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Summary

Injecting oil-in-water (O/W) emulsions stabilized with nanopar-
ticles (NPs) or surfactants is a promising option for enhanced oil
recovery (EOR) in harsh-condition reservoirs. Stability and rheol-
ogy of the flowing emulsion in porous media are key factors for
the effectiveness of the EOR method. The objective of this study
is to use microfluidics to (1) quantitatively evaluate the synergis-
tic effect of surfactants and NPs on emulsion dynamic stability
and how NPs affect the emulsion properties, and to (2) investigate
how emulsion properties affect the sweep performance in emul-
sion flooding.

A microfluidic device with well-defined channel geometry of a
high-permeability pathway and multiple parallel low-permeability
pathways was created to represent a fracture–matrix dual-perme-
ability system. Measurement of droplet coalescence frequency
during flow is used to quantify the dynamic stability of emulsions.
An NP aqueous suspension (2 wt%) shows excellent ability to sta-
bilize the macro-emulsion when mixed with a trace amount of
surfactant (0.05 wt%), revealing a synergistic effect between NPs
and surfactant.

For a stable emulsion, when a pore throat is present in the
high-permeability pathway, it was observed that flowing emulsion
droplets compress each other and then block the high-permeabil-
ity pathway at a throat structure, which forces the wetting phase
into low-permeability pathways. Droplet size shows little correla-
tion with this blocking effect. Water content was observed to be
much higher in the low-permeability pathways than in the high-
permeability pathways, indicating different emulsion texture and
viscosity in channels of different sizes. Consequently, the assump-
tion of bulk emulsion viscosity in the porous medium is not
applicable in the description and modeling of the emulsion-flood-
ing process.

Flow of emulsions stabilized by an NP/surfactant mixture
shows droplet packing in high-permeability regions that is denser
than those stabilized by surfactant only, at high-permeability
regions, which is attributed to the enhanced interaction between
droplets caused by NPs in the thin liquid film between neighbor-
ing oil/water (O/W) interfaces. This effect is shown to enhance
the performance of emulsion-blockage effect for sweep-efficiency
improvement, showing the advantage of NPs as an emulsion sta-
bilizer during an emulsion-based EOR process.

Introduction

Among all EOR options, the use of macro-emulsion as displace-
ment fluid (emulsion flooding), especially for heavy-oil recovery
(Mendoza et al. 1991), has so far received limited attention (Islam
and Ali 1989; Mandal et al. 2010b) despite its good potential
(Rocha de Farias et al. 2012; Karambeigi et al. 2015). A major

potential advantage of emulsion-based EOR is that the emulsion
blocks the high-permeability paths and then forces more displac-
ing fluid into low-permeability regions, which is difficult to
achieve with a single-phase displacing fluid (Alvarado and Mars-
den Jr. 1979; Thomas and Farouq Ali 1989; Cobos et al. 2009;
Romero et al. 2011; Pei et al. 2015). Therefore, this EOR method
is particularly promising for highly heterogeneous and naturally
fractured reservoirs. Properties of emulsion flow are highly de-
pendent on droplet size, droplet-size distribution, phase ratio, and
rheology of both the continuous and the dispersed phase (Thomas
and Farouq Ali 1989; Tadros 1994). Even for a given emulsion
system, its effective bulk viscosity might be quite different in
channels/pores of different length scales. McAuliffe (1973) found
from coreflood experiments that O/W emulsion proportionally
reduced the permeability in high-permeability cores more than in
cores of lower permeability. They proposed that the most-effec-
tive emulsion to enhance oil recovery is one in which the droplet
diameters are slightly larger than the pore-throat constriction in
the high-permeability zone. However, a fundamental understand-
ing of such diversion mechanisms of emulsion flow in porous
media may require visualization of in-situ flow at the pore scale,
which is not feasible with corefloods.

Microfluidics provides a platform to directly visualize multi-
phase flow in micron-scale geometries. With advanced fluid-con-
trol theory/techniques (Abgrall and Gué 2007), as well as the
reproducible and proven technologies to manufacture microfluidic
chips with complicated channel geometries (Stone et al. 2004;
Song et al. 2014), microfluidics is now widely applied in chemical
processes (Song and Ismagilov 2003), material synthesis (Xu
et al. 2012), and biological and chemical analyses (Martinez et al.
2010; Nilghaz et al. 2012). In porous media, two- or three-phase
flow occurs within pores and throats of length scales of microns.
Microfluidics thus allows detailed observation of immiscible
fluid-displacement processes that occur in porous media at the
pore scale. In the past decade, breakthroughs have been made on
the quantification of fundamental flow phenomena in porous
media, including single-phase flow (Koo and Kleinstreuer 2003),
multiphase flow (Xu et al. 2006), interfacial phenomena (Lee
et al. 2015), and emulsion behavior (Shah et al. 2008; Xu et al.
2015a). Multiphase flow in specialized geometries, such as pore
throats, which is key in understanding EOR mechanisms, has also
been studied (Wang et al. 2014; Xu et al. 2015b). Furthermore,
the immiscible-displacement processes for improved-oil-
recovery applications, such as waterflooding (Chang et al. 2009),
foam flooding (Ma et al. 2012), and polymer/surfactant flooding
(Aktas et al. 2008; Chang et al. 2009), have also been investigated
with 2D microfluidic porous networks (micromodels).

Microfluidics has been used in investigation of flow in frac-
ture/matrix dual-permeability porous media, in which emulsion-
based EOR is claimed to have advantages in blocking high-per-
meability pathways and then diverting the displacing fluid into
low-permeability paths (Cobos et al. 2009; Mandal et al. 2010a).
Wan et al. (1996) first investigated single-phase flow in fractured
porous media with a glass micromodel, and directly showed the
fracture and flow velocity profile. Multiphase problems such as
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gas-in-water flow in dual-permeability networks represented by
micromodels have also been addressed. Zhang et al. (2011)
applied a micromodel to investigate supercritical carbon dioxide
(CO2) displacement of water in a fractured matrix. They found
that, if only CO2 was injected, the fingering effect in a dual-per-
meability geometry is not preventable, but if water was injected
together with CO2, the fingering effect disappeared. In particular,
research on foam flooding in microfluidics has been reported for
dual-permeability geometries. Ma et al. (2012) first constructed
2D glass micromodels to investigate foam flow in dual-permeabil-
ity porous media, and showed a higher sweep efficiency of foam
flooding than gas flooding. Conn et al. (2014) investigated foam
flooding in a tripermeability micromodel that consisted of a frac-
ture, high-permeability network, and low-permeability network,
and found that foam flooding showed higher sweep efficiency
than gas flooding and water-alternating-gas flooding. Because
foam flooding and emulsion flooding share many similarities in
basic flow principles, the results of foam flooding in dual-perme-
ability porous media are encouraging for emulsion-based EOR.
However, those results of foam EOR may not directly translate to
emulsion flooding, because of the much-lower compressibility
and interfacial tension (IFT) in an emulsion system than in a foam
system, which can have a big impact on the flow dynamics.
Although some microfluidic research on emulsion flooding has
been performed and its potential on mobility control was proposed
(Cobos et al. 2009), there is still no microfluidic-based direct ob-
servation of emulsion flow in dual-permeability porous media.
In this work, we conducted microfluidic experiments to study
emulsion behavior with a geometry representative of fracture/ma-
trix dual-permeability and discuss the effect of emulsion on sweep
efficiency.

Stability of emulsion droplets is one of the most-important fac-
tors in the effectiveness of oil recovery in emulsion-based EOR.
Emulsions are typically stabilized by surface-active agents, with
their ability to help generate dispersions by reducing IFT and to
delay/prevent droplet coalescence (Garrett 1965). Polymers can
also be applied as a stabilizer by increasing the continuous-phase
viscosity and forming a chain-network between droplets, which
can prevent droplet coalescence (Tadros 1994). However, the
application of both surfactant and polymer in high-temperature
and/or high-salinity subsurface conditions is often difficult
because they become chemically degraded or they lose their sur-
face activity.

NPs have been proposed as a good emulsion stabilizer in many
fields including EOR (Hashemi et al. 2014; Bennetzen and
Mogensen 2014). They are known to possess excellent physical
and chemical stability in harsh subsurface conditions (Ryles 1988;
Yu and Xie 2012; Metin et al. 2013). In an O/W system, NPs can
adsorb on the fluid/fluid interface (Aktas et al. 2008; Du et al.
2010; Okada et al. 2012; Bhattacharya and Basu 2013), which can
lead to generation/stabilization of emulsion/foam (Hunter et al.
2008; Chevalier and Bolzinger 2013; Nallamilli et al. 2014),
because of the reduction of IFT (Du et al. 2010; Rana et al. 2012;
Bizmark et al. 2014), the electrostatic and steric repulsion (Picker-
ing 1907), and the change of emulsion rheology (Ravera et al.
2008; Sagis 2011; Schmitt et al. 2014). Thus, NPs have attracted
attention for foam or emulsion-based EOR (Mandal et al. 2010a;
Bennetzen and Mogensen 2014). Espinoza et al. (2010) showed
the improvement of oil recovery over waterflooding when NP-sta-
bilized CO2 foam was used as the displacing phase. Sharma et al.
(2015) tested the EOR potential for NP-stabilized emulsion along
with viscous aqueous phase and showed improvement in cumula-
tive oil recovery by 5%. It should be noted that NPs are only
likely to be relevant for field applications if the price is signifi-
cantly cheaper than surfactant, or the consumption can be signifi-
cantly reduced.

It has been reported that the use of NPs and surfactant together
can lead to further improvement in reducing IFT and stabilizing
emulsions (Binks et al. 2007, 2008; Chevalier and Bolzinger
2013; Worthen et al. 2013). Binks et al. (2007) showed a synergis-
tic effect of NP/surfactant mixture that enhanced emulsion stabil-

ity. They found that the addition of surfactant makes the NP more
hydrophobic, thus increasing NP adsorption on the O/W interface.
Pei et al. (2015) found that a combination of NPs and surfactant
could increase the bulk viscosity of emulsion and then provide a
better oil recovery. Taking advantage of the NP/surfactant mix-
ture may result in a more cost-effective and efficient emulsion-
stabilization agent.

In this work, with the help of microfluidic experiments, we
attempt to provide an explanation to the following problems: (1)
emulsion distribution and oil-saturation distribution during emul-
sion flooding in the fracture and matrix; (2) displacement per-
formance difference of NP-stabilized emulsion from surfactant-
stabilized emulsion in this geometry; and (3) the effect of drop-
let size and injection-phase ratio on the flow and on local
oil saturation.

Methods

Materials. In our microfluidic experiments, decane was used as
the oil phase, and deionized (DI) water with or without additives
(NPs, surfactant, or their combination) was used as the aqueous
phase. The silica NPs used are highly hydrophilic and have an av-
erage size of 5 nm (Xu et al. 2015b). The NPs are provided as a
20 wt% aqueous dispersion and were diluted to achieve the
desired concentration (2 wt%). The surfactant used is polyoxye-
thylenesorbitan monopalmitate (Tween 40), a water-soluble non-
ionic surfactant.

Glass was used as the microfluidic material. The chip fabrica-
tion followed a standard lithography process and hydrofluoric
acid (HF) etching (Gravesen et al. 1993). Channels of specified
depth were obtained by controlling the HF-etching time. The
etched glass piece was bonded to a cover piece by heating at
690�C for 1 hour. After being immersed into NaOH solution for 5
hours, the wettability is surmised, although not confirmed, to be
completely water-wet (Xu et al. 2014).

Micromodel Design for Fracture/Matrix Porous Media. A
typical natural fracture/matrix porous medium is shown in
Fig. 1a. To simulate flow in a characteristic geometrical structure,
we designed the 2D microfluidic chip shown in Fig. 1b. The chan-
nel assembly is divided into two parts in sequence.

Part I. Emulsion generator that can produce emulsions with
controllable droplet size, droplet frequency, and total liquid-flow
rate, as shown in the top part of Fig. 1b and Fig. 1c. A T-junction
for creating monodispersed O/W emulsion droplets (Fu et al.
2011) was set upstream of the microfluidic device. The size and
generation frequency of the droplets are controlled by adjusting
the injection rates of the aqueous (“aqueous-phase inlet” shown in
Fig. 1b) and oil phases (“oil inlet” shown in Fig. 1b) (Xu et al.
2006). The channel is then widened in the downstream of the
T-junction, where another aqueous-phase injection inlet (aqueous-
phase Inlet 2 shown in Fig. 1b) exists to control the total
flow rate.

Part II. Dual-permeability geometry to represent fracture–
matrix porous media, as shown in the bottom part of Fig. 1b and
Figs. 1d and 1e. A high-permeability path with a width of 617mm
(marked as main channel) opens to several diverging low-perme-
ability side paths of different widths from 27 to 67mm, as shown
in Fig. 1d and Fig. 1e. A throat with a narrow width of 67mm
(marked as main throat) is set in the main channel downstream of
all side paths, as shown in Fig. 1f. The main-channel length (not
shown in the figures) from the emulsion generator to the main
throat is approximately 4.5 mm. All side paths merge with the
main channel at the downstream of the main throat. The cross sec-
tion of all channels is flat-rectangular, and the geometry parame-
ters are listed in Table 1. The experimental platform is shown in
Fig. 1g.

It should be noted that, because the low-permeability pathways
have a depth of 17mm and a width from 27 to 67mm, the
characteristic dimension of those channels would be from 19 to

24mm
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

width� depth34
p �

, which is typical of high-permeability
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Aqueous-Phase Inlet 1

Aqueous-Phase Inlet 2

Oil Inlet

Side-
Path 1,2

Side-
Path 3,4

Side-
Path 5,6

Low-Permeability Path

High-Permeability Path

Throat

Flowing Emulsion

(a) (c)

(d)

(b)

(e)

(f)

(g)

Fig. 1—(a) Image of a typical dual-permeability porous medium showing a complex of natural fractures and matrix [image courtesy
of Jessica M. Winder (https://natureinfocus.wordpress.com/) with permission]; (b) the schematic of the microfluidic design. An
emulsion generator (top part) is in the upstream where emulsion with controllable droplet size, flux ratio, and total flux is gener-
ated; a dual-permeability geometry is in the downstream, where a throat (main throat) is set in the high-permeability channel (main
channel). There are several low-permeability side paths set along the main channel, which run across the throat and merge with
the main channel again at the downstream of the main throat. (c)–(f) Microscopic images for emulsion flow along the main channel,
from (c) the emulsion generator through side-path entrances (d) and (e), to the main throat (f). The scale bars in (c)–(f) represent
200 lm. (g) The experiment platform that consists of several pumps, a microscope with a camera, a computer, and the microfluidic
chip (micromodel).
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sandstone reservoirs, such as Bentheimer sandstone (Al-Yaseri
et al. 2015). In the flow experiments, the total flow rates were con-
trolled between 25 and 30mL/h. Assuming a typical porosity of
0.2, the Darcy velocity of the emulsion in the high-permeability
pathway (much like the fractures in sandstone reservoirs) is
between 37 and 45 ft/D. Because the width of low-permeability
pathways is one order of magnitude smaller, and their lengths are
the same order of magnitude as the high-permeability pathway,
under this pressure gradient, the characteristic flow in those chan-
nels would be on the order of 1 ft/D, within the range of typical
flow rate in the matrix of sandstone reservoirs.

Experiment Operation and Emulsion-Stability Test. As shown
in Fig. 1c, monodispersed oil droplets were generated from the
emulsion generator, and then flowed downstream into the dual-
permeability geometry. All images and videos were captured
after the flow reached steady state (i.e., when droplet-generation
frequency and droplet sizes showed no change with time and
the passing of droplets through the main throat was of con-
stant frequency).

Emulsion stability is an important factor in emulsion-flooding
processes. The decrease in volume fraction of emulsion layer
under gravity force in a quiescent state with time is a good prelim-
inary way to quantify the emulsion stability. However, it is well-
documented that the method has major shortcomings in this study
(Binks et al. 2007). For realistic representation of dynamic stabil-
ity of emulsions at reservoir flowing conditions, a better measure-
ment approach is required, especially to evaluate effectiveness of
emulsion stabilizers for EOR applications. At least two factors
may affect the stability of emulsion flowing in porous media: (1)
liquid/solid surface interactions, which are significant in porous
media because of confined spaces at the micron scale, and (2)
much-larger asymmetric compressive stress on droplets (Boyd
et al. 1972) driven by a shearing force of the continuous phase,
both of which are absent in the quiescent method.

An improved measurement of emulsion stability, which is
more representative of in-situ reservoir conditions, can be easily
achieved in our microfluidic design: From the captured videos of
emulsion flow along the 4.5-mm-long main channel, the coales-
cence strength can be measured by “counting” the change of drop-
let diameter when the flow is steady state.

Image Processing and Data Analysis. All data were captured
when the emulsion flow was at steady state. The 2D images of the
flowing emulsion in the microchannel were captured by a digital
camera connected to the microscope. Because of the difference in
refractive indices between the oil and aqueous phases, the edges
of oil droplets were clearly identified and recorded. Then the
images were converted into a binary format with oil phase in
black and water phase in white. A Matlab program was created to
count the black and white pixel ratio to calculate the area fraction
of the oil phase in the channel. Because the depth of the channel
is much less than the width and the droplet diameter, droplets are
in the form of circular disks. Therefore, the 2D area fraction of oil
droplets was assumed equal to the volume fraction of the oil

phase; and further, this oil volume fraction is defined as the local
“oil saturation” for the microchannel system.

Results and Discussion

Description of Emulsion Flow Behavior in Fracture/Matrix

Micromodel. When the flow in the main channel meets a side
path, the flow diverges, and some fluid flows into the low-perme-
ability channel. For all divergences, more water than oil flows
into the side paths because of capillary resistance. If the emulsion
was not stable enough, coalescence could be observed along the
main channel, as shown in Figs. 1d and 1e.

It is noticeable that the volume fraction of oil phase in the
channel is much larger than its flux fraction, which indicates that
the velocity of the aqueous phase is considerably larger than that
of the oil phase, mainly because of the existence of the main
throat, where oil droplets were slowed down by capillary forces.
Upstream of the main throat, oil droplets have close contact
with each other and experience deformation until they pass the
main throat.

Dynamic Stability of O/W Emulsion With Different Stabi-

lizers. The total flow rate was maintained at 30 mL/h, oil injection
rate at 10mL/h, and the droplet diameter at approximately 190 to
210mm. It was observed that an oil droplet needed approximately
14 to 16 seconds to reach the throat from the time of generation.
Four stabilizing systems were tested in the experiment: (1) 2 wt%
surfactant, (2) 2 wt% NPs, (3) trace amount of surfactant (0.05
wt%), and (4) a combination of 2 wt% NPs and 0.05 wt%
surfactant.

The quantitative results of the test are provided in Fig. 2a. In
the plot of average droplet size vs. flowing distance, a larger
slope indicates more frequent coalescence. For the two surfactant-
only systems, we found that 0.05 wt% surfactant (purple curve)
cannot maintain a very stable emulsion, whereas 2 wt% surfactant
(green curve) can. For the two NP systems, 2 wt% NPs alone (red
curve) could barely prevent the droplets from coalescing, the sta-
bilizing effect of which is even poorer than 0.05 wt% surfactant;
however, when 0.05 wt% surfactant was mixed with 2 wt% NPs
in the aqueous phase (blue curve), the stability of emulsion
was substantially improved and became as good as the 2 wt%
surfactant.

Images of flowing emulsion at the emulsion generator and
before the main throat are shown for the 2 wt% NP case (Fig. 2b
and Fig. 2c, respectively) and the combination case of 2 wt% NPs
and 0.05 wt% surfactant (Fig. 2d and Fig. 2e, respectively). The
images allow visualization of how emulsion stability can affect
the droplet size.

We conclude from the previous results that trace amounts of
surfactant improve the NP performance in stabilizing emulsions.
This indicates that surfactant plays a very important role in
enhancing the adsorption of NPs from the aqueous phase onto the
O/W interface. This synergistic effect could be attributed to the
surfactant’s effect to make silica NPs more hydrophobic (Binks
et al. 2007; Chevalier and Bolzinger 2013). Continued analysis is
focused on the two most-effective stabilizers: 2 wt% Tween 40,
marked as “SF,” and a combination of 2 wt% NPs with 0.05 wt%
Tween 40, marked as “NP/SF”. The water/oil IFT was found to be
similar for the two stabilizers (9.8 and 9.1 mN/m for SF and NP/
SF, respectively) according to a pendant-drop experiment.

Local Oil Saturations Along the High-Permeability Channel.

Because of the entrance capillary pressure, it is easier for water
than oil to imbibe into the low-permeability side paths. As a con-
sequence, the volume fraction of oil increases with each passing
of a side path. No oil droplets were observed to enter the 27- and
37-mm side paths in our experiments, but some could enter the 67-
mm side paths, which have the same dimensions as the main throat
and thus similar capillary forces. When the flow reached steady
state, the oil volume fraction (local oil saturation) reached its
maximum just upstream of the main throat. We refer to the local

Channel Width (µm) Depth (µm) 

Aqueous-Phase Inlet 1 47 17

Aqueous-Phase Inlet 2 35 17

Oil Inlet 47 17

Main Channel 617 17

Main Throat 67 17

Side Path 1,2 27 17

Side Path 3,4 37 17

Side Path 5,6 67 17

Table 1—Channel dimensions in the microfluidic device.
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oil saturation in the main channel just downstream of the emul-
sion generator as ‘average oil saturation (Soa),” and refer to the
local oil saturation downstream of all divergences and upstream
of the main throat as “maximum oil saturation (Som).”

Soa and Som are important parameters of this work; analysis
can provide a deeper understanding of the emulsion fluidic behav-
ior. The difference between Soa and injection flow ratio could
help to describe the velocity difference of the two phases. The
comparison between Soa and Som may indicate the difference of
emulsion texture in the main channel and in the side paths. The
Som is also a good indicator of how well the droplets block the
high-permeability path: For fixed IFT, larger Som indicates better
blockage of the high-permeability path, which can force more liq-
uid into low-permeability paths.

Fig. 3 shows the difference of Soa and Som. At the beginning of
the main channel where the oil droplets are generated, droplets
flow without much compression from their neighbors. After all
divergence channels and right before the main throat, droplets are
blocked by the throat and become crowded, deform, and water is
forced to flow through the very narrow gap at the two sides of the
main channel.

Soa and Som were calculated at the fixed total flux of 26mL/h
for different droplet sizes. The results from two O/W injection
fractions (0.192 and 0.385, corresponding to oil-injection rates of
5 and 10mL/h, respectively) and two stabilizing systems (SF, NP/
SF) are compared in Fig. 4. Here, we found that Som is generally
10 to 20% higher than Soa, and both are considerably larger than
the corresponding oil-injection fraction, indicating a much larger

Before Divergence
(Average Saturation)

After Divergence
(Maximum Saturation)

Throat

Fig. 3—Two observation locations for local oil-saturation comparison: The upstream part of the main channel before meeting any
side paths (before divergence), where the oil saturation is marked as “average saturation” Soa; the part of the main channel right
before the main throat and after all side paths (after divergence), where the oil saturation reaches its maximum for a given system,
marked as “maximum saturation” Som.
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Fig. 2—(a) Relative average droplet size vs. flow distance of emulsion along the main channel for four different emulsion-stabiliz-
ing systems. Blue crosses represent 2 wt% NPs mixed with 0.05 wt% Tween 40; red circles represent 2 wt% NPs; green diamonds
represent 2 wt% Tween 40; purple triangles represent 0.05 wt% Tween 40. (b)(c) Images of droplets stabilized by 2 wt% NPs, at the
emulsion generator and before the main throat, respectively. (d)(e) Images of droplets stabilized by 2 wt% NPs combined with 0.05
wt% Tween 40, at the emulsion generator and before the main throat, respectively. The scale bars in (b)–(e) represent 200 lm.
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relative permeability of water than of oil in this geometry. When
increasing the oil-injection ratio, both Soa and Som increase. These
trends were observed in both SF and NP/SF systems.

The Soa data do not show clear trends when plotted against
droplet diameter, as shown in Fig. 4. It may be attributed to the
randomness of droplet movement upstream of the main channel
because of infrequent interaction among free oil droplets, as well
as the pressure fluctuation corresponding to trapping and mobili-
zation of oil droplets at the main throat. As a result, further discus-
sion is only based on Som, the data of which are consistent.

Remarkably, Som remains almost constant for different droplet
sizes in all parallel experiments. We propose that the accumula-
tion of droplets before the main throat is controlled by the balance
of shear force and capillary pressure. Thus, if the droplet size is
considerably larger than the throat size, then both the shear rate
and the capillary force would be similar and not related to the
droplet size.

We also obtained the Som when the total injection rate is
30mL/h and the oil-injection rate is 20mL/h, as shown in Fig. 5.
Similar to findings in previous experiments, only small changes in

Som were observed when the droplet diameter changed from 100
to 400mm, for both SF and NP/SF systems.

Flow-Divergence Quantification and Potential Thickening

Effect on Sweep Efficiency. The “emulsion-blockage” effect is a
commonly cited reason for emulsion flooding improving oil re-
covery (Islam and Ali 1989; Mendoza et al. 1991; Mandal et al.
2010b). We have shown that the increase of oil-injection fraction
can increase the local oil saturation at the main throat, which indi-
cates an enhancement in emulsion blockage in the high-perme-
ability pathway. Here, we quantitatively show how the change in
blockage effect can affect the flow into low-permeability regions.

As shown in the channel geometry (Fig. 1b), the high-perme-
ability pathway and the low-permeability pathways merge down-
stream of the main throat, which leads to a sudden change of flow
rate in the main channel before and after the merge. As a conse-
quence, the droplet’s velocity in the main channel after the merge,
denoted as v2, should be larger than that before the merge, denoted
as v1. The v1 and v2 are calculated by tracking a droplet’s moving
distance during a certain time period, as shown in Fig. 6a and

1.00

0.95

0.90

0.85

0.80
O

il 
S

at
ur

at
io

n

O
il 

S
at

ur
at

io
n

0.75

0.70

0.65

0.60

0.55

0.50

1.00

0.95

0.90

0.85

0.80

0.75

0.70

0.65

0.60

0.55

0.50
100 150 200 250

Droplet Diameter (µm)

(a) SF

300 350

Max, fo = 0.192

Average, fo = 0.192

Average, fo = 0.385

Max, fo = 0.385

Max, fo = 0.192

Average, fo = 0.192

Average, fo = 0.385

Max, fo = 0.385

400 100 150 200 250
Droplet Diameter (µm)

(b) NP/SF

300 350 400

Fig. 4—Soa and Som vs. oil-droplet diameters at fixed total emulsion flux of 26 lL/h when applying (a) 2 wt% Tween 40 or (b) 2 wt%
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Fig. 6b. Assuming that the velocity of the oil droplet is propor-
tional to the total flow rate, we can calculate the flux fraction
into the low-permeability pathways ( flow-perm) by the equation:
flow-perm¼ (v2-v1)/v2. When we control the total flow rate as 30mL/h
and then change the oil-injection ratio, we can obtain the flow dis-
tribution between the low-permeability pathway flow fraction and
the main channel, as shown in Fig. 6c. The stabilizer used in this
set of parallel experiments is 2 wt% Tween 40. Clearly, the higher
the oil-injection fraction, the more liquid will flow into low-perme-
ability pathways. This result, together with the observation that oil
blockage in the high-permeability pathway is enhanced with
higher oil-injection fraction, leads to the conclusion that the oil-
droplet blockage in the high-permeability pathway does have a
positive effect on improving sweep efficiency.

In our experiment, it was observed that the oil ratio in the
low-permeability pathway is much lower than that in high-per-
meability pathway, when the characteristic size of the channel
cross section is controlled by the same smallest dimension (in
this case, the channel depth). It has been reported that the appa-
rent viscosity of O/W emulsion is positively related to the phase
ratio of oil (Thomas and Farouq Ali 1989; Tadros 1994). There-
fore, our observation indicates a thickening effect: The apparent
viscosity of emulsion in the high-permeability pathway is larger
than the apparent viscosity of emulsion in the low-permeability
pathway. In this way, more liquid will tend to flow into the low-
permeability pathway than Newtonian fluid. Because the pres-
ence of an obstruction that blocks emulsion in a high-permeabil-
ity pathway usually occurs in real porous media, our observation
shows a much-better potential for improving sweep efficiency
and conformation control than Newtonian and shear-thinning flu-
ids, such as polymer.

Different Packing Mode of Droplets for Two Stabilizers and

Its Effect on Sweep Efficiency. In this section, we compare the
blockage performance between the surfactant-stabilized emulsion
(SF system) and the NP/surfactant synergistically stabilized emul-
sion (NP/SF system). Som was averaged over the values corre-
sponding to different droplet size and plotted against O/W
injection ratio, for both SF and NP/SF systems, as shown in Fig.
7a. For all injection conditions, it is observed that Som are always
larger in the NP/SF system than in the SF system. As mentioned
in the previous section, the better blockage effect in the NP/SF

system than in the SF system implies more liquid into low-perme-
ability pathways. Flow fraction in low-permeability pathways is
also compared between the SF system and NP/SF system, as
shown in Fig. 7b. Unfortunately, the data are not measurably dif-
ferent for most of the oil-injection fraction. However, the differ-
ence in droplet packing in both cases, as shown later, supports the
hypothesis that an NP/SF system can better redirect liquid into
low-permeability regions, and thus have a better potential in
improving sweep efficiency than the SF system.

It was found from microscopic observation that the difference
in Som is a result of different droplet-packing densities, as seen in
Fig. 8. Droplets stabilized by the NP/SF system experience more
compression and deformation than those stabilized by SF alone,
when injection rates (oil flow rate is 10mL/h, and total water flow
rate is 16mL/h) and droplet diameters (140 6 5 mm) are the same.
For the SF system, droplets are in “point-to-point” contact with
little deformation of the droplet surface. However, for the NP/SF
system, droplets are squeezed and contact each other in a
“lamella” fashion, in a manner very similar to that of stable dry
foams (Lemlich 1968). In the SF system, relative movements
between droplets were observed at all directions, whereas for the
NP/SF system, all droplets were found to move together almost as
a rigid body along the principal flow direction.

In general, a confined droplet tends to deform under an asym-
metric pressure field around it, whereas the deformation resistance
is provided by the IFT. Because the O/W IFT was found to be
similar for the two systems, the deformation resistances are not
much different. Thus, the difference in droplet deformation comes
from the asymmetric pressure field around the droplets.

The asymmetric pressure comes from two sources: (1) hydrau-
lic force from viscous flow field and flow, as well as (2) interac-
tions between neighboring O/W interfaces. Flow rates for both
phases are rigidly controlled to be similar in this experiment. Fig.
7b shows that although the flow fraction in the low-permeability
pathway (and also in the high-permeability pathway) in the NP/
SF system is larger than in the SF system, the differences are not
sufficient to make a considerable difference in the main-channel
flux. Furthermore, it was observed that the frequency of oil drop-
lets flowing into the side channels is very small at all flow rates
investigated, so the difference of O/W ratio in the side channel in
both systems does not have a significant contribution to the pres-
sure gradient. Therefore, hydraulic force should be approximately
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Fig. 6—(a) The image at the emergence of high- and low-permeability pathways, at time 0 seconds. The droplet surrounded by red
solid lines is a droplet before emergence at this moment; the droplet surrounded by yellow solid lines is a droplet after the emer-
gence at this moment. (b) The image at the emergence of high- and low-permeability pathways, at time of 2 seconds. The droplet
surrounded by red solid lines and the droplet surrounded by yellow solid lines are the same droplets as those surrounded by red
solid lines and yellow solid lines in (a), respectively. The red and yellow dashed lines indicate the positions of those two droplets
at 0 seconds, respectively. L1 and L2 are the distances that the oil droplets were mobilized during the past 2 seconds, which are
used to calculate the droplet velocities before and after emergence. (c) Plot of the relationship between low-permeability pathway
flow fraction (relative to the total flow rate) and oil-injection fraction, made with the image-analysis method shown in (a) and (b).
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the same and is not the primary reason for the different droplet-
packing modes between SF and NP/SF systems.

Here, we speculate that the difference of droplet-packing
arrangement upstream of the main throat is caused by the forma-
tion of an NP network in the thin aqueous liquid film between ad-
jacent droplets (Horozov 2008; Wasan and Nikolov 2008), or
even bridging induced by a monolayer of NP (Horozov and Binks
2006). NPs adsorbed on the oil–water interface can interact with
other NPs, including those adsorbing on the neighboring oil–water
interface, and form a network that can join two interfaces to-
gether. In this way, neighboring droplets’ interfaces can be bound
together when they are brought in to contact and deform under
shearing force. Further research is required to determine whether
surfactant also plays a role in the formation of the NP network in
the thin liquid film between neighboring interfaces.

Conclusions

A microfluidic device was used to study the mechanism for sweep
improvement for the emulsion-based EOR process. Emulsion

with controllable droplet size, phase-injection ratio, and total flow
rate was produced, and emulsion behavior in a simplified natural
fracture–matrix was investigated. Important conclusions from the
work are
1. A novel in-flow test of emulsion stability was used to quantita-

tively measure the coalescence of emulsion droplets while
flowing in micron-scale porous media. Trace amounts of sur-
factant (0.05 wt%) with NP (2 wt%) can produce a synergistic
effect to prevent droplet coalescence. The droplet stability in
these systems is at least as good as that with high-concentration
surfactant (2 wt%).

2. Stable emulsion droplets were found to effectively block the
high-permeability pathway and improve flux through low-per-
meability pathways, when there is throat-like geometry in the
high-permeability pathway and the droplet size is larger than
the throat diameter. In this case, maximum local oil saturation
immediately upstream of the throat has a weak correlation with
the droplet size, which is attributed to the pressure continuity
of the oil phase at that location.
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Fig. 8—Microscopic images for emulsion flow through the main channel after all divergence and before the main throat for (a)–(c)
applying 2 wt% Tween 40 as emulsion stabilizer and (d)–(f) applying 2 wt% NPs mixed with 0.05 wt% Tween 40 as emulsion stabi-
lizer. For both cases, oil-injection rate is 10 lL/h, water-injection rate is 16 lL/h, and droplet diameters are controlled at 140 6 5 lm.
(a) and (d) are origin images captured by the camera, and the scale bars represent 400 lm. (b) and (e) are local magnification of
droplet-packing mode from the red squares in (a) and (d), and the scale bars represent 200 lm. (c) and (f) are processed from (b)
and (e) by marking the oil phase in black and aqueous phase in white to show a clear packing mode of the droplets. Arrows in (a)
and (b) indicate the flow direction.
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3. The fraction of flow into the low-permeability pathways is posi-
tively related to the blockage ability of emulsion in the high-per-
meability pathway where a pore throat is present, which is
typical in real porous media. It can be explained by the positive
relationship between oil fraction and apparent viscosity in an O/
W emulsion. Because oil saturation in high-permeability path-
ways is much larger than in low-permeability pathways, emul-
sion shows larger apparent viscosity in high-permeability
pathways than in low-permeability pathways, which indicates
that the blockage effect does have the potential to improve
sweep efficiency and flood stability.

4. NP/SF stabilized emulsion can lead to a higher oil saturation
before the main throat than SF-stabilized emulsion, when flow
condition and droplet size are the same. The hypothesis is that
NP/SF can redirect more liquid into low-permeability regions
than the SF-stabilized system. It was evident by the droplet-
packing images, which showed that droplets stabilized with
NP/SF show closer packing mode with more deformation. This
shows that an NP/surfactant synergistic system can enhance
the emulsion-blockage effect compared with the surfactant as
stabilizer, which can lead to a better sweep efficiency and
flooding stability.
Although the injected emulsion system that contains NP/SF

mixture shows a potential for improving sweep efficiency from
our microscopic visualization, it is outside the scope of this work
to investigate its sweep efficiency in oil recovery. In our future
work, the sweep efficiency by the NP/SF emulsion system during
oil recovery will be tested and quantitatively measured in a 2D
micromodel.
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