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ABSTRACT: The flow of multiple fluid phases in porous media often results
in trapped droplets of the nonwetting phase. Recent experimental and
theoretical studies have suggested that nanoparticle aqueous dispersions may
be effective at mobilizing trapped droplets of nonwetting fluid (oil) in porous
media. Hypotheses to explain the observation include the nanoparticles’
modification of solid wettability, droplet stabilization, and changes in interfacial
tension and interface rheology. However, because it is difficult to observe
droplet behavior on the pore scale, how those factors contribute to oil droplet
mobilization has not been fully understood. In this work, we investigated the
nanoparticles’ role in nanoparticle-based improved recovery of the nonwetting
phase through the direct observation of the mobilization of trapped oil
droplets in microfluidic structures that mimic pore−throat geometries. A
microfluidic platform was constructed for this study, on which different
displacing liquids including aqueous surfactant solutions and nanoparticle
suspensions were tested. We found that the nanoparticle concentration is positively related to the oil mobilization efficiency. An
approximate mathematical model for calculating the maximum size of an oil droplet trapped in a pore−throat geometry for a
fixed flow rate matches the experiment result for displacing liquid with no nanoparticles. The model still holds when the
nanoparticle suspension is a displacing liquid. We concluded that nanoparticles mobilize oil in these geometries in a mechanism
similar to that for surfactants, which is an increase in capillary number rather than an effect of other fluidic or interfacial
properties such as the dynamics adsorption of nanoparticle or dilational rheology of a nanoparticle-adsorbed interface.

I. INTRODUCTION
Nanoparticles (NPs) possess many promising properties that
render them with the potential for an easier mobilization of the
nonwetting fluid in multi-phase flow, including applications
such as enhanced oil recovery (EOR).1,2 In an aqueous
dispersion, NPs can be adsorbed on the fluid/fluid or fluid/
solid interface because of the reduction of interfacial energy.3−7

The adsorption leads to several effects that may help to reduce
residual oil or increase the sweep efficiency: generation/
stabilization of an emulsion/foam,8,9 reduction of interfacial
tension (IFT),5,10,11 change in emulsion rheology,12−14 increase
in disjoining pressure,15,16 and alteration of wettability.1,17,18 As
NPs are thermally and chemically more stable than polymer or
surfactant,9,19,20 and they can be effectively employed under
harsh subsurface conditions.
A number of displacement experiments with reservoir cores

or sand packs have been reported to investigate the role of NPs
in mobilizing trapped oil. Hendraningrat et al.21 injected a
dispersion of silica NPs into sandstone cores after flooding
them with brine. They showed improved oil recovery with the
increase in NP concentration in the displacing phase, which was
attributed to interfacial tension reduction and wettability
alteration. The injection can lead to the adsorption of NPs
on the rock surface, which is considered to be a key factor that
alters wettability or reduces permeability.21−23 NPs’ effect on
fluid rheology has also been investigated. Low concentrations
(<5 wt %) of NPs do not significantly impact the aqueous

viscosity,24 but core flood experiments show that NPs can be
used as foam/emulsion stabilizing agents, thereby substantially
increasing the apparent viscosity of the displacing phase.25,26

Although the NP role in reducing residual oil has been claimed,
the fundamental mechanisms for the mobilization of trapped oil
using NP-based fluids is still not fully understood, partially
because of the difficulty of directly visualizing of the
mobilization process.1

Microfluidics provide a direct visualization of immiscible
displacement behavior down to the micrometer scale. The
development of fluid control theory/techniques in micrometer
channels27 and the reproducible processes for manufacturing
microfluidic chips with complicated channel geometries28 have
led to the utilization of the technology in many miniaturized
flow applications, such as chemical processes,29 material
synthesis,30 and biological and chemical analysis.31,32 In porous
media, two-phase flow phenomena occur within pores and
throats on the micrometer length scale. Therefore, microfluidics
is an excellent tool for studying fundamental flow phenomena
on the pore scale that could not be observed inside a rock
sample. Recently, microfluidics have been used to study some
fundamental flow phenomena in porous media including single-
phase flow,33 multiphase flow,34 interfacial phenomena,35,36 and
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emulsion behavior.37,38 The displacement processes of oil
recovery, such as water flooding,39 foam flooding,40 and
polymer/surfactant flooding,39,3 have also been investigated
by using a 2D microfluidics porous network (also called a
micromodel), that is analogous to core flood tests but with the
advantage of fluid flow visualization.
A few works on NP-based EOR have also been presented in a

2D microfluidics porous network.41−44 Li et al.45 injected an
NP dispersion in secondary oil recovery. They showed that
steady-state interfacial tension between a nanofluid and oil
decreases with an increase in NP concentration and that
increased NP concentration is positively related to final oil
recovery. The deposition of NPs on the solid surface and its
positive effect on surface wettability were also visualized.41,43

Nguyen et al. showed the improvement of oil recovery over
water flooding when NP-stabilized CO2 foam was used as the
displacing phase.20 These works have given a better under-
standing of flow behavior in the pore structure. However, their
focuses are mostly on the overall effect of NPs on oil recovery
rather than on understanding the oil trapping and mobilization
mechanism in the single pore-structure unit. Scenarios of
trapped oil on the pore scale include the trapping of oil droplets
in pore−throat geometries, attachment to the solid surface, oil
unmobilized in micrometer-scale low-permeability zones, and
so forth. Mechanisms of oil mobilization in different scenarios
may be different, and distinguishing them is difficult when the
interconnected flow paths are considered to be a continuum
medium.

Immobilized oil in pore−throat geometries in the form of
droplets arises from the presence of capillary forces and is one
of the most common oil-trapping scenarios in water-wet porous
media.46 It is therefore important to understand whether and
how NPs affect the trapping and mobilization of oil droplets.
For pure water and surfactant solutions as a continuous phase,
it has been well established that interfacial tension (IFT) and
viscosity are two key factors in determining droplet trapping
and mobilization.47,48 For NP dispersions, although a positive
relationship between the reduction of IFT and the final oil
recovery has been shown,45 it is unproven that IFT rather than
other potential mechanisms such as wettability modification18

and interface dilational rheology change14 is the dominant
mechanism. Furthermore, an NP aqueous suspension is
considerably different from water or a surfactant aqueous
solution in at least two aspects in an oil-in-water system: (1)
IFT of the nanofluid−oil interface may not be constant during
droplet generation or deformation, which are common
occurrences in porous media. This dynamic IFT phenomenon
is due to the NP’s much lower diffusivity compared to that of
surfactant molecules, which makes the adsorption of NPs on a
fluid−fluid interface much slower than for surfactant. For
instance, in pendant drop experiments, the typical time scale for
reaching equilibrium IFT between oil and an NP dispersion is
on the order of 103 s, whereas the time scale for a surfactant
system is several orders of magnitude lower.11,49 (2) NPs
adsorbed on a liquid−liquid interface may form a network,
manifested as a change in interface dilational rheology,14 that

Figure 1. (a)−(c) Schematic diagram of the microfluidic design in this experiment. (a) Full view, (b) droplet generator, and (c) pore−throat
structure. The aqueous phase is represented in blue, and the oil phase is represented in yellow. The arrows indicate the flow direction. The
dimensions of the design are given in Table 1. (d) Image of the overall experimental setup.
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may affect the deformation of droplets and then affect the
droplet-trapping mechanisms.
In this work, we attempted to better understand the role of

NPs in mobilizing trapped nonwetting phase (oil) droplets in a
pore−throat structure by constructing a microfluidic chip with
well-defined pore−throat geometry. We also developed a
mathematical model to describe droplet trapping criteria with
parameters that are easily obtainable, and the model was
validated by experimental data. By comparing the model against
experimental results of a system with NP in the continuous
phase, we clarified that the model was also valid when adding
NP to the displacing fluid, and thus we provide an explanation
of how NPs help to mobilize trapped oil droplets on the pore
scale. Applications of this work include food processing and the
chemical industry and environmental engineering, where
phenomena such as oil−water separation with a microporous
membrane,50 emulsification with a porous membran,e51 and
multiphase flow in packed-bed reactors52 may occur and
multiphase flow through throatlike geometries may be manifest.

II. MATERIALS AND METHODS
II.1. Materials and Microfluidic Platform. In our microfluidic

experiments, decane or a surfactant (Span 80, TCI AMERICA) in
decane solution was used as the oil phase, and DI water or an NP
dispersion was used as the aqueous phase to displace the trapped oil.
The surfactant-in-decane solution was prepared by adding a specific
amount of surfactant in decane. The silica NP (EOR5X, provided by
Nissan Chemical) used in this work has an average size of 5 nm. The
NPs are provided as a 20 wt % concentrated dispersion and were
diluted to achieve the desired concentrations (2 and 4 wt % in this
work).
The 2D design of the microfluidic chip is given in Figure 1a. The

two major features in this design are the droplet generator (Figure 1b)
and the pore−throat structure (Figure 1c). The droplet generator
consists of three independent flow inlets. Upstream is a typical T
junction for creating monodisperse oil-in-water emulsion droplets.34,53

The size and generation frequency of the droplets can be controlled by
adjusting the injection rates of the aqueous (inlet1) and oil phases
(inlet2).34 The main channel is then widened downstream from the T
junction. We set another aqueous-phase injection inlet (inlet3), with
the help of which we could have good control of the total flow rate and
volume ratio. Further downstream is the pore−throat structure for oil
droplet trapping. The channel width converges dramatically from 230
to 50 μm and then expands back to 230 μm, as shown in Figure 1c.
Glass was used as the microfluidic material. The chip fabrication

followed a standard lithography process and hydrofluoric (HF) acid
etching process. A channel depth of 30 μm was obtained by
controlling the HF-etching time. The dimensions of the channels
after etching are given in Table 1. The etched glass piece was bonded

to a cover piece by heating to 690 °C. A sample of the bonded chip is
shown in Figure 1d. Because of the isotropic etching of HF, the cross-
section of the channel is not strictly rectangular but somewhat
trapezoidal.
II.2. Flow Experiment. The microfluidic device was placed on an

optical microscope (OMAX) platform. The three flow inlets were
connected to three independent syringes (Hamilton), which were

mounted on three syringe pumps (Chemyx Fusion) that allow precise
control of the injection flow rate. The experimental setup is shown in
Figure 1d.

In our microfluidic experiment, emulsion droplets with an expected
initial size were first generated by adjusting the flow rate of flow inlets
1 and 2 (Figure 2a). After the flow became stable, the oil injection of
inlet 2 was paused and the flow rate of aqueous phase injection inlet 3
was increased in order to push all droplets through the throat except
the last one. Before the last droplet arrived at the throat, flow from
inlet 3 was paused and the flow rate of the aqueous phase from inlet 1
was reduced to 5 μL/h. In the operating range of this experiment, all
droplets could be trapped at the throat at this flow rate (Figure 2b,c).
Then, the flow rate of inlet 1 was increased gradually until the droplet
was pushed through the throat. The flow rate was recorded as the
critical flow rate for that trapped droplet size. Then, we repeated the
above procedures for a different initial oil droplet size and finally
obtained a critical flow rate versus droplet size relationship for different
systems. Figure 2 shows snapshots taken during the experiments.
Monodisperse droplets generated from the T junction are shown in
Figure 2a. Oil droplets of different sizes trapped at the throat are
shown in Figure 2b,c. In all experiments, droplets take a slug shape, i.e.,
have an equivalent diameter larger than the channel width. The total
experimental duration from droplet generation to the point when the
droplet passes through the constriction is on the order of tens of
seconds.

III. RESULTS AND DISCUSSION

III.1. Effects of NPs in Reducing Trapped Oil Droplet
Size. Figure 3 shows the length of the trapped droplet L along
the principal flow direction against a critical flow rate, Q, for 0
wt % (DI water) and 2 and 4 wt % NP dispersions. The
definition of L is provided in Figure 2b. The monotonically
decreasing relation indicates that smaller droplets are more
difficult to mobilize, i.e., when the droplet size gets smaller, a
higher flow rate is required to mobilize it through the throat.
This is due to the increase in capillary resistance force caused
by increased droplet curvature. It is consistent with the fact that
the increase in the capillary number recovers more oil.
A comparison of the three curves in Figure 3 shows better oil

recovery with the increase in NP concentration. When the
critical flow rate of the aqueous phase is fixed at 50 μL/h, for
example, the dashed curves indicate that the smallest size of the
droplet that can be mobilized in 0, 2, and 4 wt % dispersion is
280, 210, and 160 μm, respectively. Therefore, the size of
unrecoverable oil droplet is decreased by 40% when the NP
concentration is increased from 0 to 4 wt %. The results suggest
that the presence of NPs in the aqueous phase has the potential
to enhance oil recovery by pushing trapped oil droplets in the
pore−throat structure that cannot be mobilized by water,
consistent with the results of core flood experiments.1,21,22

In many previous works, researchers suggested that the
reduction of interfacial tension due to the adsorption of NPs at
the fluid interface may be a critical mechanism. However, other
hypotheses (e.g., dynamic IFT in the presence of NP and
changes in other interfacial properties such as dilational
rheology of the NP-adsorbed interface14) need to be
investigated.
In section III.2, we present a semiempirical correlation that

well describes a droplet displacement process when the change
in IFT is the only factor that governs the interfacial effect. The
correlation was first validated in a dilute surfactant system and
then applied to the case with the NP dispersion. If the data
from the latter matches the model, we could then conclude that
the reduction of the IFT is the major reason for droplet

Table 1. Channel Dimensions in the Microfluidic Device

channel width (μm) depth (μm)

inlet 1 40 30
inlet 2 40 30
inlet 3 230 30
main channel 230 30
throat 50 30
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mobilization. Otherwise, it implies the existence of other
interfacial mechanisms.
III.2. Correlation Description. A simplified force balance

analysis on the dynamics of the droplet being trapped in a
pore−throat geometry is not known to be available. There are
relevant works on the dynamics of elongated droplet (slug)
flows in straight microchannels, moving along with the
surrounding medium, with IFT being the only interfacial effect
considered.29,54 According to those works, the physical forces
exerted on an oil droplet include the hydrodynamic force,
Fhydrod, that tends to mobilize the droplet, and a capillary force,
Fcaps, that is a result of droplet deformation induced by the
hydrodynamic force. Fhydrod is proportional to the droplet
length L, the velocity of the continuous fluid u, and the viscosity
of continuous fluid μ as

μ=F a uLhydrod (1)

where a is the geometric coefficient of the rectangular channel.
Fcaps is a more complex force, which is related to both the

interface properties and the continuous viscous force. As
indicated in ref 54, it can be expressed by eq 2 as

μ= −F b uCacaps
1/3

(2)

where b is a geometric coefficient of the rectangular channel
and Ca is the capillary number, defined here as

μ
γ

=Ca
u

(3)

where γ is the water−oil interfacial tension.
We assume that eqs 1 and 2 are also applicable for a trapped

oil droplet at the throat, with the channel’s variable cross-
section represented by geometric factors a and b. Because the
droplet is at rest, the hydrodynamic force balances the capillary
force. Therefore, we have Fhydrod = Fcaps, which leads to

∝ −L Ca 1/3 (4)

Equation 4 should hold when the droplet trapped at the throat
is static and experiences only hydrodynamic and capillary
forces.

III.3. Model Validation with Deionized Water and
Surfactant Solutions. For a fixed geometry, the slope of eq 4
should be constant regardless of the liquids used. To validate
the model, we performed the experiment using deionized water
as the continuous phase and decane mixed with different
concentrations of surfactant (Span 80) as the dispersed phase
in the same chip. Here we chose to use an oil-soluble surfactant
in the droplet phase because if water-soluble surfactant were
used in the continuous phase the wettability of the channel
could be altered by the surfactant adsorption and the viscosity
of the continuous phase could be changed. The concentrations
of Span 80 and the corresponding equilibrium IFT (required
for the calculation of Ca) are provided in Table 2.

Figure 4 shows plots of droplet length L versus Ca −1/3 for
various concentrations of surfactant in the oil phase. Regardless
of the surfactant concentration in the oil phase, all of the data
points fall on a straight line, indicating that the correlation of eq
4 is valid when viscosity and IFT are the only dominating
factors for oil trapping.

III.4. Model Fitting with an Aqueous NP Suspension.
We then used eq 4 to fit to the data obtained from the NP flow
experiments. A good fit would indicate that the reduction of
IFT is the main effect contributed by NPs to mobilize trapped
oil. Otherwise, other interfacial effects may also make significant
contributions. The fitting results are presented in Figure 5a.
The linear Einstein equation for effective viscosity, which is

Figure 2. Snapshots showing droplet formation and trapping in the microfluidic chip. (a) Monodisperse droplets generated at the T junction. (b, c)
Oil droplets of different sizes trapped at the throat and the definition of droplet length. (b) and (c) share the same scale bar as shown in (c). The
flow direction is from right to left.

Figure 3. Plot of trapped droplet size L versus critical flow rate Q. Blue
circles are data for DI water as the aqueous phase; red squares are data
for 2 wt % NPs in water as the aqueous phase; and green triangles are
data for 4 wt % NPs in water as the aqueous phase. The dotted lines
are a simple power fitting of three groups of data. The curves are
presented merely to show the trend in the data.

Table 2. Concentrations of Surfactant and NP in the
Experiment and the Corresponding IFT Data

Span 80 (wt %) IFT (mN/m) NP (wt %) IFT (mN/m)

0 48.3 0 48.3
0.0045 28 2 33.0
1 4.2 4 29.9
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applicable to an NP suspension for this concentration range,
was used to calculate Ca. The IFT values between decane and
different concentrations of NP dispersion are listed in Table 2
along with the data for the surfactant system. As was observed
for surfactant, all of the data in Figure 5 collapse onto a straight
line, suggesting that the effect of NPs on mobilizing the trapped
oil droplet is mainly through the reduction of IFT, which
increases the capillary number.
Figure 5b shows the dynamic interfacial tension between the

NP dispersion and decane measured by the pendant drop
method. It shows that the time scale to reach the equilibrium
IFT is on the order of 103 s, which is consistent with the
published works.55,56 However, the time scale from droplet
generation to trapping in the microfluidic channel is
approximately on the order of 10 s. This indicates that the
diffusion time is no longer significant and the adsorption of
NPs on the interface is significantly expedited possibly by the
presence of flow.

IV. CONCLUSIONS
A microfluidics platform to investigate the mechanism of an oil
droplet trapped at a pore−throat structure was constructed,
with precise control of the flow conditions. We found that an
increase in NP concentration could decrease the flow rate
required to push a certain oil droplet out on a fixed geometry,
which means an easier oil recovery process.
A mathematical model was constructed and successfully

correlates the oil droplet size with the critical flow condition to
mobilize the droplet under the condition that the capillary
number and pore−throat geometry are the only two dominant
parameters.
Nanoparticle’s role in mobilizing trapped oil droplets at a

pore−throat geometry was clarified on the basis of this model.
We found that aqueous NP suspensions also fit the correlation,
indicating that no factors other than capillary number and pore
geometry play a considerable role in this case. In mobilizing an
oil droplet trapped in the pore−throat structure, the NP’s effect
is very similar to that of surfactant; i.e., it reduced the trapped
oil size mainly by reducing IFT. In addition, we also found that
NP’s adsorption to the oil−water interface is considerably
accelerated in the presence of flow, so the dynamic IFT effect is
not significant.
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