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Foams can divert flow from high permeability regions to low permeability regions in heterogeneous por-
ous media. In this work, we present a visualization study of foam flow through a two-layer, heteroge-
neous model, where the performance of foam stabilized by surfactant-nanoparticle mixtures is
evaluated. An in-house, 2D sandpack holder was fabricated with a transparent front plate to visualize
foam displacement mechanisms. It was packed with two layers of silica sand which resulted in a perme-
ability contrast of 6:1. Foam flow and oil displacement experiments were performed using either surfac-
tants or surfactant-nanoparticle blends. Foam flow experiments revealed that inclusion of nanoparticles
increases the resistance factor (RF) by a factor of 1.95 over that of the surfactant foams. In oil displace-
ment experiments, the water flood recoveries were low (�46% of the original-oil-in-place, OOIP) due
to channeling through the top high-permeability region, leaving the bottom low-permeability region
completely unswept. Foam flooding with an immiscible gas led to an improvement in sweep efficiency
and resulted in an oil recovery as high as 80% OOIP. Foams stabilized by the surfactant-nanoparticle blend
outperform surfactant-stabilized foams by 9% OOIP incremental oil. This study is the first-of-its-kind to
visually demonstrate flow diversion due to nanoparticle-stabilized foam in a heterogeneous, porous sys-
tem. Flow phenomena such as cross-flow between layers and foam phase separation are discussed.
Complementary experiments such as static foam tests and confocal laser scanning microscopy are also
performed to understand the effect of nanoparticles on foam stability.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction vey, US CO2-EOR projects alone provide 292,735 barrels of oil
Gas flooding has been commercially applied as an enhanced
oil recovery technique for nearly 50 years. Based on a 2014 sur-
per day, which accounts for 38% of US output from EOR [1]. This
technique involves the injection of a gas (e.g., hydrocarbon com-
ponents like methane, ethane and enriched-gases, and non-
hydrocarbon components like carbon dioxide, nitrogen, and flue
gas) into the oil reservoirs. These injected gases are either immis-
cible, partially miscible, or completely miscible with the reservoir
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crude oil. One of the advantages of gas flooding is better micro-
scopic displacement efficiency which results in lowering of resid-
ual oil saturation as compared to waterflood [2]. However, the
volumetric sweep efficiency is often very poor due to the inherent
lower viscosity and density of the gas which leads to viscous fin-
gering and gravity override, respectively [3]. The other main tech-
nical issue is the channeling of gas through high permeability
regions in a heterogeneous reservoir. These technical challenges
result in an early gas breakthrough, poor sweep efficiency, and
inefficient oil recovery.

Foam is a potential solution to alleviate these above-mentioned
challenges associated with gas flooding [4,5]. It can drastically
reduce the gas mobility by several orders of magnitude by increas-
ing the apparent viscosity of gas and trapping a large gas fraction
inside the porous medium [6]. In the past, there have been several
field tests, e.g., steam foam flood [7], foam-assisted water-
alternating-gas injection [8], carbon dioxide foam flood [9], and
foam flood with a carbon dioxide-soluble surfactant [10] in which
foam was used to improve sweep efficiency. Conventionally, sur-
factants have been used to stabilize foam in the field application.
However, surfactant-stabilized foams are not very stable under
harsh reservoir condition such as high temperature, high salinity,
and in the presence of crude oil [11]. The other factors such as sur-
factant adsorption on rock matrix, surfactant-partitioning in crude
oil, thermal degradation of surfactant under high temperature fur-
ther pose challenges toward economical field implementation of
foam flooding [12–14].

The use of nanoparticles can help mitigate some of these issues
[15]. Nanoparticles have the potential to stabilize foam under
harsh conditions of temperature, salinity, presence of crude oil.
Moreover, these nanoparticles can be obtained cost effectively
from cheap raw materials like fly ash and silica [16,17]. Surface-
modified silica nanoparticles with varying degree of hydrophobic-
ity have been shown to stabilize bulk foam even in the absence of
any other surface-active agents such as surfactant [18,19]. Yu et al.
[20] demonstrated that nanosilica-stabilized CO2 foam improved
the apparent viscosity of gas by a factor of 2–11 in their capillary
flow experiments.

The modulation of nanoparticle surfaces via chemical treat-
ment can sometimes be expensive. In such cases, an easier,
cost-effective, and versatile approach is to modulate the surface
property of these particles by in situ adsorption of surfactants
on their surfaces. Gonzenbach et al. (2006) reported a versatile
approach to prepare ultra-stable particle-stabilized bulk foams
which were stable for the order of several days [21]. The nanopar-
ticle surface was in-situ hydrophobized by adsorption of short-
chain amphiphilic molecules which rendered them partially
hydrophobic. Arriaga et al. (2012) employed a similar approach
to study foaming properties of silica nanoparticles-amylamine
mixtures [22]. They emphasized that by tuning the concentration
of both species, different foam-regime can be obtained and to
achieve ultra-stable foam sufficient concentration of both species
is necessary. Zhu et al. (2015) demonstrated that bulk foam can be
stabilized using negatively-charged silica nanoparticles hydropho-
bized in situ with a trace amount of a conventional cationic sur-
factant [23]. Recently, we showed that in-situ surface-activated
nanoparticles behave as surfactants and could potentially be used
as foaming agents in gas enhanced oil recovery (EOR) processes
[15].

The concept of utilizing the synergistic interactions between
nanoparticles and surfactant for foam stabilization is fairly new
in the context of subsurface applications. Worthen et al. (2013)
reported generation of stable and viscous CO2-in-water foam with
a fine texture in bead packs using bare colloidal silica and zwitte-
rionic surfactant (caprylamidopropyl betaine) mixture when nei-
ther of these species could stabilize foam independently [24].
Sun et al. (2014) conducted several micromodel flooding experi-
ments in which they showed that foam stabilized by silica
nanoparticles-SDS blend can recover additional oil as compared
to just SDS foam flood [25]. This additional recovery was attributed
to enhance foam stability and viscoelasticity caused by the
attached nanoparticles. Zargartalebi et al. (2015) studied foam sta-
bilized NP-surfactant mixtures in homogenous sand packs [26].
They showed that the performance of surfactant-stabilized foam
can be further augmented by inclusion of nanoparticles in the
solution.

In our previous study [27], we investigated the synergistic
effects of the mixture of hydrophilic silica nanoparticles and sur-
factant (a-olefin sulfonate) on foam stabilization in both bulk
and homogeneous porous media. We demonstrated that as the
concentration of nanoparticles increases, the mobility reduction
factor of surfactant-NP foam in homogeneous Berea core increases
up to a factor of two. Most of the reservoirs tend to be heteroge-
neous in nature, where volumetric sweep dominates the oil recov-
ery process. The aspect of volumetric sweep improvement via
foams cannot be investigated in a 1D homogenous core. Thus, it
becomes vital to evaluate the volumetric sweep of nanoparticle-
stabilized foams in heterogeneous and multi-dimensional sys-
tems. Moreover, a flow visualization study can offer insights into
foam flow mechanisms such as cross-flow [28]. Keeping this in
mind, we focused on visualization of foam flow in a two-layered
system with a permeability contrast in this work. An in-house,
2D sandpack holder was fabricated with a transparent front plate
to visualize foam flow processes. It was packed with two layers of
silica sand — top layer with 40–70 mesh and bottom layer with
100–120 mesh, which resulted in a permeability contrast of 6:1.
Aqueous foams were created in the sandpack in-situ by co-
injecting the aqueous solution (with surfactant and/or nanoparti-
cles) and the nitrogen gas at a fixed quality (gas volume fraction).
The pressure drop across the sandpack was measured to estimate
the achieved resistance factor (RF). This study is the first-of-its-
kind to visually demonstrate flow diversion due to nanoparticle-
stabilized foams, with or without crude oil, in a heterogeneous
porous medium. Complementary bulk foam experiments such as
static foam tests, confocal laser scanning microscopy were also
performed to understand the effect of nanoparticles on foam
stability.
2. Methodology

2.1. Materials

Commercially available silica nanoparticles, Nyacol DP 9711
used in this study was supplied by Nyacol Nano Technologies,
Inc. Fluorescent silica nanoparticles (FL-NP) were obtained from
3M (St. Paul, MN) with a nominal diameter of 5 nm and polyethy-
lene glycol (PEG) coating brings the particles to a nominal diameter
of 10 nm. The anionic surfactant Bioterge AS-40, a C14–16 alpha-
olefin sulfonate (AOS), (39% active) was provided by Stepan Co.
This surfactant is considered a good foaming agent and has been
extensively used in both lab-scale [11,27] and field-scale applica-
tions [7]. Sodium chloride (Fisher Chemical), and nitrogen
(research grade, Matheson) was used as received. Ultrapure water
with a resistivity greater than 18.2 MX-cm was used to prepare
brine solutions. Blue food color (McCormick) was used to visualize
the displacement of brine in foam flow experiments. Sand (US Sil-
ica) of two different mesh sizes- 100–120# and 40–70# were used
to prepare heterogeneous sandpacks. Crude oil was obtained from
a reservoir and it had a viscosity of 32 cp at 25 �C and density of
0.825 g/cm3. The viscosity was measured using an AR-G2 rheome-
ter from TA instruments.



Table 1
Hydrodynamic diameter of NP as measured by dynamic light scattering technique.

Label Sample Hydrodynamic
diameter (nm)

1 0.5 wt% AOS + 0.3 wt% NP + 1 wt% NaCl 27.6 ± 7
2 0.5 wt% AOS + 0.3 wt% NP + 2 wt% NaCl 23.4 ± 6.9
3 0.5 wt% AOS + 0.3 wt% NP + 4 wt% NaCl 27.8 ± 6.4
4 0.5 wt% AOS + 0.3 wt% NP + 8 wt% NaCl 30.7 ± 7.1
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2.2. Aqueous stability of nanoparticles

The silica nanoparticles used in this study have PEG-chains
grafted to the surface which makes them hydrophilic in nature
and prevents nanoparticles aggregation. Previous nanoparticle-
transport studies have reported that the retention of these
nanoparticles in porous media is very low [27,29]. The size of the
nanoparticles was characterized using a Transmission Electron
Microscope (TEM). A droplet of nanoparticle dispersion was placed
on a Formvar-coated copper grid and was analyzed using FEI Tec-
nai TEM operating at 80 kV. The mean diameters of primary parti-
cles were found to be 20 nm via image analysis using Image J
software. The TEM image is shown in Fig. 1. The particle hydrody-
namic diameters in the aqueous dispersions were characterized via
dynamic light scattering (DLS) technique using the DelsaTM Nano
analyzer without any pH adjustment at room temperature.

The stock solutions of 2 wt% nanoparticles and 1 wt% Bioterge
surfactant were first prepared. These stock solutions were used to
prepare four samples containing varying concentrations of NaCl
(1, 2, 4, 8 wt%) and 0.3 wt% nanoparticles mixed with 0.5 wt% sur-
factant. These dispersions were stirred for 24 h to ensure a homo-
geneous solution. Fig. 2 shows the solutions in vials after
6 months of preparation. A clear solution indicates no signs of
Fig. 1. TEM image of the Nyacol silica nanoparticle (Scale Bar is 100 nm).

Fig. 2. Aqueous solutions containing 0.5 wt% AOS surfactant and 0.3 wt% NP with
salinity of 1, 2, 4, 8 wt% NaCl (left to right).
precipitation and large shelf-lives of these formulations. Table 1
shows measured hydrodynamic diameter of the nanoparticles
for these samples measured after six months of preparation. It is
to be noted that using this technique we get the ‘hydrodynamic’
diameter and not the actual particle core-diameter (as measured
by TEM). Typically, the DLS values are higher than TEM values
as DLS technique is biased towards bigger particles in the solution
[30].
2.3. Static foam tests

Bulk foam stability experiments are usually conducted as a
screening tool to select foaming formulation for porous media
application. One of such common experiments is the static foam
test [11,27,31]. Recently, Jones et al. (2016) reported a good cor-
relation between bulk foam stability and apparent foam viscosity
in the absence of oil [32]. Similar tests were performed in this
study to investigate the effect of nanoparticles on bulk foam sta-
bilized by the surfactant-nanoparticle mixture. The setup con-
sisted of a transparent graduated cylinder made of acrylic
(diameter: 1 cm, length: 20 cm) with a stainless steel sparging frit
(pore size 2 lm; Supelco, PA) at the bottom, which was used to
inject air. Both ends of the cylinder were sealed using Swagelok
fittings to prevent evaporation. First, 20 ml of sample was then
taken in the cylinder and then the whole system was placed in
the oven (55 �C or 75 �C) for more than 2 h to attain thermal equi-
librium. Then, the air was injected at a constant pressure of 2 psi
from the bottom generating static foam with a fine texture. The
height of the foam (above the liquid phase) was monitored as a
function of time. Half-life, which is the time for the volume of
foam to be reduced to half of its original volume, was calculated
for each case.
2.4. Confocal laser scanning microscopy (CLSM)

CLSM was performed using a Leica SP2 AOBS Confocal Micro-
scope with the 10X dry (HC PL APO 0.40NA CS) objective lens oper-
ating in fluorescence mode. Fluorescent silica nanoparticles
(FL-NP) used were visible under fluorescence microscopy when
excited with 488 nmwavelength laser. 10 ml of an aqueous formu-
lation containing 0.5 wt% surfactant and 0.3 wt% FL-NP was taken
in a glass vial and was hand-shaken vigorously for 30 s to generate
aqueous foam. A small amount of this foamwas transferred using a
dropper on to a slide with a well. A cover slip was then placed on
top of the slide to seal it. The bottom of the sample was then
scanned at room temperature. The 2D image stacks were acquired
by the software for different z-positions as the probe scanned the
sample vertically. The image resolution was 512 � 512 pixels.
The final image processing was performed using Fiji software
[33]. The 3d reconstruction of z-stack images was performed to
visualize the rendered volume. To obtain the air-bubble image, first
an invert function was used on all the images and then the inbuilt
plugin 3D Viewer was used to render the volume for 3D viewing.
The use of CLSM provides novel insight into the mechanism of
particle-stabilized foams or emulsions [34,35].
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2.5. Preparation of 2D heterogeneous sandpack

An in-house sandpack holder made of stainless steel was fabri-
cated with one face made of a transparent acrylic plate (thickness:
0.75 in.) for visualization. Chemical-resistant O-rings (McMaster-
Carr) were used to provide sealing between acrylic and steel face
under high pressure. The dimension of the interior of the holder
was 5.4 in. � 2.9 in. � 1 in. There were three injection ports on
the left side and three production ports on the right side, as shown
in Fig. 3. Stainless steel screens (400 mesh) were welded on these
ports to prevent sand flow. The holder was packed with two layers
of silica sand: the top layer using 40–70 mesh and the bottom layer
using 100–120 mesh. The permeability and the porosity of the sys-
tem was measured to be 14 Darcy and 30%, respectively. The per-
meability of the top layer was 22.6 Darcy while that of the bottom
layer was 3.8 Darcy. The layer permeabilities were measured by
flowing water through a 1D tube (1 ft long; 1 in. in diameter)
packed with each sand at a time.

2.6. Oil-free foam flow experiments

Foam flow experiments were conducted to investigate the
dynamics of foam flow in a heterogeneous porous medium, first
in the absence of crude oil. Foams were stabilized by either a sur-
factant or a surfactant-nanoparticle blend. Petrophysical properties
such as porosity and permeability of the sandpack were deter-
mined before performing the vacuum saturation with blue-dyed
brine at the room temperature. Fig. 3 shows the experimental
schematic. Two series-D syringe pumps from Teledyne ISCO (Lin-
coln, NE) were used in the setup which are capable of low injection
rates (as low as 0.001 cc/min). The apparatus was built to co-inject
nitrogen gas and aqueous (brine/surfactant/surfactant-nanoparti
cle blend) solution through a sandpack (0.6-in. diameter and 6-
in. long) to ensure proper mixing and foam generation. The pre-
generated foam was then injected through the three ports on the
left side of the heterogeneous sandpack. The downstream pressure
of the experiment was maintained by a back-pressure regulator
(Equilibar, NC and Swagelok, OH) at 110 psi which was installed
downstream of the sandpack. The pressure drop across the 2D
Fig. 3. Schematic of the apparatus for foam
sandpack was measured using Rosemount differential pressure
transducers. An automated data acquisition system (LabView,
National Instruments) was used to record the pressure. The exper-
iment was performed at room temperature. The displacement of
dyed-brine by injection fluid was captured using a Supereyes�

microscope. The image processing was performed using the Ima-
geJ/Fiji software to calculate the sweep efficiency (fraction of the
area that is non-blue) as a function of time. For transient analysis,
each image was first cropped into two parts — upper layer and the
bottom layer. Each image was first converted to an 8-bit image and
then a binary image using the threshold function in the ImageJ. It
resulted in black [rgb = (0, 0, 0)] and white [rgb = (255, 255, 255)]
colors corresponding to the swept and the unswept region, respec-
tively. The ‘plot profile’ function was then used to track the average
foam front. This function takes an average of the rgb values at yz-
planes for every x.

2.7. Oil displacement experiments

The objective of oil displacement experiments was to visualize
foam flow behavior in the presence of a crude oil in a heteroge-
neous system. The same experimental setup was used as in the
case of oil-free foam flow experiments and the experiment was
performed at room temperature. Conventionally, in such experi-
ments, the oil saturation is performed by displacing the brine-
saturated porous media with crude oil at a constant high pressure.
However, due to the high permeability contrast (6:1) in the present
system, it was not possible to achieve high initial oil saturation
using this technique. Therefore, the initial oil saturation was
achieved by vacuum saturation which resulted in 100% initial oil
saturation for every case. The whole setup was then pressurized
with a back pressure of 110 psi. The brine flood was then con-
ducted at 10 ft/D for 4 PV until no oil was produced. Nitrogen gas
and surfactant or surfactant-NP blend were then co-injected
through sand pack to make a foam at 80% quality (volume fraction
of gas). This foam was injected into the two-layer sand pack at an
average interstitial velocity of 4 ft/D. This pre-generated foam was
injected through the three ports on the left side of the heteroge-
neous sandpack for more than 18 PV. Oil recovery and pressure
flow and oil displacement experiments.
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drops were monitored at each step. The oil displacement was cap-
tured using a Supereyes� microscope.
3. Results

3.1. Static foam tests

In our previous work [36], we demonstrated that half-lives
(time corresponding to 0.5 relative foam height) of static foams
stabilized by 0.5 wt% AOS increases from 48 h to more than 4 days
by addition of silica nanoparticles (0.3 wt%) at ambient conditions.
In this work, similar static foam tests were conducted at higher
temperatures (55 �C and 75 �C) to compare the foamability of
0.5 wt% of surfactant with and without nanoparticles. The
nanoparticles concentration was kept 0.3 wt% as in our previous
study. Since these tests were performed at a higher temperature,
evaporation effects were needed to be minimized. So, a setup
was used that can provide leak-proof connections. As the dimen-
sions of the cylinder, needle diameter of the air dispenser and
amount of liquid initially used were different as compared to the
previous setup, the results of these tests should not be compared
directly with results from the previous study. Fig. 4 shows the foam
decay profile for the surfactant and surfactant-NP blend at 55 �C
and 75 �C. The y-axis corresponds to the normalized foam height
as a function of time. The foam decayed at a much faster rate at
higher temperatures than at the room temperature because of
the viscosity reduction of the bulk solution. However, it was
observed that with the presence of nanoparticles, half-lives of foam
were increased considerably for each temperature case. In our pre-
vious study [27], we discussed the mechanisms by which hydro-
philic nanoparticles can increase the stability of surfactant-
stabilized foam. These includes particle detachment energy [37],
maximum capillary pressure of coalescence [38], and kinetics of
film drainage [39].

3.2. Confocal laser scanning microscopy (CLSM)

In order to investigate the mechanisms by which nanoparticles
enhance surfactant-stabilized foam, CLSM was performed using
hydrophilic, fluorescently-tagged silica nanoparticles (FL-NP). A
mixture of AOS surfactant (0.5 wt%) and FL-NP (0.3 wt%) was
placed in a glass vial and was hand-shaken for 30 s to generate
foam with a fine texture. A small amount of this foam was trans-
ferred to a slide with a well and CLSM was performed. In this
Fig. 4. Static foam tests with and without nan
experiment, since the resolution was in the order of microns, it
was not possible to resolve individual NP size. However, the micro-
scope can detect the fluorescence emitted from the FL-NP and thus
could be used to track the nanoparticles’ location in the foam
phase. Fig. 5a shows one of the 2d-stack image acquired during
the experiment. The yellow fluorescent color indicates the pres-
ence of the nanoparticles around the bubbles (black region). These
nanoparticles can be seen present uniformly in the bulk liquid
phase with no special affinity to the air–water interface due to
their hydrophilic nature. A 3d reconstruction of the images was
performed using a series of such 2D image stacks (Fig. 5b). A sim-
ilar 3d reconstruction of the inverted image shows the different
bubbles present in the mapped cuboid (Fig. 5c). It can be seen that
these nanoparticles form a physical barrier all-around the air-
bubble. These closely-packed nanoparticles act a ‘colloidal armor’
which retard the bubble coalescence and coarsening process. In
the literature, several experimental studies have reported this phe-
nomenon where particle-stabilized bubbles are stable (against col-
lapse) for days or weeks as compared to surfactant-stabilized
bubbles that collapse in order of hours [40–42]. Note that in the
static foam tests and CLSM, we focused on bulk foam stability. In
the subsequent sections, we will focus on foam stability in porous
media.
3.3. Oil-free foam flow experiments

The objective of foam flow experiments was to investigate the
foam rheology in the absence of oil and to visualize the displace-
ment of water by foam in the two-layer model. The layered sand-
pack was first fully saturated with blue-dyed water (1 wt% NaCl)
by flushing several pore volumes of this fluid. First, a base case
was performed in which only brine (1 wt% NaCl) was injected as
the displacing fluid at 10 ft/D. Fig. 6 shows the displacement profile
as a function of PV injection. The upstream dead volume was equal
to 0.09 PV. The reported pore volumes of injection in this paper are
after correcting for this dead volume. The injected brine first swept
the top layer and a breakthrough was observed in the top layer
before it started sweeping the bottom layer. It is to be noted that
mobility ratio is 1 for this case. The pressure drop in this case
was very low (0.04 psi). The system was again flushed with
20 PV of blue-dyed brine (1 wt% NaCl) to displace the colorless
brine before starting the next experiment.

Second, AOS surfactant solution (0.5 wt%) and nitrogen gas
were co-injected at 80% quality. Initially, the in-situ generated
oparticles at 55 �C (left) and 75 �C (right).
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foam mixes with the initially 100% water saturated layers. The
presence of excess water results in low-quality (less gas fraction
by volume), weak foam. The dilution of surfactant at the foam front
further weakens the foam. Some of the foam broke down to release
gas. Due to a large permeability at the top, significant vertical per-
Fig. 6. Displacement profile at differen

Fig. 5. Confocal laser scanning microscopy images of foams stabilized by 0.5 wt% surfac
bubbles (black); b) 3d reconstructed image showing nanoparticles (yellow); c) 3d recon
colour in this figure legend, the reader is referred to the web version of this article.)
meability of the system and the lower density of gas (compared to
brine), severe gas channeling was observed from the top of the
upper layer. (This channeling was not visible in the displacement
profile but was verified by visual inspection of the gas coming
out from the outlet). The gas breakthrough was observed in less
t pore volumes of injection (PVI).

tant and 0.3 wt% FL-NPs: a) 2D stack image showing nanoparticles (yellow) and air
structed image showing air bubbles (green). (For interpretation of the references to



Fig. 8. Plot of sweep efficiency as a function of pore volumes (PV).
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than 0.1 pore volume (PV) of foam injection. Even after 1 PV of
foam injection, the sweep efficiency was poor and minimal sweep
was observed in the low-permeability layer. The initial mobility
ratio, M (ratio of mobility of gas to the mobility of the displaced
phase) in this case was high compared to the first case of brine
flood where M was 1. Therefore, initially sweep efficiency of brine
flood was better than that of foam flood. After 1 PV of foam injec-
tion, as foam strength increased (and mobility ratio decreased) it
started diverting fluid to the low permeability (lower) layer. Note
that at this stage, foam had not swept the upper layer completely,
but it had started to sweep the bottom layer (as opposed to the
brine case). This (sweeping of the low permeability layer before
total sweep of the high low permeability layer) is one of the funda-
mental differences between the sweeping mechanism of foam
flooding as compared to any other single-phase injection such as
brine, polymer, or surfactant flood. A sweep efficiency of 100%
was achieved after 3.75 PV injection. The pressure drop increased
from 0.04 psi to 9.3 psi at the end of the experiment. This increase
in pressure drop is an indication of strong in-situ foam presence in
the system. The resistance factor (RF) which is the ratio of pressure
drop due to single-phase brine injection to the pressure drop due
to foam injection at the end of experiment was 232.

After the experiment, the system was flushed with 20 PV of
methanol to break the foam completely. It was followed by an
injection of more than 30 PV of brine (4 wt% NaCl) to flush the
methanol. The system was intermittently pressurized and depres-
surized to remove any trapped gas from the system. The system
was again flushed with 20 PV of blue-dyed brine (1 wt% NaCl) to
displace the colorless brine before starting the next experiment.
To ensure complete removal of the colorless brine, the salinity of
the effluent was measured using a handheld analog refractometer
which came out to be 1 wt% NaCl (equal to blue-dyed brine). The
pressure drop across the sandpack was measured for blue-dyed
brine injection at 10 ft/D and it was equal to the initial pressure-
drop of brine flood which suggested that no foam is trapped in
the system.

The sweep improvement due to foam injection is a strong func-
tion of the surfactant formulation. The foaming tendency of the
formulation could be increased by either increasing surfactant con-
centration, adding foam boosters such as zwitterionic surfactants
[11] or surface-modified nanoparticles [25,27] or polymers [43].
In this work, we focused on utilizing the synergy between surfac-
tants and hydrophilic nanoparticles in stabilizing foams. Therefore,
Fig. 7. Pressure drop profiles during foam flow experiments.
a blend of 0.5 wt% AOS surfactant and 0.3 wt% NP was prepared.
This blend was co-injected with nitrogen gas at 80% quality. Figs. 7
and 8 shows the comparison of pressure drop and sweep efficiency
for the three cases, respectively. For 1 PV of injection – the sweep
efficiency of the blend case was better than that of the surfactant
case (Fig. 6). It suggests that stronger foam was created faster in
the blend case. A 100% sweep efficiency was achieved in about
3 PV for the case of blend foam compared to 4 PV for the case of
surfactant foam. The slow foam strengthening for surfactant foam
is an impediment for field application and nanoparticles can help
lessen its effect. The pressure drop in this case at the end of
10 PV was about 18.2 psi which is 1.95 times the surfactant case,
suggesting that the high resistance factor was achieved due to
nanoparticles. The RF in this case was 455. Thus, this experiment
shows the synergistic interactions of surfactant and nanoparticles
in stabilizing foam in a two-layered system. The transient foam
flow analysis is discussed in the discussion section.

3.4. Oil displacement experiments

Flood 1 was conducted with the surfactant AOS as the foaming
agent. The porosity and permeability of the two-layer sandpack
were 30% and 14 Darcy, respectively. The sandpack was vacuum-
saturated with crude oil which resulted in the initial oil saturation
of 100%. Fig. 9 shows the injection schedule, cumulative oil recov-
ery (secondary y-axis) and overall pressure drop (primary y-axis)
across the sandpack. Brine flood was conducted at 10 ft/D to mimic
a waterflood in a reservoir. It was continued for more than 4 PV
until no oil was produced. The waterflood oil recovery was 46%
OOIP (original oil in place) and oil saturation was reduced to
54%. The pressure drop during water flood was very low (0.17 psi).

Fig. 10 shows the oil distribution during foam flooding at differ-
ent pore volumes of injection. Water flood swept only the top high-
permeability layer, leaving all the oil in the bottom low-
permeability layer (Fig. 10A). It is interesting to note that at this
stage adopting any other tertiary recovery process such as gas
flooding, surfactant flooding or polymer flooding will result in
channeling of injection fluid in the top layer. However, foam has
the capability to divert flow from high permeability region to
low permeability region. Therefore, this water flood was followed
by a foam flood. AOS surfactant solution (0.5 wt%) and nitrogen
gas were coinjected with a quality of 80% at 4 ft/D. Fig. 10B shows
the foam flow diversion from the high-permeability layer to the
low-permeability layer. Foam flood increased the oil recovery by



Fig. 9. Pressure drop profile (cyan, left axis) and cumulative oil recovery (pink, right axis) for Flood 1. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

R. Singh, K.K. Mohanty / Fuel 197 (2017) 58–69 65
17% within the first 4.5 PV. The oil recovery almost plateaued after
8 PVI, which is in agreement with the observed oil distribution
(Figs. 10C,D,E) in which no substantial sweep efficiency was
achieved between 6 and 14 PV. The remaining oil slowly came
out primarily due to crossflow of oil from the low-permeability
to the high-permeability region as seen in Figs. 10D and E. The
pressure drop started to increase after 1.5 PV of foam injection
and reached a value of 4 psi (compared to 0.17 psi for waterflood).
The ultimate cumulative oil recovery was 71.1% OOIP, the incre-
mental oil recovery by foam was 25.1% OOIP and the final oil sat-
uration was 28.9%. It took 23 PV to reach this state.

Flood 2 was conducted with a blend of surfactant (AOS) and
nanoparticles as the foaming agent. The sandpack holder was again
packed with clean oil-free sand. The same porosity and permeabil-
ity of the system were achieved as in the previous flood. The sand-
pack was then vacuum-saturated with crude oil resulting in the
initial oil saturation of 100%. Fig. 11 shows the injection procedure,
cumulative oil recovery (secondary y-axis) and overall pressure
drop (primary y-axis) across the sandpack. Similar to Flood 1, first
a brine flood was conducted at 10 ft/D. It was continued for more
than 4 PV until oil production significantly slowed down. The
waterflood oil recovery was 45% OOIP and oil saturation was
reduced to 55% which is similar to the Flood 1 result. Then, a
surfactant-nanoparticle blend (0.5 wt% AOS + 0.3 wt% NP) and
nitrogen gas was coinjected with a quality of 80% at 4 ft/D.
Fig. 10 shows the comparison of oil distribution due to foam flood-
ing at different pore volumes (PV) of injection for the surfactant
case (left) and the blend case (right). Foam flow diversion can be
seen from the high-permeability layer to the lower one
(Fig. 10H). Foam flood increased the oil recovery to 62% OOIP
within the first 4.5 PV. A close to 100% sweep was observed in
about 10 PV (compared to 18 PV for surfactant foam case). Note
that a large amount of oil still came out even after 10 PVI. The rea-
son for this is that even if the foam/gas sweeps a certain region, it
has non-zero residual oil saturation which could be further
reduced by foam. This left-behind oil in the swept region could
not be seen by the eye. The pressure drop started to increase after
1 PV of foam injection and reached a value of 5 psi (compared to
0.17 psi for waterflood). The oil recovery in the blend case
increased continuously as opposed to the case of surfactant foam
which almost plateaued after 10 PVI. The higher oil recovery in this
case could be attributed to better microscopic as well as volumet-
ric sweep efficiency due to stronger in-situ nanoparticle-stabilized
foam. The ultimate cumulative oil recovery (after 22 PV) was 79.4%
OOIP; incremental oil recovery by foam was 34.4% and final oil sat-
uration was 20.6%.

4. Discussion

4.1. Effect of nanoparticles

An image analysis was performed on the pictures of transient
foam flow in the absence of oil. Fig. 12 shows the foam front pro-
files in the surfactant and surfactant-np cases. The different plots
correspond to different pore volumes of injection. The x-axis repre-
sents the normalized spatial horizontal length along the sandpack.
The y-axis represents the unswept fraction in the yz-plane at any x.
Fig. 12 shows that, for the case of surfactant, up to 2.5 PV of foam
injection the foam fronts in the top (Fig. 12A) and bottom layer
(Fig. 12B) move at different speeds with the foam front in the bot-
tom (low-permeability) layer lagging. For the same 2.5 PV of foam
injection in the case of the blend, foam fronts move at the same
speed (Fig. 12C,D). This shows that due to the presence of nanopar-
ticles, stronger in-situ foam was generated in the top layer which
effectively diverted foam in the low permeability region faster. In
our previous study [27], we reported such synergistic stabilization
of foam by the surfactant-nanoparticle blend in one-dimensional
homogenous media. The effect of stabilization on volumetric
sweep is demonstrated in the present multi-dimensional system.
The presence of nanoparticles increases the in-situ foam strength
in both high and low permeability layers (but disproportionately)
which result in an effective sweep. The other implication of these
results is that foam in a heterogeneous system where layers are
in capillary contact tends to self-regulate its mobility in each layer.
Similar observations have been reported in the literature [44].

4.2. Foam phase separation

Khatib et al. (1988) introduced the concept of limiting capillary
pressure, PC* for foam in porous media. It is the capillary pressure



Fig. 10. Oil distributions during Flood 1 (left) and Flood 2 (right) at different pore volumes of foam injection (PVI).
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above which foam collapses abruptly. It is analogous to critical dis-
joining pressure in bulk foam above which lamellae collapse [45].
PC* is a function of surfactant type and concentration, salt concen-
tration, gas flow rate, and porous media permeability [46]. In the
present heterogeneous layered system, both layers will have differ-
ent PC*. Literature data suggests that limiting capillary pressure
increases with a decrease in permeability [47]. Therefore, the layer
with higher value of Pc* (bottom low-permeability layer in this
case) will draw water from the layer with lower value of Pc* (upper
high-permeability layer) [48]. In our foam flow experiments, we
visualized this phenomenon during foam injection where the sur-
factant solution entered the low-permeability region first followed
by the foam. Fig. 13 shows the displacement profile at 3.2 PV of
surfactant foam injection. Based on the color, it can be seen that
it is the liquid fraction of the foam that initially enters the low-
permeability region which is later followed by foam. This suggest
that capillary crossflow in the present case weakens the foam in
the high-permeability layer particularly near the boundary of
abrupt permeability contrast. Thus, this phenomenon works antag-
onistically towards improving the flow diversion due to foam.
These observations suggest that special care must be taken during
foam simulation in layered system such as optimal grid-size selec-
tion to capture this effect near the boundary. Foam phase separa-
tion in such systems is one of the key mechanisms and the
assumption that foam will stay as a homogeneous ‘‘foam” phase
should not be made in simulations.

4.3. Crossflow

Two types of cross-flow behavior were distinctly observed dur-
ing foam (both surfactant and blend case) flood in the oil displace-
ment experiments. The first cross-flow type was observed in which
foam diversion happens from the high-permeability layer to the
low-permeability layer as shown in Fig. 14A. This flow diversion
is due to the fact that foam strength increases in high-
permeability layer more than that in lower-permeability layer
[44,49]. This selective mobility reduction is a known attribute of
foam flow in heterogeneous porous systemwhich helps to improve
the volumetric sweep [50]. The second type of cross-flow was the
flow of oil from the low-permeability layer to the



Fig. 11. Pressure drop profile (green, left axis) and cumulative oil recovery (blue, right axis) for Flood 2. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 12. Sweep profiles in the top (A, C) and bottom layers (B, D) of sandpack during foam flow experiments at different pore volumes (labeled on curves) for: surfactant foam
case (left); surfactant-np blend foam case (right).
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Fig. 13. Foam phase separation during foam flow experiment.

Fig. 14. Two types of cross-flow mechanisms observed during oil displacement
experiments.
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high-permeability layer, as shown in Fig. 14B. If the permeability
contrast is significant, it is easier for oil to flow out through the
upper layer than the lower layer. Simulations should capture both
cross-flow behaviors.

5. Conclusion

The following conclusions can be drawn from this work:

� Static foam tests show the synergistic interaction of surfactant
and nanoparticles on foam stability. The half-lives of the foam
increase due to the presence of nanoparticles at both 55 �C
and 75 �C.

� Confocal laser scanning microscopy revealed that nanoparticles
form a physical barrier in the liquid film between two air-
bubbles which enhances the foam stability.

� Despite the presence of a permeability contrast (6:1), which is
favorable of channeling of gas through high permeability region,
foam was effective in diverting fluid to low-permeability region
irrespective of the presence of crude oil.

� Foam flow experiments showed that the liquid fraction of the
foam is first diverted to the low-permeability layer followed
by the whole foam. It suggests that foam cannot be always trea-
ted as a homogeneous ‘‘foam” phase during foam flow in a
heterogeneous system.
� Foam flood in heterogeneous sandpacks with a reservoir crude
oil showed that incremental oil recovery of 25%–34% OOIP (over
waterflood) using immiscible foams. Foams stabilized by
surfactant-nanoparticle blend outperform surfactant-stabilized
foam by 9% OOIP.

� Two different types of cross-flow between the low-permeability
layer and the high-permeability layer were identified as key
mechanisms governing oil-displacement process during foam
flooding process.

In summary, we showed that synergistic stabilization of foams
via surfactant and nanoparticles improves the sweep efficiency in a
heterogeneous system with and without the presence of crude oil.
This study shows that hydrophilic nanoparticles have an immense
potential to increase the robustness of surfactant-stabilized foams
in subsurface applications.
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