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As global energy usage increases, maximizing oil recovery from known reserves becomes crucial to meet
the rising demand. In this work, we present the development of a microfluidic sandstone platform capa-
ble of quickly and inexpensively testing the performance of fluids with different rheological properties on
the recovery of oil. Specifically, in this study we utilized these microfluidic devices to examine how shear-
thinning, shear-thickening, and viscoelastic fluids affect oil recovery. Initial baseline experiments were
performed by displacing oil with both water and a water-surfactant solution over a wide range of flow
rates. The surfactant was found to reduce the interfacial tension of the water by a factor of ten and
increased oil recovery by approximately 15% when compared to oil displaced by water at the same flow
rates. Flopaam, a commercially available fluid thickener that is shear-thinning and viscoelastic was also
studied. It was found to displace more oil then either the water or the surfactant solution and increase oil
recovery at all flow rates studied. Finally, a shear-thickening nanoparticle solution was studied which
was designed to thicken at a shear rate of approximately 10 s~!. The shear rate corresponds to typical
shear rates in the oil reservoirs, and values easily attainable in our microfluidic sandstone device. These
shear-thickening fluids were found to be particularly effective at oil recovery. This was especially true for
flowrates that closely matched the shear rates associated with the shear-thickening regime. When the
appropriate choice of shear rate dependent viscosity was used to the capillary number, the oil recovery
obtained from both the Newtonian and non-Newtonian was found to collapse quite well onto a single
master curve. Additionally, it was shown that a two-stage recovery process that starts with an initial
water flood followed by a flood with a secondary fluid can recover as much oil as a single stage recovery
with that secondary fluid alone. These results clearly demonstrate that the microfluidic sandstone
devices presented in this paper both reduce the time and cost required to investigate the effectiveness
of enhanced oil recovery fluids using traditional methods, and can serve to quickly focus searches for cus-
tomized oil recovery fluid selection.
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1. Introduction

As the global oil supply decreases, the ability to effectively re-
cover all of the oil from a particular well becomes increasingly
important. The recovery of oil generally takes place in three stages:
primary, secondary, and tertiary [1]. The primary stage occurs
when the well is first accessed, and oil is produced by the internal
pressures within the well. After completion of the primary stage,
approximately 10% of the total oil in the field will have been recov-
ered [1]. The secondary stage of oil recovery is characterized by the
use of a driving or pumping fluid to displace oil in the reservoir.
Generally water or a gas is employed as the driving fluid and typ-
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ically results in an additional 20-40% of the original amount of the
oil being recovered [1]. After primary and secondary oil recovery
techniques have been exhausted, between 50% and 70% of the ori-
ginal oil remains in the oil field. It goes without saying then that
there is an enormous amount of interest in developing methods
to access and recover all of the remaining oil trapped within the
reservoir. It is these tertiary or enhanced oil recovery (EOR) tech-
niques that this paper will focus. Specifically, we investigate the
role of the rheology of the driving fluid and shear thickening in par-
ticular on oil recovery.

The tertiary or enhanced stage of oil recover has developed
much interest in more recent decades partially due to the rise in
oil prices [1-7]. The goal of the tertiary stage is to be able to access
and recover as much of the remaining oil in the fields as possible.
The methods of tertiary oil recovery can be categorized into three
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main approaches: thermal, gas, and chemical. All three approaches
aim to ease the recovery of the oil, either by changing the proper-
ties of the oil, the imbibing fluid, or the core material itself.

Chemical methods of enhanced oil recovery became widely
popular during the 1980s [2]. Chemical methods aim to increase
the amount of oil recovered by either increasing the effectiveness
of water floods by modifying the water used to displace the oil,
by reducing the interfacial tension between the imbibing fluid
and the oil with the use of a host of different surfactants, or by
modifying the wettability of the oil fields substrate to make it lyo-
phobic [1,2,4]. Chemical methods use either alkali-polymers, sur-
factant polymers, or more recently a combination alkali-
surfactant polymer system [2]. The larger challenge with chemical
methods is that every possible variable with respect to fluid and
substrate properties can change from one oil reservoir to the next
and thus the chemistry must be tailored specifically for any given
reservoir. There is a large body of work for conditions in and solu-
tions to enhanced oil recovery in particular oil fields, summarized
in a few works [2,7,8]. The main challenge resulting from the use of
surfactants to lower the interfacial tension or polymers as a thick-
ener is its delicate relationships to the conditions of the oil field
substrate, which is not always constant, and the oil properties,
which can also vary. Oftentimes, the polymers or surfactants are
applied too far into the initial water flood, or they can lose effec-
tiveness midway through the field [7]. Another challenge with
chemical approaches to enhanced oil recovery is cost; depending
on the fluctuating cost of oil and production, it can quickly become
the prohibiting factor. While challenging, the vast amount of oil
remaining within oil fields is only going to be a growing driving
factor for EOR research as the easily-accessed oil is recovered
and consumed. New fluid technologies will need developing, and
modifications of existing technologies will need testing. In this pa-
per, we study the impact of different rheological properties of the
driving fluids using a series of microfluidic devices designed to mi-
mic the physical and chemical properties of sandstone.

With a wide range of oil fields, testing methods are varied. It is
impossible to perform in situ measurements. Instead, experiments
are generally performed with core samples of the actual oil field
extracted from the field. These samples can be filled with oil di-
rectly from the field, or similar man made oils. This core can then
be used to test the ability of penetrating fluids to either displace
the oil from pressure flow or imbibitions, which is where the dis-
placing fluid wets the substrate by either natural wettability or
by some alteration process [5]. This method does not allow for fine
inspection of the processes at the pore and capillary level. Addi-
tionally, this method is prohibitively costly. This has led research-
ers towards the development of low cost alternatives.

Fluid testing is also performed on idealized representations of
flows, often two-dimensional arrays of posts or cylinders or
three-dimensional beds of packed spheres [5,9]. This allows for
dimensions to be specified for precise control of particular fluid
flow properties and examine dynamics at the micro- and nano-
scales [5,9]. This method does not account for the inhomogeneous
nature of field conditions or the true geometric flow constraints
that exist in the field. Other researchers have used more complex
micromodels to study multiphase flow in porous media composed
of a network of channels etched into glass or fabricated in poly-
mers [10-12]. These micromodels have proven to be extremely
useful in studying a variety of enhanced oil processes because they
provide direct visualization of a complex flow environment that
can be easily modified to affect wettability, porosity or permiabil-
ity. A nice literature survey on this topic can be found in Kamari
etal. [12].

In this paper, a series of microfluidic devices were developed
and used that were designed to precisely reproduce a two-dimen-
sional slice from a sandstone core. Microfluidics is a relatively

young and developing field that encompasses the development of
devices that allow for observations of fluid phenoma at the micro-
scale [13-19]. In microfluidics, photolithography is used to transfer
a pattern onto a silicon wafer using a photoresist such as SU-8 [20].
Once developed, the two-dimensional pattern in the photoresist is
used as a master from which multiple daughters can be cast in
polydimethyl-siloxane (PDMS) or other cross-linking polymers,
containing negatives of the pattern on the master [14,21,22]. This
soft lithography technique has been used for more than a decade
to generate microfluidic devices containing features as small as
10 um [22,23]. Here we utilize this technology to probe the effect
of fluid rheology on oil recovery from hydrophobic microfluidic
sandstone devices.

2. Experimental design

The device layout and properties are shown in Fig. 1. The mask
was created from an actual cross-sectional image of sandstone
which was used as a template for a microfluidic device that
approximates flow through sandstone. The microfluidic device
was fabricated out of PDMS using standard photolithographic tech-
niques. The microfluidic sandstone device is 200 microns thick, and
has capillaries and pores with average sizes from 200 microns to
10’s of microns. The only modification to the sandstone that would
affect the flow was that any “dead ends” were removed, and re-
placed with narrow passages. Even with these modest changes,
we believe this design captures the essence of flow through sand-
stone using an easy-to-fabricate and extremely flexible experimen-
tal test bed.

The pressure ports allowed for the measurement of the pressure
drop across the sandstone features. The ports were plumbed with
blunt needle tips connected to polyethylene tubing. This tubing
was connected though adapters to a differential pressure
transducer (Honeywell TruStability™) with a range of +7 kPa. The
pressure drop allows for the calculation of the permeability,
K = UnAx/AP, where U is the superficial velocity, # is the dynamic
viscosity, Ax is the thickness of the medium, and AP is the pressure
drop across the thickness. Common oilfields has permeability
values of 0.1D <k <10.0D. The pressure drop measured across
the presented device resulted in a permeability value of
K = 60D + 2D. The porosity of the device is ¢ = 0.48. While these
values are slightly above the range of most oilfields [24], it is real-
istic in its structure, and its complexities allow for valuable in-
sights in testing rheologically complex fluids.
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Fig. 1. Schematic diagram of the small sandstone device used in these experiments.
The inlet is any of the three ports on the left, and flow goes from left to right. The
two ports aside the main chamber are available for pressure drop measurements,
and the port to the right is the outlet port. The lower image is what the sandstone
portion looks like when filled with the Miglyol oil dyed with sudan blue.
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In order to determine the amount of oil recovered, images were
taken when the device was fully flooded with oil. To increase con-
trast with the PDMS, the oil was dyed with Sudan Blue (Sigma Al-
drich), which is an oil-soluble coloring. A representative image of
the fully oil-filled device is shown in Fig. 1. The original images
were then compared against images of the flow cell at stages dur-
ing and after the driving fluid had been pumped through the
microfluidic device at a prescribed flowrate. In these experiments
a syringe pump (kd Scientific, model 100) was used to impose a
specific flow rate on the driving fluid. The experiment was termi-
nated after it was determined that is had reached steady state.
Steady state was defined as when no more oil was visibly being re-
moved through the transparent exit tubing. The images were taken
with a Nikon D70 camera outfitted with a macro-lens (micro-NIK-
KOR 105 mm). Backlighting was provided by a uniform light sheet
(Dolan Jenner model QVABL) which was supplied by a light source
(StockerYale Imagelite Model 20). The images were then made
grayscale and imported into a homegrown Matlab™ code. The code
first applied a threshold to each image, causing any oil filled area to
appear completely black and any non-oil area white. The images
were inspected to insure that the threshold value accurately repre-
sented the oil filled condition. The program then counted black
pixels and reported the percentage of the image that was oil. Com-
paring between the percent of oil from the before and after the
fluid flood allowed us to determine the percentage of oil removed
during the flooding process.

The baseline fluid used to displace oil from within the microflu-
idic sandstone device is deionized water. The microfluidic devices
are initially filled with Miglyol oil 840, a common oil used in cos-
metics. Miglyol oil was chosen, amongst other reasons, because it
does not significantly swell PDMS [25]. The viscosity of Miglyol
oil was measured to be 10 mPa s. The interfacial tension between
water and Miglyol oil 840 was measured using a pendant drop
experiments and found to be ¢ =20 mN/m. The advancing and
receding contact angles between water and Miglyol oil wetted
PDMS were measured using an optical goniometer and found to
be 04/0r = 160°/144°. For all of the other driving fluids being used,
we investigated variations in interfacial tension and fluid rheology.

In order to modify the interfacial tension without modifying
viscosity, CTAB (hexadecyltrimethylammonium bromide) was
added to the water phase at concentrations of 1 mM and 5 mM.
At these concentration, which are larger than the critical micellar
concentration (CMC) of 0.9 mM, there should be plenty of free sur-
factant in the bulk to fully populate the oil water interface [26].
Both CTAB solution reduced the equilibrium interfacial tension of
water in Miglyol oil by an order of magnitude, from ¢ = 20mN/m
for pure water in oil to ¢ =2.1mN/m [25]. The contact angle be-
tween CTAB solution and Miglyol oil wetted PDMS was measured
to be 04/60g = 150°/144°.

In order to increase the viscosity without affecting the interfa-
cial tension, 15wt% of a low molecular weight PEO
(M,, = 20,000 g/mol, Aldrich) was added to water to create a New-
tonian fluid with a shear viscosity of 779 = 140 mPa s and an interfa-
cial tension with Miglyol oil of ¢=20mN/m that could be
compared directly to the nanoparticle dispersions and the FloP-
AAM solution. The advancing and receding contact angles with Mi-
glyol oil wetted PDMS were found to be identical to water.

Modifying the viscosity of the driving fluid was achieved
through the addition of nanoparticles and/or high and low molec-
ular weight polymer additives to the water phase. Here we are
interested in investigating the impact of two different rheological
characteristics on enhanced oil recovery: shear thinning and shear
thickening. The shear thickening fluid was created by adding a
small amount (0.4 wt%) of a moderately high molecular weight
polyethylene oxide (PEO) (M,, = 600,000 g/mol, Aldrich) to a nano-
particle solution of 4.0 wt% hydrophilic silica particles (12 nm size,

Degussa AEROSIL® 200). The shear rheology was measured using a
cone-and-plate rheometer (TA Instruments, DHR-03) using a
40 mm 2° cone at 20 °C. As seen in Fig. 2, the nanoparticle disper-
sion initially shear thins. At a shear rate of y = 10 s~1, the shear vis-
cosity thickens by a factor of approximately forty. The fluid
maintains this high viscosity until a shear rate of = 30 s~! beyond
which it begins to shear thin again. This shear thickening is in-
duced by the interaction of nanoparticles enhanced by the pres-
ence of the polymer which can absorb to and bridge between
nanoparticles to produce long-range interactions and a percolated
network structure [27]. In the absence of polymers, the nanoparti-
cle dispersions at this concentration show no shear thickening and
a significantly reduced viscosity [27]. Small angle oscillatory shear
measurements of this fluid do not reveal any elasticity over the
range of shear rates that could be probed. The interfacial
energy of the nanoparticle/polymer solution was found to be
o =20mN/m and the advancing and receding contact angles with
PDMS in Miglyol oil were found to be 04/0 = 159°/143°.
Additionally, a commercially available viscoelastic fluid ‘thick-
ener’, Flopaam 3630 (SNF Floerger®) was mixed with deionized
water at a concentration of 0.1 wt%. Flopaam 3630 is a proprietary
mixture of high molecular weight co-polymers of polyacrylamide
and polyacrylate. At a concentration of 0.1 wt% Flopaam 3630,
the mixture shows a zero shear rate viscosity of approximately
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Fig. 2. (a) Viscosity as a function of shear rate for x 0.1 wt% Flopaam 3630 and the
shear-thickening O 4.0 wt¥% silica nanoparticles 0.4 wt% PEO M,, 600,000. (b) The
storage (G/, ¥r) and loss (G”, %) modulus as a function of angular frequency for the
0.1 wt% Flopaam 3630. The cross-over point is at 10rad/s, corresponding to a
relaxation time of 2 =0.1s.
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No=250mPas and shear thins over most of the range of shear
rates probed. It was designed to have a viscosity in the same order
of magnitude as the shear-thickening nanoparticle dispersion over
the range of interesting shear rates. As seen in Fig. 2a, the viscosity
of the 0.1 wt% Flopaam 3630 shear thins at roughly the same rate
as the shear thickening nanoparticle dispersion. There are two ma-
jor differences between these fluids. First, the Flopaam does not
shear thicken. Second, as seen in Fig. 2b, the linear viscoelastic
spectrum of Flopaam shows the fluid to be viscoelastic with a
relaxation time of 2 = 0.1 s. The interfacial energy of the Flopaam
solution was found to be ¢ =20mN/m and the advancing and
receding contact angles with PDMS in Miglyol oil were measured
to be 04/0gr = 159°/144°. Note that there is very little variation in
the contact angles measured for all these fluids so differences in
oil recovery should be just a function of fluid rheology and interfa-
cial tension.

3. Results and discussion

The most common driving fluid used for oil recovery is water.
Thus, for this study, water is used as the control for which other
driving fluids are compared against. The flowrates of driving
water through the microfluidic sandstone device ranged between
1.5 ml/h and 22 ml/h. This corresponds to front speeds just before
the sandstone features of 0.38-5.5 mmy/s and capillary numbers for
water that ranged between 3.8 x 107> < Ca=nU[c <5.6 x 107>
The results for water and the other driving fluids are presented
in Fig. 3. In Fig. 3, the percentage of oil remaining in the microflu-
idic sandstone device after the flow has reached steady state is pre-
sented as a function of the flow rate of the driving fluid. Steady
state was achieved when no oil drops could be observed in the out-
let tubing and no movement of oil was observed within the micro-
fluidic sandstone device. At the lowest flowrates tested,
approximately 65% of the oil remained after flooding with water
at 1.5 ml/h. As the flowrate was increased, more oil was recovered
until the data approached an asymptotic value of roughly 40%
residual oil at large flowrates. The general trend of increasing oil
recovery with increasing flowrate or capillary number has been ob-
served many times in the past [5,7,9,28,29].

Rather than simply increasing the front velocity, two alternative
approaches to increasing the capillary number is to decrease the
interfacial tension or increase the shear viscosity of the driving
fluid. The 5 mM CTAB solution has a lower interfacial tension than
water but has the same viscosity. The 15 wt% PEO solution has the
same interfacial tension, but a larger viscosity. As seen Fig. 3a, the
CTAB solution recovers approximately 15% more oil than water at
every flowrate investigated while the Newtonian PEO solution im-
proves the oil recovery even more. The lower interfacial tension re-
duces the Laplace pressure that must be overcome if the driving
fluid is to displace the oil while the higher shear viscosity increases
the pressure throughout the sandstone device. This is especially
true in regions of higher interfacial curvature like entrances to nar-
row capillaries from larger pores. As one can see, when the data is
recast as a function of capillary number, as seen in Fig. 3b, the
water, 5 mM CTAB and Newtonian PEO data appear to collapse rea-
sonably well onto a single master curve.

This result is expected for hydrophilic, water wetting rock, but
not necessarily for hydrophobic, oil wetting rock when the driving
fluid contains surfactants. This is because of the shearing and con-
tinuous generation of the surfactant-laden oil-water interface. For
two phase flow through channels and Hele Shaw cells, it has been
shown that if the displacing fluid does not wet the channel, as it
flows into the displaced fluid it can leave behind a very thin film
of oil on all the walls. This film is often thin enough that it is not
easily imaged in either a Hele Shaw cell or our microfluidic
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Fig. 3. (a) The percent oil remaining in the sandstone microfluidic device after
flooding with various fluids as a function of flowrate. (b) The percent oil remaining
in the sandstone microfluidic device after flooding with various fluids as a function
of capillary number. The driving fluids in both include: B water, A 5 mM CTAB in
water surfactant solution, ¥ 15 wt% low Mw PEO in water, +1 mM CTAB in water
surfactant solution, O shear thickening fluid consisting of 4.0 wt% silica nanopar-
ticle 0.4 wt% PEO M,, 600,000 in water, and * 0.1 wt% Flopaam 3630 in water.

sandstone device after flooding. The thickness of that oil film in a
Hele Shaw cell was predicted by Park and Homsy to scale with
Ca?" [30,31]. As a result, new interface is produced continuously
as the displacing fluid moves into our sandstone device. When
using a surfactant solution as the driving fluid, the newly created
oil-water interface must be populated by surfactant. This takes a
finite amount of time which depends on the diffusion coefficient
and concentration of the surfactant as well as the rate of adsorp-
tion to the interface [32,33]. Until the newly formed oil-water
interface is fully populated by surfactant, its interfacial tension
can be much larger than the equilibrium value measured by a pen-
dant drop experiment. Additionally, as the surfactant solution
moves through the sandstone device the surfactant populating
the leading edge of the advancing fluid front experiences a shear
flow that can sweep the surfactant from the leading edge up-
stream, locally reducing the surfactant concentration and increas-
ing the interfacial tension along the oil-water interface [32,33]. As
a result, the true capillary number may be significantly smaller
than that calculated using the equilibrium value of the interfacial
tension. Bonn et al. [32,33] demonstrated that gradients in surfac-
tant concentration along an oil-water interface in two phase flow
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through a Hele-Shaw cell could explain the failure of viscous fin-
gering data to collapse with capillary number.

In our initial experiments, the concentration of CTAB in the sur-
factant solution was chosen to be five times larger than the CMC,
5mM, so that the concentration of free surfactant in the bulk
was large enough to quickly populate any new interface generated
during oil recovery. The resulting data for the 5 mM case collapse
with capillary number very well onto a single master curve with
water and the high viscosity Newtonian PEO solution. However,
by reducing the CTAB concentration from 5 mM to just above the
CMC at 1 mM, the impact of interfacial tension gradients on the
oil recover can be observed in Fig. 3b. The 1 mM CTAB solution
has the same equilibrium surface tension as the 5 mM solution,
but five times fewer surfactant molecules in bulk available to pop-
ulate depleted or newly generated oil-water interface. At the low-
est flow rates studied, the 1 mM data was found to collapse quite
nicely with capillary number onto the result for water and the
5 mM CTAB solution. However, as the capillary number and the
strength of the shear flow were increased, a shift in the data to
the right by a factor of roughly three was observed in Fig. 3b. These
observations are consistent with the trends observed by Bonn et al.
[32,33] and clearly demonstrate that, for oil recovery from hydro-
phobic rock using surfactant solutions, variations in interfacial ten-
sion can result in the failure of oil recovery data to collapse with
capillary number.

The shear thickening nanoparticle/PEO fluid recovered more oil
than either the water or the CTAB solution in oil recover at flow-
rates between 1.5 and 22 ml/h. At the lowest flowrates tested,
0.9 ml/h, the shear-thickening fluid roughly matches the oil recov-
ery obtained using the surfactant solution. This is a due to the large
viscosity of the nanoparticle solution even prior to shear thicken-
ing increasing the capillary number as seen in Fig. 3b. At flowrates
above approximately 1 ml/h, a dramatic improvement in the oil
recovery is observed, peaking at a flow rate of 1.5 ml/h with just
14% of the oil remaining in the microfluidic sandstone device at
steady state. As the flowrate was increased, the shear-thickening
fluid was found to recover significantly more oil than the water,
surfactant solution, and the high viscosity Newtonian PEO solution
at the same flow rates. An important question to ask is whether the
data for the shear thickening fluid will collapse with capillary num-
ber. In order to evaluate the capillary number, the correct value of
the viscosity must be determined. The simplest choice is to use a
constant value of viscosity. However, if one chooses the zero shear
rate viscosity of the shear thickening solution, which is approxi-
mately 7o = 80 mPa s, the data do not collapse with capillary num-
ber onto the master curve in Fig. 3b produced by the Newtonian
fluids tested previously. This can be seen most clearly when com-
pared to the high viscosity Newtonian PEO solution. Even though
the PEO solution has a larger viscosity, #o = 140 mPa s, at the high-
est flow rates tested the shear thickening solution still removes
considerably more oil. The effect of shear thickening must be taken
into account by evaluating the capillary number using the correct
value of the shear rate dependent viscosity such that Ca = n(y)U/a.

To obtain a better understanding of the underlying physics at
work with a shear thickening fluid, the oil recovery data is also
plotted as a function of shear rate in Fig. 3a. For flow through a
rectangular channel, the shear rate depends on aspect ratio [ref
white]. The device has a mean pore opening size of W =200 pum,
and is H=200 um. The average front speed is calculated as,
U = Q/¢HL, where Q is the volume flow rate, L = 5.7 mm is the over-
all width of the device and ¢ is the porosity of the sandstone. It has
been shown that for flow through a square channel that the wall
shear rate becomes approximately 7,, =~ 6U/W [34,35]. The shear
rate across the channel, however, is not constant so the average
shear rate in the square channel, y = 3U/W, was chosen as a char-
acteristic shear rate in the sandstone device in order to evaluate

the viscosity of the shear thickening fluid [34]. As seen in 3a, the
onset of improved oil recovery coincides with the shear rates of
approximately 7 ~ 7 s~'. This shear rate corresponds very well
with the critical shear rate for the onset of shear thickening ob-
served in the steady shear rheology measurements in Fig. 2. If
the shear rate dependent viscosity is used to evaluate the capillary
number, the data appears to collapse reasonably well onto the
master curve developed from the results from the Newtonian flu-
ids in Fig. 3b although some deviations are observed at the lowest
capillary numbers. This is likely the result of the variation in flow
rate and shear rate across the complex interconnected channels
within our microfluidic sandstone device and the simplifying
assumption of a constant shear rate used to evaluate the viscosity.

These observations suggest quite strongly that the increased
pressure drop resulting from the shear-thickening transition is suf-
ficient to overcome the Laplace pressure supporting water-oil
interfaces in small capillaries and side branches. Once the capillar-
ies are opened, a larger fraction of the sandstone device is accessed
by the driving fluid and as a result the local shear rate is reduced. In
some cases, the reduced shear rate can drive the viscosity back be-
low the shear thickening transition, reducing the pressure drop in
the oil-depleted portions of the sandstone device. While the oil
recovery increases with the onset of the shear-thickening, the peak
oil recovery was found to exist over a wide range of average shear
rates that extend past the maximum in the shear viscosity and well
into the shear thinning regime at high shear rates where the vis-
cosity remains high and the resulting capillary number is still quite
large.

It is important to note that there exists uncertainty in these
experiments that result from small variations in fluid preparations
and the device fabrication. The shear-thickening behavior is very
sensitive in the small variations in fluid composition. The device
fabrication can also result in small variations in the thickness of
the capillaries and pores, which would affect the shear-thickening
onset. In order to minimize the effect of these variations, the exper-
iments were performed using multiple independently prepared
fluid samples and device fabrications. Error bars are presented to
demonstrate the confidence in these results.

As seen in Fig. 3a, at a given flow rate, the viscoelastic Flopaam
3630 mixture was found to recover more oil than both the water
and the CTAB solution, and followed the same general trend of
increasing oil recovery with increasing flowrate even though the
viscosity was found to thin over the entire range of shear rates
tested. The Flopaam solution was also found to recover more oil
the shear thickening fluid in regions far outside of the shear rates
where the thickening occurs. This is important, as it demonstrates
that by designing a fluid that thickens at a target shear rate, oil
recovery can exceed that of current enhanced oil recovery fluids
in use today. When the data is recast in terms of a shear rate
dependent capillary number, as seen in Fig. 3b, it is again found
to collapse onto the master curve quite well. Thus it appears that
for both Newtonian and non-Newtonian fluids, if one can deter-
mine an appropriate shear rate dependent viscosity, the global
oil recovery measurements depends only on the shear rate depen-
dent capillary number. However, even though the global oil recov-
ery results appear to be similar, by interrogating in detail the
images taken before and after flooding with each of the driving flu-
ids differences in the local mobilization of oil can be observed.

By performing a detailed examination of the images used for
determining the oil recovery, it is possible to qualitatively assess
regions where one particular fluid outperforms others in accessing
and mobilizing the trapped oil. Fig. 4 compares three before and
after images of oil recovery experiments performed at a flowrate
of 4.8 ml/h. The initial oil-filled sandstone is shown in Fig. 4a.
The steady state result for water is shown in Fig. 4b. The water is
observed to form canals that cuts through the most permeable
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Fig. 4. (a) The initial microfluidic sandstone geometry filled with Miglyol oil dyed with Sudan blue. The oil-filled microfluidic sandstone device is shown after reaching
steady-state by single-stage flooding at 4.8 ml/h with (b) water, (c¢) 5 mM CTAB in water surfactant solution, (d) 15 wt% low Mw PEO in water, (e) 0.1 wt% Flopaam 3630 in
water, and (f) shear thickening fluid consisting of 4.0 wt% silica nanoparticle 0.4 wt% PEO M,, 600,000 in water. The width (top to bottom in image) of each device is

L=5.68 mm.

areas of the sandstone and allows additional water to flow through,
with occasional drops of water pinching off in smaller capillaries
and pores alongside the main canals. As one progresses across dif-
ferent driving fluids from Fig. 4b-f, more and more oil is recovered
from the sandstone. This can be seen most clearly for the viscoelas-
tic Flopaam solution and the shear thickening fluid in Fig. 4e and f,
where the comparisons to the water case are quite striking. Nearly
all the oil in these two cases has been recovered. These observa-
tions should not be surprising because although the images in
Fig. 4 are presented at the same flow rates, the capillary numbers
vary by several orders of magnitude from Fig. 4b-f. It is thus
important to compare images for the viscoelastic Flopaam 3630
with the shear thickening nanoparticle dispersion at the same cap-
illary number.

In Fig. 5, a comparison between water, the shear-thickening
fluid, and the Flopaam solution is shown for flowrates of
1.5 ml/h, 4.8 ml/h, 8.4 ml/h, and 13.5 ml/h. The corresponding cap-
illary numbers are presented in the figure caption. In all cases, one
observes an increase in oil recovery with an increase in flow rate
and capillary number. Within Fig. 5, it is possible to compare the
results for Flopaam and the shear thickening fluid at roughly
the same capillary number by comparing the oil recovered in the

-
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Fig. 5. The oil-filled microfluidic sandstone device is shown after reaching steady-state by single-stage flooding with (a) water at 1.5 ml/h (Ca=3.7 x 10
thickening fluid at 1.5 ml/h (Ca=0.027), (c) Flopaam solution at 1.5 ml/h (Ca=0.0035), (d) water at 4.8 ml/h (Ca=1.2 x 10~
(Ca=0.12), (f) Flopaam solution at 4.8 ml/h (Ca = 0.0062), (g) water at 8.4 ml/h (Ca=2.1 x 10
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images in Fig. 5b and i. What one observes is that there are a num-
ber of distinct differences that emerge even though the overall oil
recovery is quite similar. Specifically, the shear thickening fluid ap-
pears to be more successful at mobilizing oil from small capillaries.
Additionally, the viscoelastic fluid appears to be more successful at
accessing oil from within dead-end pores and unswept volumes.
These effects likely result from the elasticity of the Flopaam 3630
solution, which has a relaxation time of approximately A =0.1s.
For all the experiments presented in Fig. 5, the average shear rate
is large enough that the Weissenberg number is greater than one

=74 >1 and the elastic effect will be important. As the fluid
passes from a pore into a capillary, an extensional flow is produced
followed by a strong shear flow within the capillary. Flow into and
through the capillaries result in the deformation of the polymer
chains in the flow direction and the buildup of significant elastic
normal stresses [36]. Upon exiting of the capillaries, some of the
elastic stress is released as the polymer partially recoils back to-
wards its equilibrium configuration. Much like die swell during
extrusion of polymeric fluids [37,38], the elastic normal stresses
within the Flopaam drive the fluid quickly outward to fill the pores
it is entering. As a result, the Flopaam can access more oil from
dead-end pores as seen in Fig. 5.
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4), (e) shear-thickening fluid at 4.8 ml/h
4), (h) shear-thickening fluid at 8.4 ml/h (Ca=0.13), (i) Flopaam solution at

8.4 ml/h (Ca=0.0084), (j) water at 13.5 ml/h (Ca=3.4 x 10~*), (k) shear-thickening fluid at 13.5 ml/h (Ca =0.116), and (1) Flopaam solution at 13.5 ml/h (Ca = 0.010). The

width (top to bottom in image) of each device is L = 5.68 mm.
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Fig. 6. (a) The percent oil remaining as a function of flowrate for B water, O shear-thickening solution, and % Flopaam 3630. The stars indicate two stage recovery residual
oil, starting with a O water flood, the secondary (larger O) shear-thickening solution, and the secondary * Flopaam flood. (b) The initial oil filled microfluidic sandstone
geometry and comparing the steady-state results after flooding with only the Flopaam 3630 solution against flooding first with water and a secondary flood with the Flopaam
solution. (c) The initial oil filled microfluidic sandstone geometry and comparing the steady-state results after flooding with only the shear-thickening nanoparticle solution
against flooding first with water and a secondary flood with the shear-thickening solution.

Finally, an important consideration is the ability of an enhanced
oil recovery driving fluid to recover additional oil out of a field pre-
viously flooded with water for second stage recovery. Our micro-
fluidic sandstone devices were designed with multiple inlets to
make sequential flooding experiments easy to perform. The results
for sequential flooding with water followed by Flopaam and the
shear thickening fluid are shown in Fig. 6. At a flowrate of
4.8 ml/h, water was initially used to flood the microfluidic sand-
stone device. The amount of oil recovered from initially flooding
of the small sandstone device with water matches the average
from multiple single flood measurements in Fig. 3. This data is
shown as an open square overlayed on the data in Fig. 6a. Fig. 6b
shows the results of subsequently pumping the Flopaam mixture
through at the same flowrate (4.8 ml/h) until steady state was ob-
tained. Interestingly, the secondary fluid managed to recover ex-
actly the same amount of oil as was obtained by the single flood
with the Flopaam. The net residual oil of the Flopaam 3630 two-
stage flood is represented by the open star in Fig. 6a. This indicates
that an initial flood of water does not significantly affect the overall
recover in a two stage flooding. Another interesting point is that
with the initial water flood, the water forms a path of lower viscos-
ity the oil, but the subsequent Flopaam solution flood does not
show preferential flow through that path. The resulting images
shown in Fig. 6b are largely similar, with a few noticeable differ-
ences. The device only flooded with Flopaam had many dead-end
pores nearly empty of oil and the second stage Flopaam flood did
not remove as much oil from those pores. However, the second

stage Flopaam flood did remove more oil from some of the smaller
capillaries that the single stage Flopaam flood did not. Additionally,
The Flopaam in the second stage flood was able to connect across
some capillaries where water had been where the single stage
Flopaam could not. This indicates that there are some preferential
flow paths at smaller scales that a first stage water flood might en-
able the Flopaam to access. Fig. 6¢ compares the result of the two-
stage flooding process flooding with water first and following with
the shear-thickening fluid to the result of a single stage flood using
the shear-thickening fluid. The results of the two-stage flood agree
extremely well with the result of a single stage flood using the
shear-thickening fluid. The two-stage residual oil is represented
by the open circle in Fig. 6a. The only differences apparent between
a single stage and two-stage flood with the shear-thickening fluid
are some small areas where water helped mobilize oil in the two-
stage flood that remain in the single stage flood. Even with these
obvious differences, the overall oil recovery remains very similar
between a single stage Flopaam or shear-thickening flood and their
two-stage counterpart floods that flood with water before flooding
with the Flopaam or shear thickening fluid.

4. Conclusions
Enhanced oil recovery is an increasingly important field, and

this work presents the efforts of developing a microfluidic platform
for quickly testing fluids of different rheological properties for the
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recovery of oil from hydrophobic sandstone. Water was tested in
the microfluidic sandstone device as a baseline for oil recovery
comparison. Systematic variations of fluid properties were exam-
ined for their ability to increase oil recovery. A 5 mM CTAB surfac-
tant solution was mixed in order to lower the interfacial tension
with the Miglyol oil used by a factor of ten. The surfactant solution
was found to increase the recovered oil by about 15% over the
range of flowrates tested. A number of non-Newtonian EOR fluids
were also tested. The first, was a commercially available fluid
thickener, Flopaam, designed specifically for enhanced oil recov-
ery. The Flopaam solution was shear-thinning and viscoelastic
and found to recover more oil then both the surfactant solutions
and water at all flowrates tested. A shear thickening fluid contain-
ing a mixture of 0.6 wt% high molecular weight PEO and 4wt%
fumed silica nanoparticles was also tested. The nanoparticle dis-
persion was designed to shear thicken at shear rates typical of oil
fields and present in the microfluidic sandstone devices used in
these experiments. This shear thickening fluid achieved more oil
recovery than the water, surfactant, and Flopaam solutions for
flowrates that closely matches the shear thickening regime.

When the data was recast as a function of capillary number,
where the viscosity was evaluated at a representative shear rate
within the microfluidic sandstone device, all the data sets were
found to collapse quite well to a single master curve. Thus it ap-
pears that the changes in oil recovery can be understood quite well
for non-Newtonian fluids if one fully characterizes the rheological
properties of the fluid. It was demonstrated that a two-stage recov-
ery process using water and a secondary fluid can recover as much
oil as a single stage recovery with the secondary fluid. The micro-
fluidic sandstone device was thus proven to be a relative quick
diagnostic tool to investigate the ability of enhanced oil recovery
fluids to be tested for effectiveness before more costly and time
intensive methods are employed. Future work with larger, more
complex, lower permeability microfluidic sandstone devices are
ongoing and will be reported on in the near future [39]. Finally,
for oil field applications, shear-thickening fluids show great prom-
ise for enhanced oil recovery in the future.
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