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Abstract
The impact of heterogeneity on the flow behavior of CO2

foam in the presence of crude oil is investigated in a
complex, heterogeneous porous medium. A microfluidic
device is fabricated featuring low and high permeability
regions using a sequential photolithography technique.
Two types of CO2 foams are used as the injectant:
(i) foam stabilized with surfactants and (ii) foam stabi-
lized with a blend of silica nanoparticles (Si NPs) and
surfactants. High-resolution images of the medium during
displacement experiments reveal a phase separation
between the high versus low permeability regions; foam
sweeps the high permeability regions, whereas the
surfactant solution, along with few gas bubbles, appears
to invade the low permeability region. The gains in
recovery from the low-permeability region are attributed
to the resistance to flow due to a relatively high apparent
viscosity of foam in the high-permeability region and the
resulting diversion of flow into the low-permeability
region. The enhanced stability of foams stabilized with Si
NPs appears to reduce the phase separation between the
two regions, which contributes to an additional recovery
gain from the low-permeability region.
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1 Introduction

Heterogeneities in porous media, along with unfavorable
contrasts of viscosity and density between the resident and
invading phases, contribute to flow instabilities and

relatively low sweep efficiencies in subsurface systems
[1, 2]. Foam injection has the potential to improve the sweep
efficiency due to its relatively high apparent viscosity, which
contributes to an increase in resistance to flow in
high-permeability regions [3, 4]. This phenomenon helps
redirect the transport of the flowing phases into the otherwise
under-swept regions in heterogeneous porous media [5, 6].
Foam injection experiments using microfluidic devices are
often conducted using homogeneous porous media, which
do not address the flow dynamics related to heterogeneities
[7, 8]. A heterogeneous microfluidic device featuring a
complex pore network with rigid walls would help elucidate
the flow dynamics in subsurface systems [9]. Nanoparticle
(NP)-surfactant mixtures synergistically generate foams with
improved apparent viscosity and stability characteristics
compared with those generated with surfactants alone [6].
This work examines the impact of heterogeneities on the
flow behavior and the spatial distribution of foam within
porous media. Two types of CO2 foams are used as the
injectant: (i) foam stabilized with surfactants and (ii) foam
stabilized with a blend of silica nanoparticles (Si NPs) and
surfactants. This work aims to demonstrate that foam sta-
bility is a significant contributing factor to sweep efficiency
in heterogeneous systems. A glass heterogeneous porous
medium is fabricated using a map of the channel network
of a Berea sandstone. The porous medium has a
centrally-located low-permeability region, bound on each
side by a high-permeability region [10]. High-resolution
images of the porous medium are captured during the flow
experiments using a monochromatic 60 MP sensor. Pixel
intensities are used to analyze the phase separation and
displacement in high and low permeability regions.

2 Experiments

Dispersions of Si NPs (T30, 100% SiOH coverage) in
deionized (DI) are mixed with lauramidopropyl betaine
(LAPB) and alpha-olefin sulfonate (AOS) surfactant
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mixtures (Table 1). CO2 gas, a 30,000-ppm sodium chloride
brine, and a Gullfaks Blend crude oil with a viscosity of
45.9 cp are used in the experiments. All measurements were
carried out at 20 °C. The porous medium covers an area of
approximately 1.6 in. � 1.4 in. Channels have a uniform
depth of approximately 14 and 6 lm in the high-
permeability and low-permeability regions, respectively.
The two permeability regions have a permeability contrast of
approximately two (0.28 Darcy vs. 0.13 Darcy).

3 Results

An injection rate of 1 lL/min is used in all displacement
experiments. Brine is injected in the oil saturated medium for
30 min, at which point the maximum water flooding oil
recovery of approximately 50% is achieved. Subsequently,
the surfactant, or the NP-surfactant mixture, and CO2 gas are
injected simultaneously. Figure 1 shows sample images of
the medium after injection of two pore-volumes (PV) of

Table 1 Surfactants Type Family Designation Source

Anionic Alpha-olefin sulfonate AOS 14-18 Stepan Co.

Zwitterionic Betaine Lauramidopropyl betaine Rhodia Co.

Fig. 1 The porous medium after
two pore-volumes of foam
injection. a and c are examples of
the high-permeability region and
b and d are examples of the
low-permeability region. a and
b are under flood by foam
generated using surfactants only,
whereas c and d are under flood
by the NP-assisted foam. Gas
bubbles in (d) are highlighted for
clarity
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foam. Approximately 40 and 49% incremental oil was
recovered from the high and low permeability regions,
respectively, as a result of the injection of the surfactant-
stabilized foam. Compared to the foam generated using
surfactants only [11], the more stable NP-assisted foam
exhibits a higher lamella density in the high-permeability
region. As a result, the mobility of the displacing fluid in this
region is further reduced and the flow is redirected to the
lower permeability region. A phase separation between the
two regions is observed for both foams; however, the sep-
aration appears to be less severe in the case of NP-assisted
foam. As a consequence, a higher incremental oil recovery
from the low-permeability region is achieved using the more
stable foam. The presence of gas bubbles in the
low-permeability region of the NP-assisted foam flood
indicates that a higher gas fraction is present in this region
compared to the one with the less stable foam.

4 Discussion

Most of the oil remaining in the medium at the conclusion of
the waterflood phase resides in the low-permeability region.
Foam is able to mobilize and displace a portion of this trapped
oil. Unlike the foam flood using surfactants only, a continuous
foam phase is present in the high-permeability region of the
NP-stabilized CO2 foam flood, where almost all of the resident
phase is displaced after two PVs of foam injection. The
incremental recovery from the low-permeability region, dur-
ing the foam-flooding phase, is superior in the case of themore
stable foam. This is in part attributed to the invasion of the
low-permeability region by gas bubbles,whereas in the case of
the less stable foam, this region is mainly invaded by the
surfactant solution with occasional gas bubbles in the
periphery. The improved stability of the NP-assisted foam
appears to enhance the recovery from heterogeneous porous
media. Foam stability is a major contributing factor in its
mobility control, which, in turn, has an appreciable impact of
its ability to mobilize the resident fluid trapped in
low-permeability regions of heterogeneous media.

5 Conclusions

Foam stability is demonstrated to have a significant impact
on foam mobility control and sweep efficiency in a hetero-
geneous medium. Oil displacement experiments are con-
ducted using CO2 foams with different stability behaviors

and a glass heterogeneous microfluidic device. The
NP-assisted foam exhibits higher stability and a higher
lamella density in the medium, which leads to an improve-
ment in the overall oil recovery from both high and low
permeability regions. A ‘smart rheology’ (phase separation)
is observed in both foam experiments—as the foam invades
the low permeability region, it becomes more liquid-rich.
Nevertheless, as demonstrated by the presence of gas bub-
bles, the more stable foam exhibits a less severe phase
separation, caused by the heterogeneity and a relatively
higher gas fraction in the low-permeability region compared
to the less stable foam.
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