A., et al., 2022)
investigated how the roughness of fractured carbonates affects
the foam stability, and found that the foam’s apparent viscosity
increases with the decrease in cracks of the rough surface.
Although the aforementioned studies have investigated
structure effects on the foam properties, the effects and pore-
scale mechanisms of key fluid properties such as fluid saturation,
phase distribution, interfacial tension, and contact angle on the
apparent viscosity of foam/emulsion system remain to be studied.

In this paper, the flow of decane-water emulsion system in
porous media is comprehensively investigated by a series of LBM
simulations, with a special focus on the apparent viscosity. The
numerical scheme is primarily verified against theoretical
solutions. Then the effects of fluids’ saturation, interfacial
tension, and contact angle on the apparent viscosity of
decane-water emulsion system are discussed.

Methodology
Lattice Boltzmann method

In this work, the Rothman- Keller (RK) type LB model
(Leclaire, S., et al,, 2017; Xie et al., 2018b) is selected as the
basic multiphase flow solver, and the D2Q9 model (Qian, Y.H.,
et al, 1992) is chosen to discrete the velocity space, which is
defined as:

Ci = [Cixaciy]

[0,0],i=0
{cos[g (i— 1)], sin[g (i- 1)”c,i =1,2,3,4

{cos[%+ g (i— 5)], sin[g+g(i— 5)”»\/56,1' =5,6,7,8

1
with the weight parameters W; being:
4/9,i=0
Wi=141/9i=12,34 ()

1/36,i=5,6,7,8
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In the model, each lattice Boltzmann equation for fluid k is
defined as:

k
FEx+aAtt+A) - K (xt) = O fE(x0)] + F,-(%F(x, t)>
(3)

where ff‘ is the distribution function, the subscript i denotes
the direction of the discrete velocity space; x represents the
lattice position, and Af is the time step; Q¥ and I; are the
collision term and the modified forcing term (Guo, Z., et al,
2002), respectively.

The fluid density and the flow velocity are calculated as
follows:

DD 4)
P:kak’u: (F/2+zi zkffci)/p (5)

where p* represents the macroscopic phase density, p is the total
density, and u denotes the flow velocity.
The equilibrium distribution function f f’eq

e 3¢ 9(ci 3u?
R R e ) R
(6)

can be given by

where

ai=0
¢ =1 (1-a")/5i=1,2,34 7)
(1-a¥)/20,i=5,6,7,8

where af (0 <o < 1) is a parameter related to the density ratio
between fluids

SL

1-a _p*
1-ak W ®
where superscript 0 represents the initial value of density.
To obtain the right momentum for different density ratios,
the <I)£-c in Eq. 6 is set as (Leclaire, S. et al., 2013a):

—3vgff(u-Vpk)/cz,i =9
Of = { v (DX @ ci)[chi=1,2,3,4 ©9)
veff(Dk: ¢ ® ci)/c“,i =5,6,7,8,

with D* = [(u ®VpF) + (u ®Vpk)T]/8.
The collision term QF in Eq. 3 is combined by three sub
operators as:

0 = (0)"[ (o) + (a)'] (10)

is the
perturbation operator and (Qf?)M is the recoloring operator.

where (QF)S is the single-phase operator, (QF)'

The perturbation operator related to the interfacial effect of
multiphase flow is written as:
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G (ci- le)
(o) = £ Z#m—l |< elIG B; |Ax, (11)
where
—4/27,i=0
Bi=12/27,i=1,2,3,4 (12)

5/108,i = 5,6,7,8

and G is the “color” gradient perpendicular to the interface
between the phases k and I:

! k K !
cwn- D) o) v

A concentration factor that limits the range of interfacial
action (Leclaire, S., et al., 2013b) is defined as:

pkOPIO’

ct :min{w" 4 1} (14)
and A¥ is related to interfacial tension y*:

9 1
Akl — Alk — E yk (15)

The recoloring operator, which ensures that each phase
satisfies the conservation of mass perfectly, is written as

()" =2 FDIEIED I /sklficos@,) x Y £t 0,05

(16)

where the parameter  controls the interface thickness of phases
k and 1, and the ¢/ is the angle between ¢; and G¥.

Apparent viscosity

To obtain the apparent viscosity of decane-water emulsion,
we also simulate the single-phase flow of water as a reference.
Based on the comparison between the single- and two-phase
flow, the apparent viscosity can be calculated as (Xie and Balhoff,
2021):

F[Q
/’lapp A"lsF /Qs

17)

where the subscripts ¢ and s denote the two-phase and single-
phase flow states, respectively, y is the dynamic viscosity of the
single-phase reference fluid, F and Q represent the body force
and flow rate, respectively.

In our simulations, we apply a body force of the same
magnitude for both single- and two-phase flows. Therefore,
the above equation to obtain the apparent viscosity is
simplified as:

Q;

Happ = Ausa (18)
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FIGURE 1

Workflow to study the impact of different factors on the
apparent viscosity of the decane-water emulsion.

Vi
Fluidl # Fq >

(0]
FIGURE 2
The sketch of a two-phase co-current flow.

Workflow

The workflow of this work is shown in Figure 1. Primarily, we
verify our LB model for the simulation of a co-current two-phase
flow problem with theoretical solutions. Then the structure of a
model porous medium is constructed to investigate the flow of
decane-water emulsion through porous media.

Model verification

We consider a two-phase co-current flow problem as
sketched in Figure 2 to verify our LB model. Fluid 1 (density
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FIGURE 3
Comparison results of two-phase co-current flow.

of 60 kg/m?, kinematic viscosity of 0.0167 m?/s) in the center and
Fluid 2 (density of 980kg/m?® kinematic viscosity of
0.0167 m?/s) on two sides of a straight channel are driven by
the body force F; =16 Pa/m and F, =0 Pa/m, respectively. The
simulation domain is a rectangle with a length of 400 mm and a
width of 200 mm. Periodic boundary conditions are applied at
the inlet and outlet, the upper and lower boundaries are wall
boundaries. The cross-sectional theoretical velocity profile of the
problem can be found in (Xie. C., et al,, 2016).

The comparison between the simulation results obtained by
our LB model and the theoretical values is shown in Figure 3,
which shows good agreement. These results verify the LB model
for the dynamic two-phase flow simulations.

Results and discussion
Simulation domain and parameters

The computation domain is a homogeneous porous media
with a total length of 14 mm and a width of 9.5 mm, containing
evenly distributed round solid grains, as shown in Figure 4. The
diameter of the solid grain is 2.8 mm. The periodic boundary
condition is applied in the horizontal direction, and the fluids are
driven by a horizontal body force from left to right. For the two-
phase flow simulations, the fluids are water and decane, while for
the single-phase flow simulation, the fluid is water. Their physical
properties and other key parameters in the LBM simulation are
listed in Table 1.

42 simulation cases in total are prepared to discuss the effect
of initial distribution, saturation, interfacial tension (IFT), and
contact angle (CA) on the apparent viscosity of the decane-water
emulsion in porous media. We compare three types of initial
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FIGURE 4

Simulation domain: the black represents the solid grain, and the white represents the porous space.

TABLE 1 Fluid properties and LBM simulation parameters.

Parameters Values

The water density (for both single- and two-phase flow), kg/m? 1000

The decane density (for two-phase flow), kg/m? 726

The kinematic viscosity of water, mls? 1x10°
The kinematic viscosity of decane, m/s? 1.167 x 10°°
Body force (for both single and two-phase flow), Pa/m 10000

The lattice speed (for both single and two-phase flow), m/s 4

The lattice space (for both single and two-phase flow), m 1x107™*
Total step (for both single and two-phase flow) 3000000

TABLE 2 The summary of parameters discussed in all simulation cases.

Target factors Initial distribution Decane saturation
(%)
Initial distribution Random 20
Upstream 20
Downstream 20
Saturation Random 10-90
Interfacial tension Random 20
Random 50
Random 80
Contact angle Random 20
Random 50
Random 80
Frontiers in Earth Science 05

fluid distributions, including the upstream-decane distribution,
the downstream-decane distribution, and the random
distribution. The saturation, interfacial tension, and contact
angle are varied from 10% to 90%, 10 mN/m to 50 mN/m,
and 0-180°, respectively. In the default case, the decane
saturation is 20%, initially randomly distributed in the porous
media with a contact angle of 45°, and the interfacial tension
between the decane and water is 20 mN/m. A summary of
parameters discussed in all simulation cases is given in Table 2

For each case, the simulation is terminated once the flow
stabilizes and the fluid distribution does not change. The inlet
and outlet flow rates of the single-phase case and the default two-

Interfacial tension Contact angle Number of
(mN/m) ©) cases
20 45 1

20 45 1

20 45 1

20 45 9
10-50 45 5
10-50 45 5
10-50 45 5

20 0-180 5

20 0-180 5

20 0-180 5
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TABLE 3 The inlet and outlet flow rates of the single-phase and the default two-phase flow case.

Step Single-phase flow rates (m/s) Two-phase flow rates (m/s)
\ Inlet Outlet Inlet
2960000 2.22E-04 2.22E-04 5.27E-3
2970000 2.22E-04 2.22E-04 5.27E-3
2980000 2.22E-04 2.22E-04 5.27E-3
2990000 2.22E-04 2.22E-04 5.27E-3
3000000 2.22E-04 2.22E-04 5.27E-3
80
i~ =
8 60 2
£ 5
3 3
c e
@ @
2 2
£ 40 £
k] S
> >
20
40 60 80 100
X/(lattice number)
(a)
80 80
= =
260 260
€ €
3 3
s s
@ @
2 2
£ 40 £ 40
3 Kol
> >
20 20
60 80 100 60 80
X/(lattice number) X/(lattice number)
(c) (d)
80 80
= =
8 60 260
5 5
3 3
c o
3 8
g 40 g 40
> >
20 20
40 60 80 60 80
X/(lattice number) Xl/(lattice number)
(e)
FIGURE 5
The simulation results of three initial distributions (red for decane, and blue for water): (A) The random distribution at the initial time step. (B) The
random distribution at the last time step. (C) The upstream distribution at the initial time step. (D) The upstream distribution at the last time step. (E)
The downstream distribution at the initial time step. (F) The downstream distribution at the last time step.
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Outlet

5.20E-3
5.20E-3
5.20E-3
5.20E-3
5.20E-3
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FIGURE 6
The effect of saturation on apparent viscosity: Sp is the
decane saturation.

] Sd = 20%
o Sq4=50%
0 Sq=80%

— — [¥)
=) w S
L L L

Apparent viscosity/(mPa-s)

10 20 30 40 50
IFT/(mN/m)

FIGURE 7
The effect of interfacial tension on apparent viscosity: IFT is
the interfacial tension.

phase flow case in the last 40000 steps (the gap is 10000 steps) are
shown in Table 3. In both cases, the inlet flow rates are
approximately equal to the outlet flow rates, and the gaps
between the inlet and outlet rates stabilize in the last
40000 steps, which illustrates that the total time step we set is
adequate for the flow stabilization.

The effect of initial phase distribution

We discuss three kinds of initial fluid distributions, which
include the random distribution, upstream distribution, and
downstream distribution as shown in Figures 5A,CE. The
simulation results at the last steps are also shown in Figures
5B,D,F. The results show that the different initial states lead to
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FIGURE 8

The effect of contact angle (CA) on apparent viscosity.

different distributions at the last time step. However, all of the last-
time distributions are qualitatively random, no matter how the fluids
are distributed at the initial time step. This result indicates that the
impact of initial phase distribution on the apparent viscosity is weak.

The effect of saturation

The effect of decane saturation on the apparent viscosity of the
emulsion system is shown in Figure 6. When the decane saturation is
0, the apparent viscosity is the water dynamic viscosity of 1 mPas.
While the decane is added to form the decane-water emulsion, the
apparent viscosity increases. This is because the original single-phase
flow state becomes the two-phase flow state, and the interfacial
interaction between water and decane occurs and the capillary
trapping force arises, leading to the increase in the apparent
viscosity, even though the dynamic viscosity of decane is lower
than that of water. The apparent viscosity of the decane-water
reaches its maximum value of 427 mPas when the decane
saturation is 20%, after which, the apparent viscosity gradually
decreases with the increase in the decane saturation. The
emulsion’s apparent viscosity decreases to the water viscosity of
1 mPa s when the decane saturation reaches around 95%. It is worth
mentioning that this value may vary in a small range if different
fitting functions are applied. If the decane saturation is higher than
95%, the emulsion’s apparent viscosity is lower than 1 mPas, and
finally reaches its minimum value, that is the dynamic viscosity of
decane (0.85 mPa ).

The effect of interfacial tension

Figure 7 shows the effect of interfacial tension between the
water and decane on the emulsion’s apparent viscosity. Here we
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also change the decane saturation from 20% to 80%. We find that
the emulsion’s apparent viscosity increases with the increase in
interfacial tension for all satuations. This is because the capillary
dragging force increases with interfacial tension. Therefore, the
increase in interfacial tension decreases the effective flow rates,
which leads to higher apparent viscosities of the emulsion. The
maximum value of apparent viscosity is 22.3 mPas, which is
about 20 times greater than the dynamic viscosity of water. The
minimum of that is 1.37 mPas, also greater than the dynamic
viscosity of water.

The effect of contact angle

Figure 8 shows the change in the emulsion’s apparent
viscosity with contact angles. Here we also consider the
change in the decane saturation from 20% to 80%. As is seen,
for all satuations, higher apparent viscosities are found in decane-
wet and water-wet systems, and the apparent viscosity reaches
the lowest value in intermediate-wet porous media. This is
because the decane-wet and water-wet porous geometry have
stronger adsorption capacities for decane and water, respectively,
than that of intermediate-wet media, and the stronger adsorption
capacity leads to the higher apparent viscosity.

Conclusion

In this paper, we investigate the apparent viscosity of decane
aqueous solution in porous media by LBM simulation. To verify
the established LBM model, a two-phase co-current flow
simulation is performed primarily. Then the effects of four
factors, including the initial phase distribution, phase saturation,
interfacial tension, and contact angle, on the apparent viscosity of
the decane-water emulsion are discussed. We find that the
apparent viscosity of the decane-water emulsion increases first
and then decreases as the decane saturation increases. The
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