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Emulsified behaviors are of importance for chemical flooding. Properties of emulsifiers
relate droplets coalescence and transport. Since experiments do not provide access
to observables of interest. Numerical simulations with mesoscale scheme pose
attractive method to gain insight into emulsifying stability, which is defined as a
period of oil droplets movements at fixed ranges. A phase field based lattice
Boltzmann model is used which simulate interface behavior. Various parameters
including emulsified droplet size, interface thickness, viscosity ratio and density
ratio have been discussed. The aim of this study is to provide a critical suggestion
that predictive emulsifying behaviors of small oil droplets immersed in water
environment.

Keywords: emulsion, phase field model, LBM, time window, surfactant

INTRODUCTION

Chemical flooding is an effective technique that plays an important role in oil production at the
middle and late stages, in which basic theory is to improve mobility of the hydrocarbon by
altering the interfacial conditions. Interfacial tension between oil and water can be realized by
adding surfactant. Generally, some additives including high-viscosity polymer are injected with
water to improve oil displacement efficiency, and therefore, oil recovery is enhanced. We found
that the interfacial phenomenon produced by an emulsifier greatly impacts its emulsifying
performance (Sun, Z., et al.). However, the knowledge of the interfacial properties is still lacking
(Mohammed and Babadagli) (Sun, Z., et al.) (Cui, Ren, et al.) (Dicharry et al.) (Moran et al.)
(Wang et al.) (Temple-Heald et al.) (Cui, Pei, et al.).

Many surfactant studies in oil production have been focused on designs of molecular
structures and corresponding evaluations (Dong et al.) (Zhang and Feng) (Ding et al.) (Zhang
et al.). In fact, the response time provided by an emulsifier in a target environment is directly
and firstly related to its emulsifying performance. However, there are few studies regarding
emulsion response time to investigate interfacial behavior. The interfacial interaction can be
treated as the attractive/repulsive forces, or as both representing emulsion in numerical
models (H.Nour et al.).

Unfortunately, capturing interfacial properties accurately is a challenge, numerically. The
interface in numerical treatment has different strategies due to the steep gradients of
properties in the normal direction. Here, the lattice Boltzmann equation (LBE) is
proposed to study interfacial behavior, which should integrate both microscopic models
for the interface and meso-scopic kinetic equations (Lamura et al.) (Song et al.). In the present
study, the LBE with interface capturing is used to solve the velocity field, and the basic idea is
developed by (Zheng et al.). Instead of recovering the fluid momentum macrodynamic
equation (Swift et al.), it has better performance by recovering the fluid velocity based one
(Zheng et al.).
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GOVERNING EQUATIONS OF MOTION
FLUIDS

Phase Field Theory
A brief outline of this method will be in this section and for more
detailed discussion refer to Jacqmin (1999). An order parameter ϕ
is used to define two fluids in this diffuse interface method, and a
Landau free energy function is defined as

ψ � ∫
V

dV[ψ(ϕ) + k

2

∣∣∣∣∇ϕ2
∣∣∣∣] (1)

V is the control volume, k is the coefficient of surface
tension, ψ(ϕ) is the bulk free energy density (Tóth and
Kvamme), which is related to physical intermolecular
interactions in gas or fluids. The free energy density in an
isothermal system can be used:

ψ(ϕ) � β(ϕ − ϕw)2(ϕ − ϕo)2 (2)

Where β is the constant dependence on the interfacial properties
including thickness and surface tension. ϕw and ϕo are the
constants based on the equilibrium state corresponding
marked bulk fluids A and B, respectively (Van Der Sman and
Meinders). Generally, ϕo � −ϕw. The free energy ψ yields the
chemical potential

μϕ �
zψ

zϕ
− k∇2ϕ (3)

� 4β(ϕ − ϕw)(ϕ − ϕo)(ϕ − ϕ) − k∇2ϕ (4)

Where ϕ � (ϕo + ϕw)/2. The interface plane profile can be
obtained by solving μϕ � 0, then the interface is

ϕ(ξ) � (ϕw + ϕo)
2

− (ϕw − ϕo)
2

tanh(2ξ
d
) (5)

Where ξ is the coordinate normal to the interface and d is the
interfacial thickness that is given by

d � 4∣∣∣∣ϕw − ϕo

∣∣∣∣



k

2β

√
(6)

The surface tension between fluid and fluid is represented as

σwo �
∣∣∣∣ϕw − ϕo

∣∣∣∣3
6





2kβ

√
(7)

Cahn and Hillard approximated interfacial diffusion
fluxes which is proportional to chemical potential
gradients (Zu and He). The interface profile can be
described with respect to ϕ:

zϕ

zt
+ ∇ · (ϕu) � M∇2μϕ (8)

Where u and t are the velocity and time, and M is a mobility
coefficient.

Hydrodynamic equations in the phase-field model for
incompressible multiphase flows are given by

∇ · u � 0 (9)

ρ
zu
zt

+ ρ∇ · (uu) � −∇ · p + ∇ · Π + Fs (10)

ρ is the density of fluid; p is the hydrodynamic pressure which
emphasizes incompressibility; Π � μ(∇u + u∇) is the viscous
stress tensor, and μ is the dynamic viscosity; Fs � −ϕ∇μϕ is the
force associated with surface tension.

LBE for a Velocity Based Method
A standard LBE form for hydrodynamic properties is
represented as

fi(r + ciΔt, t + Δt) − fi(r, t) � −fi(r, t) − feq
i (r, t)

τf

+ 2τf − 1

2τf
FiΔt (11)

For particle distribution function in the phase space, it has the
microscopic velocity ci and an external body force may be added
Fi at the r space coordinate and time t; feq

i (r, t) is the its
corresponding equilibrium state; τf is dimensionless relaxation
time for velocity field; Δt is a time step.

In the present study, a 2-dimensional 9-velocity (D2Q9) LBM
structure is used to solve the field in 2D.

The particle velocity in the D2Q9 structure can be given using
Gauss-Hermite quadrature in

[eα] �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

(0, 0) α � 0

c([cos[α − 1)π
2

], sin[(α − 1)π
2

]) α � 1, 2, 3, 4



2

√
c(cos[(2α − 1)π

4
], sin[(2α − 1)π

4
]) α � 5, 6, 7, 8

(12)

Where c � Δx/Δt and Δx is the streaming length. In performing
LBM in recovering the incompressible flow condition, we
introduced a set of relations to be compiled by the zeroth, first
and second moments of the equilibrium distribution
function feq

i (r, t): ∑
i

feq
i � 0 (13)

∑
i

cif
eq
i � 0 (14)

To satisfy the function above, the following equilibrium
distribution function is.

Introduced as:

feq
i � ωi ρ[1 + 3(ci · u)

c2s
+ 9(ci · u)2

2c4s
− 3u2

2c2s
], i≠ 0 (15)

For D2Q9 model, weighting factor ωi is given by

ωi �
⎧⎪⎨⎪⎩ 1/4, i � 0

1/18, i � 1 ∼ 6
1/36, i � 7 ∼ 18

(16)
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The reference speed of sound cs � 1

3

√ .

Interface Capturing
Interface capturing is proposed to be given as:

gi(r + ciΔt, t + Δt) � −gi(r, t) − geq
i (r, t)

τg
+ η[geq

i (r + ciΔt, t)

− geq
i (r, t)]

(17)

Where gi(r, t) is the distribution for the order parameter; geqi (r, t)
is its corresponding equilibrium state; τg is a relaxation time for
the order parameter; and η is a constant as η � 2τg − 1.

The moments of the equilibrium distribution satisfy∑
i

geq
i � ϕ (18)

∑
i

cig
eq
i � ϕu

1 − η
(19)

Then, density can be calculated according to mass
conservation as in Owengrub and Truskinovsky (1998)

ρ � ϕ − ϕB

ϕA − ϕB

(ρA − ρB) + ρB (20)

The viscosity distribution within interface in the LB is given by

μ � ϕ − ϕB

ϕA − ϕB

(μA − μB) + μB (21)

Discretization
The Laplacian of the force terms can be discretized and interfacial
force is adopted

∇φ � ∑i≠ 0ωici(ci · ∇φ)
c2s

(21)

∇2φ � ∑i≠ 0ωi(ci · ∇)2φ
c2s

(22)

Where φ is any macroscopic quantity. We use second-order
central difference to the directional derivatives in ci direction as

ci · ∇φ
∣∣∣∣r � φ(r + ciΔt) − φ(r − ciΔt)

2Δt (23)

(ci · ∇)2φ
∣∣∣∣r � φ(r + ciΔt) − 2φ(r) + φ(r − ciΔt)

Δt2 (24)

VALIDATION

A test with one static droplet is to verify the phase field
multiphase lattice Boltzmann model. Initially, a static water
droplet is placed in the middle region of a computational
domain. Periodic boundary conditions are applied to all
boundaries. Physical properties of two phases are given by
ρw � ρo � 1000 kg/m3, μw � 0.125μo � 0.001Pa · s, and surface
tension is 0.0005 N/m the lattice spacing Δx is 1 μm in

physical units. ξ � 1.5Δx. Order parameter relaxation time τg
is 1/(3 − 


3
√

). At last, the bubble reaches the equilibrium. The
pressure difference Δp � pin − pout across a static bubble is
related to the surface tension σ according to Laplace’s law:

Δp � σ

R
(25)

The radius of the droplet R occupies several lattice units, which
are surrounded by a quiescent phase. The boundaries of the
computational domain are set to be periodic.

There is a good agreement between simulation results and the
theoretical predictions, see Figure 1. The maximum error is less
than 2.5%. This indicates that the surface tension simulations in
the LB multiphase model have great accuracy.

RESULTS AND DISCUSSIONS

The parameters in the model are specified as dimensionless ratios
between oil and water including viscosity and density ratios that
represent external conditions. Interface thickness reflects the
chemical properties of various surfactants. Radius depicts the
size of the potential emulsified droplet.

Simulations of the binary droplet collision were carried out.
Slip and no penetration boundary conditions are imposed at all
boundaries of the computational domain. Two droplets are
initially located at a far-center distance of 4R, and are moved
towards each other by an attractive force until contact.

Head-On Collisions and Pre-coalescence of
Binary Droplets
In order to evaluate the effects of various dominant parameters on
emulsifier performance, a measurement is proposed. Twomoving oil
droplets immersed inwater (light fluid) have interfacial behavior with
the following procedures, see Figure 2. Initially, two bodies move
from far afield. When the two reach the region where the distance
between the two body centers is smaller than 2R, the first time is
reckoned in as t1. The two droplets continue tomove until theymake
contact; the second time point is then recorded at the contact, t2.
Later, they start to merge into one, since the interface with double
thickness would become small, if enough time would be given.

To quantify the balance between surface tension and interactive
strength numerically, the selection of time window is defined as
effective moving time. Here, effective moving time starts from the
distance between droplets smaller than two radiuses to the nearest
boundary distance equal to twice interface thickness, t2 − t1. This
time window represents degree of emulsified stability, i.e. the larger
the time window is offered by specified emulsion, the better
performance is showed, and vice versa.

Quantitative Measurements of Time
Windows
To advise engineers to select one surfactant with good
expectation, the effects of various parameters on the time
window have been studied quantitatively.
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Sizes of Existing Droplets,R and Interface Thickness d
Surface tension is used to reflect the interactive strength of the
two emulsified droplets and has significant effect on two phase
interfacial behavior, and thereby the time window within effective
contact distance between two droplets is measured as defined in
Head on Collisions and Pre Coalescence of Binary Droplets. In
order to keep surface tension acting on two phase systems at a
reasonable level, various parameters are evaluated. In Figures 3,
4, effective time windows are decreased with the increase of

magnitudes of surface tensions in systems with different radiuses
and surface thicknesses. Weak interfacial strengths from two
phases induce large time windows in which emulsifiers
perform small surface tensions that are convenient for
managing and controlling the cost of emulsifying stability.

Figures 3, 4 both show the same trends on sizes of dispersed
phases in terms of the effective time window. Smaller droplets have a
wider time window due to increased total surface energy. Therefore,
smaller ones are able to perform better stability and improve flow
capability. On the other hand, larger droplets remain with a short
duration that is used to govern contact behavior.

Shells of oil droplets and dimensions of emulsified droplets
relate to emulsifying performance from chemical components of
a specified emulsifier. To assess the effects of surface thicknesses
and droplet radius on the time window, two thicknesses were
specified on droplets surfaces as 5 and 10 lattice units and three
droplets R � 15, 25 and 35 lattice unit (lu) are simulated,
respectively. As the interface thickness is increased (empty
symbols), the overlapped symbols indicate that sizes of
internal phases have little effect on effective contact time.
Meanwhile, if the thin shells with small surface thicknesses are
attached onto oil droplets, the impact of the existing droplet
dimension becomes significant, especially when surface tension is
small. This means that the emulsifier with a capability of forming
small oil droplets and a thick interface would be recommended.
Furthermore, slopes of systems with thicker interfaces in both
figures point out that it is sensitive to interface thickness as it
changes faster at relatively high surface tension coefficients from
2.0 × 10−4 to 2.5 × 10−4 mu/ts2. Surface energy of the dispersed
phase under high surface tensions is declined, so droplets carrying
thicker interfaces are easier to shrink. Therefore, time windows
are decreased dramatically.

FIGURE 1 | Theoretical prediction (solid line) and numerical
measurements of Laplace law (circles).

FIGURE 2 | Temporal snapshots of twomoving droplets within the timewindow from start time point to contact time point: σ � 1.0 × 10−4, surface thickness d � 25
lattice units, viscosity ratio, and density ratio are set to be 10.
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Effect of Density Ratio, μp

In Figure 5, differences in viscosities between oil and water are
dimensionlized as μp � μo ⁄μw . Simulation results imply that
emulsified heavy oil droplets have less time than emulsified
lighter oil droplets due to narrow time windows in high
viscosity ratio systems, while this does not mean, conflictingly,
that heavy oil is easier to emulsify. Once the oil phase has been
emulsified, such a dispersed state would have stayed longer in the
water phase. Decreased viscosity differences between oil and
water can increase the retention time of the dispersed phase,
so some emulsifiers like polymer with high viscosities have been
widely applied to enhanced oil recovery. The emulsifiers with
different properties are represented by three different surface
tensions, but the same interfacial thickness is kept. It suggests that
to decreased surface tension is still an efficient way to manage
emulsifying behavior easily. Besides, decreasing the dimension of
droplets can enhance the impact on time windows shown from
more dispersed symbols (empty). It is thereby confirmed that
some emulsifiers can make small droplets stay dispersed longer
when the viscosity of the external phase is high, and it does agree
with our common sense.

Effect of Density Ratio ρ*

Density is one of the most remarkable parameters in oil
production. Density ratios in our LB simulations are varied
from 0.8 to 1.4 recovering ranges of light to heavy oil
extraction in reality. Simulation results from Figure 6
demonstrate that emulsifiers having increasing probability of
emulsifying smaller droplets are recommended which not only
show good emulsifying performance, but also are beneficial to
manage the emulsifying process due to the large time windows
left for engineers. Generally, physical properties of oil and water
are fixed, small slopes (empty symbols) of systems with small

droplets impact on time windows denote that increased density
ratios between oil and water that can ensure relatively long
durations of being dispersed. Therefore, the emulsifier carried
by water should be designed to increase the density of the external
phase comparing the density of the internal phase. This is to say
that the less difference in density between the internal and
external phases, the better emulsifying performance should be
expected.

FIGURE 4 | Effects of surface thicknesses on time windows with ρp � 10
and μp � 10: empty symbols stand for thicker surfaces (d � 10 lu) and solid
symbols mean thin surfaces (d � 5 lu), respectively; squares (R � 35 lu),
triangles (R � 25 lu), and circles (R � 15 lu) represent three specified
droplet sizes, respectively.

FIGURE5 | Effects of viscosity ratio μ* on time windows: solid symbols
represent large droplets (R � 25 lu) and empty symbols stand for small
droplets (R � 15 lu), respectively; diamond (σ � 1×10−4 mu/ts2), squares (σ �
2×10−4 mu/ts2) and circles (σ � 2.5e-4 mu/ts2) represent three specified
surface tensions, respectively.

FIGURE 3 | Effects of droplets sizes on time windows: circles (R � 35 lu),
squares (R � 25 lu) and triangles (R � 15 lu) represent three specified droplet
sizes, respectively; empty symbols stand for thick surfaces (d � 10 lu) and solid
symbols mean thin surfaces (d � 5 lu), respectively.
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REMARK CONCLUSIONS

In this study, an effective time window is defined to measure
emulsifying properties via staying times of dispersed phases.
Interfacial tension, interfacial thickness, and differences of
density and viscosity between dispersed and continuous phases
have been simulated for the management and design of the
emulsifiers.

1)Emulsifiers with a capability of forming small droplets and a
thin interface outside are suggested, since small time windows
indicate the good emulsifying performance can keep the
droplets dispersed longer.
2)Small interfacial tensions provided by emulsifiers are still
desired.
3)Decreasing differences of viscosities and densities between oil
and water are also advised to design a binary emulsifying system.
4)A suitable emulsifier is not controlled by only one
parameter. The difficulty in designing better performing
emulsifiers relies on balancing these various parameters.
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