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Three-dimensional (3D) confocal imaging of multiphase flows in a network of microcapillaries is used
to conceptualize and quantify the mobilization process of an oleic wetting viscous phase by aqueous
nanofluids and surfactant solutions. This microscale visualization reveals that nanoparticles decrease the
thickness of wetting-phase film. The efficiency of surfactants in oil mobilization results from their capa-
bility to break the wetting phase into smaller ganglia. The type of injectant significantly influences the
size of the clusters and the distribution of the wetting phase. We show that the mean size of the wetting
phase clusters is a decreasing function of the displacement efficiency for each solution. Incorporation of
silica nanoparticles with surfactant solutions hinders the wetting phase break up and decreases the number
of clusters. The most frequently occurring cluster size (mode) decreases in the presence of surfactants,
but remains unchanged in the presence of silica nanoparticles. Unlike the average cluster size, which is
a decreasing function of the nonwetting phase saturation, it is interesting that the mode remains almost
unchanged during the displacement process. The reduction of wetting film thickness and the fragmentation
of wetting phase have numerous applications in natural and engineering sciences.
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I. INTRODUCTION

Mobilization of a viscous phase by a less viscous fluid
occurs in many naturally occurring situations and engi-
neering processes. In particular, fluid-fluid-solid interfaces
emerge in subsurface flow systems such as oil recovery,
carbon dioxide sequestration, and soil remediation. The
interface evolution is further affected when surface-active
materials or suspended particles exist in the system.

The dynamics of two-phase flow in subsurface porous
media is dependent on the surface and interfacial energies
between solid surfaces and immiscible fluids. These ener-
gies control the efficiency of the displacement processes
in porous medium flows. Oil recovery from petroleum
reservoirs, carbon dioxide (CO2) sequestration, groundwa-
ter treatment, soil remediation, and fuel cells can all be
impacted [1–6]. During water-based viscous (heavy) oil
displacement, a significant portion of oil remains unrecov-
ered due to trapped oil ganglia and uneven displacements
from the capillary force, medium heterogeneity, and oil-
water viscosity mismatch. The extraction of oil from heavy
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crude oil deposits is limited by low fluid mobility at reser-
voir conditions and the strong affinity between the oil and
solid surfaces in oil-wet rocks.

Polymers, surfactants, and alkalines are fed into the
injected water to control the oil-water mobility and capil-
lary pressure and decrease the residual oil saturation [7,8].
These chemicals alter solid surface wettability, increase
injected phase viscosity, and decrease the interfacial ener-
gies between oil and water [9–11]. Nanoscale materials
in the form of solid particles or aqueous suspensions
(nanoparticles dispersed in water) have the potential
to improve subsurface displacement processes [12–14].
Numerous studies demonstrate the potential of surface-
treated titanium oxide [15] and metallic [16] and silica
nanoparticles [17] for heavy crude oil recovery. Con-
trolled microscale experiments demonstrate the success
of nanoparticles in creating structural disjoining pres-
sure [18,19]. Core-scale experiments of incremental oil
recovery using nanoparticles is largely determined by
changes in macroscopic properties such as interfacial ten-
sion and wettability [20–23]. The opacity of subsurface
rocks in standard core-flood experiments obstructs the
direct visualization of the fluid-fluid interfacial evalua-
tion that governs the two-phase flow dynamics. Opacity
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also hinders detailed characterization of the physics that
underlies the nanofluid-oil displacement process in porous
media. Therefore, the dynamics of fluid-fluid-solid inter-
actions is obstructed in the presence of nanoparticles,
surfactants, and polymers.

Over the past few years, the details of pore-scale dis-
placement processes and the related mechanisms of snap-
off, Hainse jump, the effect of wetting heterogeneities, and
residual phases patterns have been captured by new art
microfluidic technology and x-ray micro-CT scan imag-
ing [4,24–28]. Additionally, microfluidics has provided the
opportunity for engineering the two-phase flow in small
scales [29,30]. In visualization studies, an overview of the
flow process is recorded using two dimensional (2D) opti-
cal and fluorescence microscopy in the x-y plane [31–40].
The images captured represent the interactions between the
fluids and solid surface in one focal plane where the aspects
of the fluid interfaces in the third dimension are overlaid.
The 3D imaging capability of x-ray micro-CT is limited by
the scanning time. Hence, the images are not real-time and
are often recorded after the experiment time scale [4,25].
Advances in confocal imaging have enabled physical dis-
covery in different focal planes of the flow experiments
where the 3D fluid displacement in porous media is visu-
alized [41–44]. These studies improved understanding of
porous medium flows at actual depths [39]; however, the
role of chemical additives in the microscale dynamics
of fluid-fluid-solid interactions in porous materials has
received less attention. In particular, the fate of a contin-
uous wetting phase when encountered with a less viscous
fluid in the absence and presence of interfacial materials in
the form of surface active agents and nanoparticles is not
understood.

In this work, a 3D confocal imaging technique is used to
quantify the size and shape of the wetting phase remaining
after the injection of a nonwetting phase in combination
with surfactants and nanoparticles into a network of inter-
connected microcapillaries. Spatiotemporal displacement
of a wetting phase (viscous oil) with different displacing
fluid compositions: deionized (DI) water, untreated silica
nanoparticles, sodium dodecyl sulfate (SDS), polysorbate
20 (Tween 20), and trisiloxane (Silwet) surfactants are
analyzed. The effect of nanoparticles and surfactants on
the removal of a wetting phase film from the solid sur-
faces, wetting phase break up, and dynamics of phase
interferences are systematically investigated. This work
is a report on capturing and quantifying the interactions
of nonionic surfactant molecules and silica particles and
their combinations at the flowing fluid-fluid interfaces in a
network of capillaries. We present three-dimensional (3D)
observations of previously undefined immiscible viscous
fluid-fluid displacement in the presence of surfactants and
nanoparticles. The characterization of multiphase flows in
a network of microcapillaries reveals that the mechanisms
underlying the fluid-fluid displacement with nanoparticles

FIG. 1. 2D image of the microfluidic micromodel filled with
mineral oil dyed using red fluorescent color. The magnified 3D
images are shown for one microchannel with a depth and width
of 40 and 15 µm, respectively. The fluid is injected through the
top right inlet and is collected at the bottom left outlet.

are completely different from surfactant mechanisms. The
outcome of this work is to recommend a complex fluid
(i.e., a mixture of nanoparticles and surfactants) in the non-
wetting phase. The complex fluid is applied to decrease
the thickness of the remaining viscous wetting phase on
the solid walls and fragment the wetting phase ganglia into
many smaller parts.

II. EXPERIMENTAL SETUP

The experimental setup is designed to record visual
spatiotemporal events during multiphase flow within
microfluidic devices. Figure 1 illustrates a top view image
of the network of microcapillaries made of polydimethyl-
siloxane (PDMS) material with a depth and width of 40
and 15 µm, respectively. The microreservoir network is
composed of interconnected microchannels based on the
design of Voronoi tessellation [45]. The fluid volume of
the micromodel is 0.22 ± 0.05 µl. There is an average of
40 microchannels in each direction with an average length
of 200 µm.

The microfluidic devices are placed horizontally on the
stage of an inverted Nikon A1R microscope. The pressure-
flow rate system (Fluigent) controls the fluid flow injection
into the microfluidic device. The color (DS-RI2) and flu-
orescence camera [Zyla 4.2 PLUS sCM(OS)] are used
to monitor fluid displacement and mixing. Actual 3D
images of the fluid distribution within the microchannels
are captured using confocal microscopy (red laser with a
wavelength of 561 nm). Images are captured using long
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working distances of ×2, ×10, and ×20 Nikon lenses.
Displacement experiments are conducted by injecting an
aqueous phase into a micromodel presaturated with heavy
mineral oil. The oil is slowly injected into the channel net-
work using a syringe pump connected to the micromodel
with 1/8 in. tubing (Cole-Parmer). The oil-saturated micro-
model is placed on the microscope stage and the aqueous
phase is injected into the micromodel at a constant flow
rate of 0.01 ml/h. In each experiment, the displacing fluid
is injected from the top right corner and the fluids are pro-
duced from the bottom left corner (Fig. 1). Images of the
flow displacement and fluid-fluid interactions are recorded
at a variety of resolutions using a red excitation fluores-
cence filter at a rate of 100 frames per second. The images
are saved as TIFF files and ImageJ [46] is employed for
image analysis. The oil phase is shown in red and the aque-
ous phase is transparent. To distinguish the phases, a white
color is assigned to the aqueous phase during the image
processing step. Each experiment is repeated at least three
times to validate the reliability of the data produced.

The microchannels are prefilled with mineral oil
(Penarco: viscosity of 178 mPa s) and dyed with red flu-
orescent color (Kingscote-Mfr#506250-RF4). The fluores-
cent dye has no influence on the interfacial tension between
the water and mineral oil. The aqueous phases used to dis-
place oil are (i) DI water, (ii) three suspensions of 1, 2, and
4 wt. % silica, (iii) three solutions of 0.5 critical micelle
concentration (CMC) Tween 20, Silwet, and SDS, and (iv)
three mixtures of 2 wt. % silica and 0.5 CMC Tween 20,
Silwet, and SDS. For the sake of brevity, these aqueous
phases are respectively referred to as water (for DI water),
Silica 1, Silica 2, and Silica 4 (for each silica suspension),
Tween, Silwet, SDS (for surfactant solutions), and Tween-
Silica, Silwet-Silica, and SDS-Silica (for mixtures). See
the Supplemental Material at (URI) for the details of
materials, microchip fabrication, and properties of oil and
aqueous phases (interfacial tension and three-phase contact
angle data) [47].

III. RESULTS AND DISCUSSION

The displacement of the wetting phase by the spread
of displacing fluids (water, silica suspension, and sur-
factant solutions) is analyzed using 3D confocal images.
The results reveal the dominant mechanisms of oil dis-
placement subject to different displacing nanofluids and
surfactant solutions alone or in combination.

A. Displacement performance

1. Sweep efficiency

Figure 2 illustrates a time series for the displacement of
the wetting phase by DI water. The images are dedicated
to different time points, including when water reaches
the outlet [breakthrough time (tBT)] and two consecutive

FIG. 2. 2D images of the aqueous phase-oil displacement
through the microchannels’ network by DI water, displacing flu-
ids of silica suspensions, Tween, Silwet, SDS solutions, Tween-
Silica, Silwet-Silica, and SDS-Silica mixtures. SWBT is the water
saturation evaluated based on the areal sweep and defined as the
breakthrough time.

dimensionless times, td = 2 and 4. Dimensionless time is
evaluated based on the volumetric flow rate (Qinj) and the
total volume of the network (V) defined as td = (Qinjt)/V.
The injected water follows the pathway with the least resis-
tance between the injection and production ports (Fig. 2).
Following the time tBT, a larger number of microchannels
are water invaded. The wetting phase at td = 4 is dis-
placed through most microchannels at the central section
of the fluidic network. For comparison, the overall pat-
tern of wetting phase displacement at tBT using Silica
1, 2, and 4 suspensions as well as Tween, Silwet, SDS
solutions, and Tween-Silica, Silwet-Silica, and SDS-Silica
mixtures are illustrated in Fig. 2. The results indicate that
displacing silica tends to increase the uniform distribution
of water. The overall displacement patterns for displacing
silica are similar to those of water. Surfactant solutions
change the displacement pattern; the Silwet forms a sta-
ble front attenuating the channeling effect. Similar to silica
suspensions, the surfactant-silica mixture channels have
greater invasion than the DI water channels.
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FIG. 3. Invaded area as a function of the dimensionless time for
the oil displacement with DI water, silica suspensions, surfactant
solutions, and silica-surfactant mixtures.

The efficiency of each fluid in oil displacement is quanti-
fied by measuring the areal ratio of invaded microchannels
(white) to the total area of microchannels, referred to as
areal sweep efficiency. Figure 3 provides the sweep effi-
ciency of water, silica suspensions, surfactant solutions,
and surfactant-silica mixtures. The addition of surfactants
to the water improves the wetting phase displacement
to 52.7 ± 0.2% for Tween, 62.0 ± 2.4% for SDS, and
82.4 ± 1.2% for Silwet after td = 4. The sweep effiec-
ncy curves follow two regimes. First, an early quick rise
until breakthrough (td < 1) followed by a steep decline in
growth where the aqueous phase reaches the outlet and the
communication paths between the injection and production
ports are established. The outcome reveals that the incor-
poration of surfactants, solid particles, or a combination
of both increases the wetting phase displacement. Sweep
effieceincy is an increasing function of silica nanopar-
ticles. In each case, the coupled surfactant-silica results
in a higher wetting phase displacement than silica alone.
During the early stages, the slope of sweep efficiency for
chemical flooding scenarios are higher than those of the DI
water. The chemicals improve the mobilization of the vis-
cous wetting phase. It is noted that the snapshots in Fig. 2
are the 2D images (×2 magnification) of the multiphase
flows in microcapillaries. The higher resolution 3D images
are necessary to observe the patterns of wetting and non-
wetting phases inside microcapillaries and their localized
interactions. In the following sections, we first discuss the
effect of the silica nanoparticles on the wetting phase distri-
bution and later we focus on the effect of silica-surfactant
solutions.

B. Silica suspension and oil displacement

To analyze the effect of silica nanoparticles on the oil
displacement, we take the enlarged 2D and 3D images of

multiphase flow in capillaries using a ×20 optical objec-
tive. Figure 4(a) shows 3D images and Fig. 4(b) shows 2D
images of the micromodel flooded with water and Silica
1, 2, and 4 wt. %, respectively. For each flooding scenario,
the oil is first removed from the main body of microchan-
nels, leaving a layer of oil attached to the hydrophobic
surface of the PDMS. This wetting phase film, the resid-
ual oil, is thick (up to 40% of the microchannel height)
and immobile in water even at td = 10. A detailed exam-
ination of the images in Fig. 4(a) reveals that the addition
of silica nanoparticles decreases the thickness of the wet-
ting phase film. The residual film is removed from the
channel surfaces in the presence of Silica 4 wt. %. The
dark microchannels represent almost 100% displacement
of the wetting phase from the invaded microchannels. We
quantify the effect of silica concentration in mobilizing
the residual oil by measuring the remaining oil thickness
for 10 invaded microchannels at td = 10 and at the center
region of the micromodel. The measured thickness (h) is
normalized by the microchannel width (w) and plotted as
the function of silica concentration in Fig. 4(c), left axis.

We measure the volume of the remaining oil films in
the invaded channels using the 3D object counter plug-in
of ImageJ. The measured volume is scaled by the micro-
model pore volume and plotted as a function of silica
concentration in Fig. 4(c), right axis. Similar to the thick-
ness, the volume of remaining oil film decreases as the
silica concentration increases. It is evident that the oil
film thickness slightly decreases from water to the Silica
1 flooding scenario. Consistent with the sweep efficiency,
the oil-film thickness is considerably reduced for Silica 2
and reaches almost zero for Silica 4. The silica nanopar-
ticles used in this study are untreated and do not change
the interfacial tension between fluids [see Fig. S1(a) within
the Supplementary Material [47]]. The silica nanoparticles
have the capability to change the surface wettability when
they are placed at the solid-liquid-liquid interfaces [48]. At
the three-phase (solid surface, oil, and water) contact line,
nanoparticles in the aqueous phase arrange themselves
in well-ordered layers [18,49] resulting in a structural
disjoining pressure in the film.

The nanoparticle ordering near the confined region of
three phases results in the structural disjoining pressure
which consequently enhances the spreading of nanofluid
film on solids [18,50]. Hence, the presence of silica parti-
cles in the displacing fluid promotes the spreading of the
nanofluid and effectively removes the remaining viscous
phase. Figure 4(d) is a schematic of the oil-film removal
process in the presence of nanoparticles. At the initial time
of fluid injection (up to breakthrough), the wetting phase
displacement is dependent on the main flow pathways of
the porous media that have a low resistance to fluid flows.
The injected fluid flows mainly through these pathways
with a slight invasion to neighboring microchannels. Fol-
lowing the breakthrough, the interaction between oil and
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(a)

(b)

(c) (d)
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FIG. 4. The 2D and 3D images of the oil film layer and thickness and detachment mechanisms of the remaining wetting film in the
micromodel flooded with water and different concentrations of silica nanoparticles. (a),(b), The effect of silica nanoparticles on the
removal of the remaining wetting film from the solid surface at td = 10 of the water injection. (c) The dimensionless thickness and vol-
ume of the remaining wetting film, values to be read on the left and right axes, respectively. Increasing the silica concentration reduces
the thickness and the volume of the oil films. (d) Schematic representation of the oil film removal in the presence of nanoparticles.

the displacing fluid is dominated by the mobilization of
the residual wetting phase in the main flow pathways of
the oil film and to a second degree to the invasion of
new microchannels. For Silica 2 and 4 flooding when suf-
ficient silica nanoparticles exist in the displacing fluid,
nanoparticles play a key role in oil-film detachment. This

ultimately results in an incremental improvement in the
sweep efficiency postbreakthrough (Fig. 3).

The evaluation of the wetting phase film is illustrated at
the inlet channel of the micromodel in Figs. 5(a) and 5(b)
for the cases of water and Silica 4, respectively. For water,
a thick layer of the wetting phase is attached to the wall,
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(a)

(b)

FIG. 5. The remaining wetting phase film at the entry channel of micromodel for (a) water and (b) Silica 4. (a) As the water injection
continues, the film thickness is slowly reduced. (b) For Silica 4, the film thickness is much lower than that of water. The remaining
wetting phase eventually gets detached in the form of a droplet.

where its thickness gradually decreases as the flow contin-
ues. When we inject Silica 4, the film thickness is lower
than that of water, and the solid surface is quickly dewet-
ted from the viscous phase. See the Supplemental Material
at (URI) for the oil detachment by the silica nanoparti-
cle suspension (see Movie S1 within the Supplementary
Material) [47].

The effect of the surfactants on the wetting phase dis-
placement is discussed in the next section.

C. 3D fluid distributions within microcapillaries

Following the exposure of microchannels to nonwetting
phases, 3D images (×10 objective) of the multiphase flow
within microcapillaries are taken from the center region
of the micromodel network. The 3D images taken from
water, Silica 2, Silica 4, Tween, SDS, Silwet, and silica-
surfactant flooding experiments at td = 10 are shown in
Fig. 6(a), where the remaining oil is shown in red color.
The residual oil from the water flooding is observed in the
form of a continuous blob. However, the wetting phase
inside the microchannels is not continuous in the pres-
ence of surfactants. Owing to the reduction in interfacial
tension (IFT), the wetting phase is broken down into
smaller droplets. The number and size of wetting phase
blobs are dependent on the type of surfactants. Silwet
surfactant creates many tiny oil droplets that can be car-
ried by the nonwetting phase toward the production port

(Sec. III D). One may ascribe the improved sweep effi-
ciency as a result of surfactants to the disintegration of
the wetting phase (Fig. 3) [51]. On the other hand, Sil-
ica 2 and Silica 4 show different sweeping patterns. The
wetting phase is mainly continuous in Silica 2, but is bro-
ken in Silica 4. This is, however, counterintuitive as the
effect of silica on the change in IFT between the fluids
(for all examined concentrations) is shown to be trivial
[see Fig. S1(a) within the Supplementary Material [47]].
The clusters are defined as the discontinuous remaining
wetting phases, in the form of oil ganglia, which can be
in the shape of spheres, capsules, cuboids, or connected
oil phases in multichannels. Throughout this paper, we
interchangeably use the terms clusters, blobs, and ganglia.
The average cluster size for water and surfactant solution
injection is measured using IMAGE J. The dimensionless
cluster sizes [area of the cluster (Ac)/total area of the
microchannel (At)] are presented in Fig. 6(b). The error
bars represent the standard deviation of the cluster size.
The results show that the addition of SDS and Silwet to
the injected fluid decreases the size of the remaining oil
clusters.

The volume of oil clusters is measured using 3D, ×2
magnification images that capture the entire micromodel
pattern. Each 3D image is composed of 40 z stacks of
images recorded with 1 µm resolution in depth. The z
stacks of images are loaded in the 3D object counter plug-
in of IMAGE J. The cluster volumes are normalized by
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(a)

(b) (c)

FIG. 6. The two-phase flow in the presence of nanoparticles and surfactants in nonwetting solution. (a) 3D views of the remaining
oil inside the micromodel at td = 10 [td = (Qinjt)/V] for water, Silica 2, Silica 4, surfactants, and surfactant-silica suspensions. The
continuous oil phase in water flooding changes to clusters of oil blobs in the presence of surfactants. The size and number of oil clusters
are dependent on the type of surfactant. Compared to other flooding scenarios, Silwet surfactant results in a larger number of tiny oil
droplets and a higher sweep efficiency. Silica 2 and Silica 4 show different patterns where the wetting phase is mainly continuous in
Silica 2, but seems broken in Silica 4. (b) Dimensionless average cluster size for water and different surfactant solutions. Silwet and
SDS are stronger in decreasing the cluster size than water and Tween. (c) Dimensionless cluster volume distribution for water and
different surfactant solutions.

the micromodel pore volume and categorized in six bins
[0.000001, 0.01]. Figure 6(c) illustrates the distribution
of cluster volumes for water (black), Tween (blue), SDS
(red), Silwet (green), and their combinations with 2 wt. %
silica nanoparticles. Silica shows a two-fold effect. It shifts
the cluster volumes toward larger bins. The shift is negli-
gible for SDS while it is considerable for Tween. There
is also a reduction in the overall number of oil clusters
when silica is added, although the change is not obvious for
Tween. Please note that for Tween, unlike other cases, the

clusters of residual wetting phase are mainly located at the
microchannel intersections. In the last section of this paper,
we closely examine the wetting state of a microchannel,
which may influence the viscous phase distribution.

The cluster shapes are quantified using 3D, ×10 mag-
nification images (1.16 µm/pixel and 1 µm/pixel reso-
lutions in the horizontal plane and depth, respectively).
We classify the clusters into two groups (spherical and
nonspherical) based on their shape factor. The shape fac-
tor is evaluated as the ratio of cluster surface area to its
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(a) (b)

(c)

FIG. 7. (a) The cluster shape factor (surface area to volume ratio). r is the equivalent radius of clusters assuming that they are
spheres. The solid line shows the shape factor of a perfect sphere(3/r). (b) Deviation factor indicating how close the clusters are to
perfect spheres when DF = 1. Clusters with DF > 0.5 are considered as spherical clusters. (c) Cluster classification based on the shape
factor is divided into two groups, spherical and nonspherical.

volume (S/V) which is (3/r) for a perfect sphere with the
radius of r. Figure 7(a) is the plot of cluster shape fac-
tors as a function of equivalent spherical radius r. The
plot shows the deviation of the cluster shape factors from
that of a sphere (shown with a solid black line), i.e., the
degree of spheroidicity. The clusters in our micromodels
are mainly in the form of rectangular cuboids and cap-
sules, and thus the shape factors are larger than the sphere
one. In order to distinguish the effect of nanoparticles on
the shape factor, we plot the ratio of shape factor for an
equivalent sphere to that of the cluster DF = (3/r)/(S/V)

as a function of equivalent radius r. DF is a coefficient
between zero and one characterizing the cluster shapes
as shown in Fig. 7(b). As cluster shapes become closer
to spheres, DF values approach one. Overall, when sil-
ica is added to the displacing phase, DF gets smaller
signaling that the clusters are further deviated from per-
fect spheres. Here, we classify clusters that have DF >

0.5 as spherical clusters, and clusters with a diameter
larger than 15 µm and DF < 0.5 as nonspherical ones.
Figure 7(c) shows the cluster distribution in spherical
and nonspherical groups. Adding silica to the surfactant
solutions consistently decreases the number of spherical

clusters and increases the number of the nonspherical
clusters.

D. Phase interferences: the roles of silica and
surfactants

The shape and number of fluid-fluid interfaces in the
flow of immiscible fluids in porous media can provide
insight into the phase interactions and fluid distributions.
The number and area of interfaces are characterized either
by the specific interfacial area or the quantity of wetting
and nonwetting phase clusters (blobs). Different imag-
ing systems have been used to characterize the properties
of interfaces under a static condition; however, captur-
ing the dynamic of interfaces requires a more precise and
faster experimental technique [52]. Microfluidics provides
an excellent opportunity for real-time visualization and
tracing of fluid-fluid interfaces [53,54]. Historically, the
number and curvature of fluid interfaces have been used
to quantify the dynamics of immiscible displacement in
the absence of chemical additives [45,46]. The presence
of surface-active agents and particles is common in under-
ground flow processes and influence the dynamics of two
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(a) (b)
FIG. 8. The number of clusters
and average cluster size as a
function of aqueous phase satu-
ration. (a) The number of clus-
ters (the fluid-fluid interface
representatives) as a function of
aqueous phase saturation. All
measurements are done until
td = 5. (b) The average clus-
ter size [area of the cluster
(Ac)/total area of the microchan-
nel (At)] as a function of aqueous
phase saturation. The error bars
indicate the standard deviation
for each experiment.

phase flows and patterns of wetting phase distribution. In
this section, we use the concept of phase interferences to
quantify the influence of each chemical additive (surfac-
tants and nanoparticles) on the fluid dynamics and viscous
wetting phase mobilization. This is achieved by conduct-
ing experiments that evaluate the number of wetting phase
clusters at different time scales.

The wetting phase (oil) clusters are counted, indicat-
ing the number of interfaces, as a function of the aqueous
phase saturation [Fig. 8(a)] for water, Silica 2 (a repre-
sentation of silica solutions), Silwet (a representation of
nonionic surfactant solutions), and a Silwet-Silica mixture.
There is an abrupt increase in the number of clusters for
each setting until tBT. At this point, the number of clus-
ters is dependent on the type of displacing fluid used: 300
for water, 600 for Silwet-silica, and 800 for Silwet. The
number of clusters after the breakthrough time depends
on the balance between the generation and production of
clusters. Post injection of water (after tBT) results in a
slow rise in the number of clusters and indicates (i) a
bypass of large oil ganglia and (ii) an invasion of a few
new microchannels. Thus, additional mobilized ganglia are
formed. During Silwet and Silwet-Silica flooding the num-
ber of clusters decreases over time as the injection contin-
ues to signal the appearance of small oil blobs (Fig. 6). The
oil disintegration is outbalanced by the number of wetting
phase blobs, displaced toward the production port. Hence,
the number of oil clusters decreases over time, reaching
less than 600 for Silwet.

One can conclude that the rates of mobilization and
removal of the viscous oil are strongly associated with how
effectively a flooding fluid disintegrates the continuous vis-
cous oil phase. The rates of mobilization and removal are
highest for Silwet. The addition of 2 wt. % silica in water
and surfactant solutions decreases the number of clusters
throughout the process in flow experiments without sil-
ica. This implies that the placement of silica nanoparticles
at the oil-water interfaces forms a rigid interface requir-
ing more energy to be broken down [55]. The effect is
lower for clusters that are larger in size. Figure 6 represents

the impact of silica nanoparticles on the number of clus-
ters. When silica nanoparticles are added to the Silwet
solution, larger clusters are generated in the remaining
oil.

The mean size of clusters (the remaining oil blobs)
is measured at different saturations for each experiment,
scaled by the total area of the channel network [Fig. 8(b)].
In each experiment, there is an abrupt decline in the mean
cluster size before reaching Sw = 0.2. The size of the clus-
ter remains unchanged in aqueous phase saturations higher
than Sw = 0.4. The average cluster size is plotted against
the aqueous phase saturation in the range of 0.2 < Sw <

0.4 for water, Silica 2, Silwet, and Silwet-Silica [Fig. 8(b)].
The error bars represent the standard deviation of the clus-
ter size. The Silwet flooding results in a smaller cluster
size than does the water flooding. For instance, the average
cluster size for the Silwet flooding for Sw = 0.4 is about 2.5
times smaller than that of the water flooding. Smaller clus-
ters flow more easily through the microchannels enhancing
the viscous oil removal from the fluidic network. The addi-
tion of 2 wt. % silica nanoparticles to water and Silwet
solutions increases the average cluster size of the wetting
phase by about 40% and 60%, respectively.

The size distribution of clusters scaled by the total sur-
face area of the microchannel is plotted in six bins, at
a representative saturation of Sw = 0.25 [Fig. 9(a)]. The
size distribution of the clusters demonstrates an obvious
shift in the maximum number and minimum size of clus-
ters from Silwet to Silwet-Silica flooding and from water
to Silica 2 flooding. Similar trends in the size distribution
of clusters are observed for the saturation in the range of
0.2 < Sw < 0.4.

The most frequently occurring cluster size (mode) is
determined using an analysis of the experimental images.
Figure 9(b) presents the mode for all flooding scenarios
examined in Fig. 9(a) at saturations ranging from 0 < Sw <

0.4. The modes for the water and silica floodings remain
limited within the bin thresholds of (0.0002, 0.001), while
the modes for the Silwet and Silwet-silica floodings remain
limited within the bin thresholds of (0.00004, 0.002). The
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(a) (b) FIG. 9. Statistical analysis of
the cluster size. (a) The scaled
size distribution of clusters at
Sw = 0.25. The curves are only
a fit to the data points and are
meant to be visual guides for
eyes. (b) The most frequently
occurring cluster size (mode) as
a function of the aqueous phase
saturation.

mode values decrease in the presence of Silwet surfac-
tant, which is directly related to the reduction in IFT. The
incorporation of silica nanoparticles increases the average
cluster sizes, but it does not change the mode values. The
mode values remain nearly unchanged in response to the
increase in the Silwet and Silwet-Silica saturation.

E. The status of the remaining oil clusters with respect
to the solid and aqueous phases

We examine the 3D images (after the displacement) to
evaluate the status of clusters in terms of attachment to the
wall. The analysis reveals that clusters remain connected to
the channel walls once the flow ceases. Figure 10 depicts
the clusters in one intersection in the selected z stacks (at
the depths of 0, 5, 10, 15, and 20 µm) for three cases of
water, Silica 4, and Silwet. It is evident that clusters are
partially or totally in depth attached to the wall. Please note
that the micromodel is made of hydrophobic PDMS, and
thus one may expect to see an affinity of the surface to the
oil phase.

Hydrophobic microchannels are used to perform the
multiphase flow experiments in this work. The interface
between the viscous oil (wetting phase) and the aqueous
phase in the two-phase flow experiments is expected to be
concave toward the oil phase (Fig. 11). The shape of the
interface is concave toward the aqueous phase in the pres-
ence of Tween surfactant. This may be due to the adsorp-
tion of Tween surfactant at the solid surface. Interestingly,
the addition of silica nanoparticles into the Tween solution
flattens the shape of the interface, which can be a direct
consequence of reducing surfactant adsorption on the solid
surfaces [56,57]. Further analysis is required to investi-
gate the effect of silica nanoparticles on the reduction of
surfactant adsorption volume from the solid surface.

The influence of interfacial materials on the dynamics of
fluid displacement is mainly studied for low viscous fluids
using static experiments with micromodels and core scale
models coupled with bulk emulsion stability tests [58–61].
Previous multiphase flow studies in dynamic conditions
using single oil drop displacement by nanofluids on a

flat surface and within capillary tubes have shown that
nanoparticles are effective in the removal of oil films
from the substrate [18,62,63] and oil displacement through
porous media [19,64]. A combination of nanoparticles and
wetting agents (mostly SDS) has been effective since SDS
(anionic) micellar solution has a decent wetting perfor-
mance on silica-type surfaces compared to other ionic or
nonionic micellar solutions. Other types of nanofluids such
as silica and polymeric nanoparticles have been utilized
for oil displacement investigations [65] where the observed
phenomena show the efficiency of nanoparticles combined
with wetting agents. The interfacial tension between the
oil and nanofluid reported in the literature is determined
to be below 20 mN/m and the oil films are removed from
hydrophilic surfaces in micellar solutions. Moreover, there
are a few experiments focusing on the dynamics of vis-
cous fluid interactions with an aqueous phase. Recently,
the role of oil viscosity on the dewetting dynamics of a vis-
cous oil by water was characterized [66]. In another work,
the deformation of a viscous oil-aqueous phase interface
was captured and analyzed using 2D images of Hele-Shaw
cell experiments [67]. Despite the extensive applications of
nanoparticles and surfactant-laden interfaces in two-phase
flow systems, the exact effect of each nanoparticle and sur-
factants on the size and number of wetting and nonwetting
clusters, especially for a viscous wetting phase, has not
been reported.

This work reports the detailed 3D analysis of the effect
of interfacial materials on the fluid-fluid interfaces in a
dynamic condition. The fluid-fluid and fluid-solid interac-
tions are characterized by the magnified 3D images of the
multiphase flow process within micromodels. The char-
acterization reveals viscous oil is mobilized differently
in the presence of nanoparticles and surfactants within
the microscale channels. Following the water injection,
a thick layer (up to 40% of the microchannel height) of
the wetting phase (oil) remains on many microchannel
walls. The removal of oil films from hydrophobic sub-
strates is characterized by incorporating silica nanoparticle
solutions without using wetting agents. The results show
that a high concentration of silica nanoparticles assist the
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FIG. 10. ×20 magnification of z stack images of the microchannel after 10 pore volume injected (PVI) for water, Silica 4, and Silwet.
Images are presented at z = 0, 5, 10, 15, and 20 µm. This figure shows that the reaming oil clusters are mainly attached to the walls of
the micromodel. The solid white arrow in the top right corner figure shows the direction of flow and how the wetting phase is breaking
at the intersection.

effective removal of the oil film from hydrophobic sur-
faces [19]. When adding silica nanoparticles, the thickness
of the remaining oil decreases to zero at 4 wt. % silica
concentrations. In the vicinity of the three phase contact
line, nanoparticles place themselves in a layering struc-
ture creating the required disjoining pressure for the oil
film [18].

The results demonstrate that the mechanism of wet-
ting phase displacement in the presence of surfactants is
dominated by breaking the remaining wetting phase into
smaller droplets. This mechanism facilitates the oil move-
ment toward the outlet port and increases the volume of
wetting phase production. In Silwet flooding, the continu-
ous oil phase turns into many tiny droplets that are easily
transported by the carrier solution. Silwet is a nonionic
surfactant with an immense ability to alter wettability,

and thus it can displace the oil phase from hydrophobic
surfaces more readily than other surfactants [68]. Silwet
has a lower HLB (around 10) compared to other water-
soluble surfactants (40 for SDS) [69]. Silwet molecules
are initially dispersed in the water phase and once injected
into the micromodel and in contact with the oil phase,
they place their hydrophobic portion into the oil phase as
a result of a higher affinity of Silwet molecules for trans-
ferring from the bulk to the interface compared to the SDS
and Tween. The Silwet vigorously disturbs the interface
creating a higher number of smaller droplets. Moreover,
we find that increasing the aqueous phase saturation and
adding silica to the displacing phase do not alter the most
frequently occurring cluster size for water and Silwet.

Please note that the micromodel consists of cross-
sectionally monosized channels. Thus, the oil-phase
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FIG. 11. The shape of the interfaces between
the viscous oil (wetting phase) and different
nonwetting solutions. The interface is concave
toward the oil at the water-oil interface. How-
ever, the shape of the interface changes to con-
cave toward the aqueous phase in the presence
of Tween surfactants. The addition of 2 and
4 wt. % silica to Tween flattens the interface.

fragmentation mechanisms driven by the microscale het-
erogeneities (i.e., snap-off in constricted capillaries), or
the by-passed phase trappings due to the multisized area
open to flow, are absent in the present model. There are
two chief mechanisms contributing to the breaking of the
wetting phase into smaller ganglia: wetting phase frag-
mentation at the channel junctions and the wetting film
detachment. The micromodel has more than 1600 chan-
nel intersections. There are many occasions during which
a stream of aqueous phase reaches an intersection that is
full of oil. Thus, two streams of oil and water compete in
entering the junction. However, as the aqueous phase has a
higher mobility than the wetting phase, it breaks the stream
of oil. For example, Fig. 10 depicts the advanced finger
of the aqueous phase (from the top channel) that intrudes
into the oil at the junction. The finger ultimately discon-
nects the oil phase in the downstream channel (on the left)
from the rest of the phase in the upstream feeding channel
(the bottom channel). This process continues until the oil
from the feeding channel is displaced by the aqueous phase
through the intersection. The wetting phase gets trapped in
the feeding channels when the aqueous phase connects the
inlet and outlet of those channels. The type and the size
of the oil ganglia depend on the viscosity ratio of two liq-
uids and the interfacial tension between the phases. This
breaking mechanism gets intensified in the presence of sur-
factants. Please see the Supplemental Material at (URI)
for the oil displacement and fragmentation by the Silwet

solution (Movie S2) [47]. The second mechanism is related
to the dewetting process of the channel walls. The intrud-
ing finger of the displacing fluid leaves behind a layer of
wetting phase attached to the channel walls. The oil film
length gradually shrinks from the rupture points and forms
an oil blob as depicted in Fig. 5(b) for the case of Silica 4.

The phase interference concept is used to analyze fluid-
fluid interfacial parameters. The fluid-fluid interference is
quantified by the number of wetting phase clusters (blobs)
as a function of aqueous phase saturation. It is determined
that the number of oil clusters is an increasing function
of saturation for representative water, Silica 2, Silwet, and
Silwet-Silica flooding until the breakthrough time. Before
the breakthrough time, the oil phase is recovered from
the main flow stream while small clusters of oil remain
stationary within the microchannels. Following the break-
through time, the majority of the oil is produced from
the small clusters suspended in the microchannels, hence
the number of clusters decreases over time. Adding silica
to Silwet solutions consistently decreases the number of
oil clusters while increasing their sizes. The placement of
silica nanoparticles in the vicinity of the oil-water inter-
face results in the formation of stable oil-water interfaces
requiring higher energy for break up. This observation is
similar to the data in the literature on the effect of nanopar-
ticles on the stability of oil-water emulsions [70]. Our
results provide evidence for an open-ended discussion on
the higher stability of nanoparticle-stabilized emulsions
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than surfactant-stabilized emulsions due to their high ther-
mal energy and the tendency to be pinned to the oil-
water interface [55]. The nanoparticles stay longer at the
interface as they require greater energy for detachment.

IV. SUMMARY AND CONCLUSION

In this paper, a series of multiphase flow analyses are
implemented in microscale channels to examine the effi-
ciency of viscous oil mobilization and displacement by
an immiscible aqueous phase. Three-dimensional (3D)
confocal images are captured to quantitatively evaluate
the physical mechanisms underlying the displacement of
the viscous wetting phase in microscale channels in the
presence of surfactants, silica nanoparticles, and their com-
binations. Four different types of displacing fluids are
examined to displace the heavy oil sample (viscosity of
178 mPa s). The overall displacement efficiency is found
to be an increasing function of silica particles’ concentra-
tion. There is an optimum silica concentration (2 wt. % in
this study) and once above this, the incremental removal of
the viscous oil is minor. The addition of anionic (SDS) and
nonionic (Tween) surfactants enhances the wetting phase
displacement from that of water. The maximum sweep effi-
ciency is achieved using the employment of Trisiloxane
surfactant (Silwet).

The fluid-fluid and fluid-solid interactions are char-
acterized by means of a transparent and hydrophobic
microfluidic-based microreservoir. Magnified 3D images
of the multiphase flow process reveal that the viscous oil
becomes mobilized differently in the presence of silica
and surfactants within microscale channels. Following the
water injection, a thick layer of oil remains on the channel
walls. The viscous oil displacement in the presence of sur-
factants is governed by breaking the oil phase into smaller
parts, which facilitates their movement toward the outlet
port. During Silwet flooding, the continuous oil phase turns
into many tiny droplets that are easily transported via the
carrier solution. The results of this experimental study pro-
vide insight into mechanisms underlying the interaction of
oil and the displacing fluid in the overall performance of
a high viscous oil mobilization. This should guide further
experiments to differentiate the effects of different param-
eters involved in multiphase flows with large viscosity
contrast within micromodels.
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