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Abstract: Problem statement: We present an experimental study of multiphase transport in porous
media with controlled wettability patterns based on lab-on-chip methodology. Approach: Fractional,
or patterned, wettability is known to have an enormous impact in the petroleum industry on oil
recovery and continuous efforts are being made to assess the role of such conditions. Results: Thus
far, due to the absence of the technology required to produce micro fluidic networks modeling porous
media (called “micromodels”) with well-controlled wettability patterns, experimental results on this
question have remained particularly elusive. We recently unlocked this bottleneck and can now
selectively alter surface wettability within individual pores and thereby create precisely controlled
wettability patterns within “micro models”. Conclusion/Recommendations: The experiments we
report here reveal the considerable impact of wettability patterning on the oil-water flow behavior (as
compared with homogeneous wetting) and the consequence on the amount of liquid left after one
phase has been swept through the network, information directly linked to the question of oil recovery.
Key words: Enhanced Oil Recovery (EOR), reservoir rock, environmental applications, porous media,
multiphase transport, large pores, fluid displacement, reservoir wettability, prototyping
techniques, microfluidic system
macroscopic level, in particular for EOR techniques
employed in the oil industry (Musa et al., 2005).
According to estimates, nearly 2 trillion bbl of
conventional oil and another 5 trillion bbl of heavy oil,
an amount corresponding to more than 200 years of the
world’s oil supply at current consumption rates, will
remain in reservoirs worldwide after conventional
recovery methods have been exhausted (Thomas, 2008).
Oil companies currently exert extraordinary efforts to
extract these residual reserves by injecting formulated
fluids into the reservoirs through EOR techniques.
In this context, reservoir wettability is a crucial
factor because it governs the flow behavior during
immiscible fluid displacement within the porous
reservoir rock (Maitland, 2000; Anderson, 1987). It is
also a critical factor because most of the world’s oil is
locked in fractional-wet reservoirs; i.e., reservoir rock
with wettability variations down to the pore level
(Donaldson and Alam, 2008).
A variety of experimental and micro fabrication
methods have been developed to study multiphase
transport phenomena down to the pore level in a
controlled environment. While earlier works relied on
micromodels (i.e., porous rock models) made of glass

INTRODUCTION
Multiphase fluid transport in porous media
dominates many industrial and environmental
applications
(Das
and
Hassanizadeh,
2005).
Displacement processes in natural porous media, such
as oil and natural gas reservoirs, play a crucial role
during waterflooding, Enhanced Oil Recovery (EOR)
or CO2 sequestration (Benetatos and Viberti, 2010;
Verga and Rocca, 2010; Das and Hassanizadeh, 2005;
Sahimi, 1993) which is of key importance to the
petroleum and energy industries and displacement
processes in aquifers and geothermal reservoirs are a
major topic in soil science and hydrology (Sahimi,
1993; Hatiboglu and Babadagli, 2010). Examples for
multiphase flow in synthetic porous matrices range
from applications in classical chemistry (Sahimi, 1993)
such as filtration of flow in packed columns (Abu-Ein,
2009) to gas-liquid transport in fuel cells (Bazylak et
al., 2008; Litster et al., 2006) which are of major
interest for energy applications (Berejnov et al., 2008).
A detailed understanding of multiphase flow
processes at the microscopic scale is essential (Irwan et
al., 2010) in order to describe their manifestation at the
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or transparent polymers made with classical fabrication
methods (Blunt, 2001; Adler and Brenner, 1988;
Guangyang et al., 2010) recent methods and approaches
successfully harvest the benefits from rapid prototyping
techniques and in particular micro models made from
Polydimethylsiloxane (PDMS) (Berejnov et al., 2008;
Cottin et al., 2010) based on soft lithography
fabrication techniques (Xia and Whitesides, 1998).
Such micromodels, which have played an instrumental
role in the development of oil field technologies,
(Sahimi, 1993) have been unable to reproduce any
wettability pattern thus far that represents the realistic
non-uniform state in oil reservoirs. This technological
limitation has hampered efforts to analyze reservoir
rock wettability and has jeopardized attempts to
optimize or renew oil recovery techniques.

oven at 90°C for 2 days to reverse the plasma-induced
surface changes and recover native PDMS
hydrophobicity (Olah et al., 2005). Wettability patterns
within the micromodels were achieved by UV-initiated
graft polymerization of PAA (Schneider et al., 2010).
In short, micromodels were primed with Photoinitiator
Benzophenone (BP) by driving a solution of 10% (wt)
BP in acetone through the device for 5 min, allowing
BP to diffuse into the PDMS matrix in vicinity of the
channel walls (Schneider et al., 2011). After vacuum
drying for 15 min, the channels were loaded with a
degassed solution of 20% (wt) acrylic acid (AA) in
water and the system was exposed to UV light (365
nm) through a photomask for 3-4 min at an intensity
of 30 mW cm−2. After completion of graft photo77
polymerization the system was thoroughly rinsed
with ethanol and water to remove all adsorbed
material, leaving behind only the hydrophilic PAA
coating covalently tethered to the PDMS surface in
the desired regions.
The experiments involve displacing one fluid
(water) with a non-miscible phase fluid (oil) for
different wettability fractions, fw and analyzing the
residual amount of displaced fluid, Srw, after the
displacing fluid has percolated through the network and
the evolution of the oil/water front has stopped (Fig. 2).
Two different types of micromodels were used (Fig. 3),
one with an ideal lattice isolating pure wettability
effects and the other with distributed channel sizes
mimicking an actual porous medium. Micromodel type
I consisted of a regularly spaced lattice with 20,000
channels of uniform size (80 × 80 × 220 µm3) with a
node connectivity of 4 and no enlarged cavities at the
nodes (Fig. 3b). The other micromodel type (II) was
composed of 10,000 channels of variable size [(50-120)
× 80 × 300 µm3] representing throats connected to
10,000 enlarged cavities [(70-140)2 × 80 µm3] at each
node representing pores (Fig. 3c). Hydrophilic (waterwet) treatment was applied through UV exposure masks,
which contained randomly placed square openings (500
× 500 µm2) at sufficient numbers to create the desired
wettability fraction, fw. Wettability was experimentally
verified on samples for the hexadecane-water (pH 10)
fluid system: In the presence of water, hexadecane is
completely repelled from PAA grafted surfaces (oil
contact angle θ oil = 180°) while hexadecane is strongly
wetting native PDMS at θ oil = 30°.
Micro models were placed on a light table and
imaged from above with a CCD camera. The resolution
of the image sensor was sufficiently high to capture the
entire network while providing good resolution (10 µm
pixel resolution) in each individual channel to observe
individual fluid interfaces.

MATERIAL AND METHODS
In this communication, we take advantage of a
recent technological breakthrough in wettability
patterning, (Schneider et al., 2010) to produce
micromodels with local wettability heterogeneities
down to the pore level. We employ this new technique
to selectively alter pore wettability by UV-initiated
graft polymerization of Poly(Acrylic Acid) (PAA), as
illustrated in Fig. 1a. A micrograph of an actual
micromodel after selective surface treatment is shown
in Fig. 1b. Hydrophilic surfaces were made visible by
the stain toluidine blue, which adheres to the PAA graft
but not to hydrophobic PDMS. In this particular
example, all small pores (50 µm channels) were
rendered hydrophilic while the large pores (100 µm
channels) remained hydrophobic. This modification
mimics very closely the wetting conditions of many oil
reservoirs, where small pores and throats are believed
to remain water-wet while large pores might be oil-wet
(Kovscek et al., 1993; Salathiel, 1973).
Micromodels (i.e., microfluidic networks modeling
porous media) were fabricated from PDMS according to a
rapid prototyping technique based on soft lithography
(Duffy et al., 1998; McDonald and Whitesides, 2002). In
short, embossed microfluidic channel structures were
created on a silicon wafer by a photolithographic
patterning process of SU8 photoresist, serving as master.
PDMS was cast by pouring a mix of pre-polymer and
cross-linker (Sylgard 184 PDMS kit) on the mold and
allowing it to reticulate for 2 h at 65°C. After
solidification, the PDMS cast was removed from the
mold and bonded against a flat PDMS counterpart to
form a micro fluidic system with closed channel
structures. Permanent bonding was achieved by surface
activation in oxygen plasma at 400 mTorr for 30 s in a
plasma cleaner. The devices were then annealed in an
928
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Fig. 1: Precision wettability patterning in PDMS
micromodels
by
UV-initiated
graft
polymerization. (a) Schematic outline: Surface
treatment is initiated in single pores (channels)
within the PDMS chip by selective exposure to
UV light. (b) Micrograph of a segment of an
actual 158 PDMS micromodel. Channels with
hydrophilic surface treatment are revealed by the
stain toluidine blue

Fig. 3: Schematic outline of the micromodels used in
this study. (a) General structure of the
micromodel with fluid inlets and alignment
structures. (b, c) Detailed structure of
micromodel with (b) uniform channel size and
(c) distributed channel size
Fluids were slowly injected by a high-precision
syringe pump at a rate of 10 µL min−1. Micromodels
were initially filled with mildly alkaline water (pH 10)
and then injected with hexadecane stained with the dye
Oil Red, representing a low-viscosity mineral oil (3 cP).
Hexadecane was predominantly invading the oil-wet
native PDMS surfaces, while water was retained on the
PAA grafted areas. An image sequence of each
injection process was recorded at 3 frames sec−1 and
each frame was automatically analyzed by a customdesigned image processing routine. The red oil is
directly visible in the micrographs. To facilitate
interpretation, water-filled channels are indicated in
blue as an image overlay. A second image overlay
indicates regions of different surface wettability: darkshaded areas indicate water-wet (treated) channels,
while bright-shaded areas indicate oil-wet (untreated)

Fig. 2: Principle of the experiment: At t = 0, the
micromodel, whose wettability has been
patterned, is filled with water. At t > 0, oil is
injected and at large times (i.e., after
percolation of oil through the network is
achieved) the system reaches a steady state, in
which residual water is left
929
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channels
(see
supplementary
[experiment.avi] for details).

information

RESULTS
Micromodels with uniform channel size (♦) allow
for the identification of pure wettability effects because
they do not feature any preferential pathways imposed
by geometry. Figure 4 shows a series of fluid
displacement experiments in these micro models (type
I) for various wettability fractions, fw. As expected, the
uniformly wetting case (fw = 0%) is characterized by
homogeneous invasion and complete displacement.
However, close to the origin, minute changes in fw
induce significant increases in residual fluid saturation
Srw (Fig. 5a), more than only the water fraction trapped
in the water-wet pores, as expressed by the ratio Srw/fw
(Fig. 5b). This phenomenon is also clearly visible in
Fig. 4 for wettability fractions fw < 50%, where water
not only remains in water-wet regions (dark blue) but is
also trapped in oil-wet patches (bright blue). In this first
regime continuous pathways of oil-wet pores are
characteristic, which allow oil to invade the network by
circumventing water-wet pore clusters, a mechanism
previously unreported in the literature. On the other
end, at large fw, another trend emerges in which Srw
increases with decreasing fw (Fig. 4, fw > 50%). This
trend is characterized by a combination of oil bursting
through non-wetting zones (dark red) and spontaneous
imbibition into isolated, discontinuous oil-wet
structures (bright red), also absent from homogeneous
systems. At fw ≈ 0.5, the two regimes are separated by a
discontinuity resulting from the percolation threshold,
where oil-wet and water-wet paths change from
continuous to isolated and vice versa. Injection pressure
profiles during constant flow-rate injection clearly
confirm the different flow behaviors of the two regimes
(Fig. 6). For fw > 50%, injection pressure almost
instantly raises because the invading oil needs to be
pushed through water-wet zones. On the other hand, for
fw < 50%, the continuously low injection pressures
indicate oil invasion by spontaneous imbibitions along
oil-wet pathways and pressures rise only when the exit
face of the micro model is reached. Because more water
is trapped and hence less oil is required to fill the
systems for fw = 40%, injection pressure subsequently
rises earlier as compared to the case for fw = 0%.
For systems with channel size distribution (■)-a
situation that is closer to realistic porous media-the
main features remain the same (Fig. 5), although the
second regime is masked by geometry-induced
percolation effects (Fig. 7).

Fig. 4: Fluid displacement experiments for micromodel
type I with uniform channel size. Images show
the final fluid distribution after each experiment
at various wettability fractions, fw. Oil-filled
pores are shown in red and water-filled pores are
shown in blue. Bright shade indicates oil-wet
zones and dark shade indicates water-wet zones

(a)

(b)

Fig. 5: Residual water saturation Srw (a) and aturation
relative to hydrophilic zones (b) are shown for
different wettability fractions, fw. Experiments
were performed n micromodels with uniform (♦)
and distributed (■) channel sizes
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the residual fluid up to 40%, which is a formidable
quantity in the reservoir context. Importantly, the
physical mechanisms underpinning this behavior do not
depend on the dimensions of the system or its topology.
We may conclude that the phenomena we highlight
here should also occur in 3D reservoirs, despite the
percolation threshold being shifted.
We have now reached a level of technology at which
we can generate precise tools for detailed investigations
of fractional wettability and its influence on fluid
displacement in reservoir models. With most of the
world’s oil reserves trapped in mixed-wet reservoirs, our
proposed tool may lead to a breakthrough in the
development of improved EOR methods.

Fig. 6: Pressure evolution during fluid injection for
micromodels with different wettability fractions.
Pressure values represent measured injection
pressures during constant flow-rate injection
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