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Abstract

Immiscible displacement of fluids with large viscosity mismatch is inherently unstable due to
viscous fingering, even in porous media where capillary forces dominate. Adding polymer to the
displacing fluid reduces the viscosity mismatch and suppresses the viscous fingering instability
thereby increases the fluid displacement leading to extensive use in applications such as oil re-
covery. Surprisingly, however, an increase in displacement occur even for very large viscosity
mismatches. Moreover, significant additional displacement is observed when the polymer solution
is followed by additional water flow. Thus, the fundamental physics of this phenomenon remains
unclear. To understand this behavior, we use confocal microscopy to visualize the displacement of
oil in a 3D micromodel of a porous medium and simultaneously measure the local flow velocities of
the displacing fluid. We find that the increased displacement results from a counterintuitive effect:
Polymer retention in the medium and the resultant local changes in flow. Typically retention is
avoided since it reduces the permeability of the medium; instead, we find that large and heteroge-
neous local changes in flow lead to sufficiently large enough viscous forces at the interface of the

immiscible fluids resulting in increased displacement.

I. INTRODUCTION

Fluid-fluid displacement occurs in many environmental and industrial settings ranging
from drying of wood to oil recovery.:# When a less viscous fluid displaces a more viscous
fluid, the interface becomes unstable and viscous fingering occurs. This behavior is widely
studied in simple geometries, such as in a narrow gap between two parallel plates, where it
is known as the Saffman-Taylor instability.2 Viscous fingering also occurs when a low vis-
cosity fluid displaces a high viscosity fluid in porous media; however, here, capillary forces
at the interfaces within the medium are essential and the physics of the instability is less
well understood.8® Nevertheless, understanding the underlying physics in immiscible dis-
placement in porous media is crucially important for many applications. One of the most
important is oil recovery: Viscous fingering, combined with the intrinsic heterogeneities of
porous reservoir rocks, leads to inefficient sweep and poor recovery when oil is displaced by

water flooding,? which is invariably the first means of extended oil recovery. As a result, a
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large fraction of oil, up to 75%, remains trapped in the reservoir. One way to access this
large amount of residual oil is to reduce the viscosity mismatch between oil and water. This
concept has led to the development of polymer flooding, one of the more economically viable
methods of further enhancing oil recovery. A small concentration of polymer is added to
the water to increase its viscosity, which should mitigate the viscous-fingering instability,
leading to an improved sweep of the oil and increasing recovery by as much as 20% of the
original oil in the reservoir. #1914 However, the physics of this effect is not well-understood:
Enhanced recovery is seen even for very viscous oils, when the viscosity mismatch remains
highly unfavorable12:13:13-18 Noreover, most of the additional oil is not recovered upon in-
jection of the relatively small amount of polymer solution but is instead recovered during
the subsequent water flow, known as the chase water. Surprisingly, bulk transport measure-
ments suggest that the average viscous forces exerted by both the polymer solution and the
chase water are much smaller than the capillary force that traps the oil and thus should
not displace it# Hence, our understanding of the underlying physics of this phenomenon
is severely lacking, yet is essential for its further development and improvement, which is
crucial given the limitation of natural resources and the cost and difficulty of finding new

reserves.

Here, we use pore level measurements to determine the underlying physical mechanism
that leads to the additional displacement of viscous oil in a porous medium by a polymer
solution. We use confocal microscopy to measure the pore-scale velocities of the displacing
fluid in a three-dimensional micromodel; we also measure the bulk transport properties
of the fluids in the medium. We show that retention of polymer causes a reduction of
the medium permeability. The resultant recovery cannot be accounted for by the higher
average pressure due to changes in permeability. However, the pore-scale measurements
show this local reduction in permeability leads to highly heterogeneous changes in the local
flow velocities which results in locally large additional viscous forces by the displacing fluid;
these overcome the capillary force and mobilize oil. These results provide direct evidence
for the physical mechanism that leads to the surprising enhanced recovery of viscous oil by

both the polymer flow and the subsequent chase water.



II. EXPERIMENTAL METHODS

We investigate the pore level dynamics of oil displaced by a polymer solution using
a three-dimensional (3D) micromodel which allows direct observation of the fluids using
optical microscopy. We prepare a rigid micromodel by sintering a random loose packing of
monodisperse borosilicate glass beads with radius of R=19 um in a square quartz capillary.2
The cross-sectional area and length of the medium are A=9 mm? and L=4 cm, respectively,
as seen in the schematic in Figllh. The porosity of the medium is ¢p=454+3%. To directly
observe the fluids in the medium by confocal microscopy, we formulate a displacing fluid,
86w% dimethyl sulfoxide and 14w% water, to match the index of refraction of the glass
beads, n=1.465. To investigate immiscible displacement for fluids with a very large viscos-
ity mismatch a mixture of 85w% heavy crude oil and 15w% dodecane is used for the oil
phase. The viscosity of the oil mixture, p,;=2.4 Pa.s, matches that of the crude oil at the
pressure and temperature of the reservoir and is much larger than that of the displacing
fluid, pg=2.8 mPa. We use a long chain linear polymer, partially hydrolyzed polyacry-
lamide, with molecular weight of M, =20 MDa. This commercial grade polymer, known as
Flopaam 3630S, is commonly used in oil recovery. The polymer is dissolved in deionized
water with salt, NaCl at 0.35 g/L. The polymer concentration is 0.25 g/L, larger than the
overlap concentration, ¢*=0.2 g/L. The polymer solution is slightly shear-thinning with a
zero-shear rate viscosity of p, =27 mPas. See Supplemental Material at*? for the measured

viscosities.

The configurations of oil and displacing fluid in the medium are monitored using confocal
microscopy. We acquire 3D stacks of confocal micrographs at 10 pym intervals in the z-
direction. The two fluids are distinguished using two separate fluorescent wavelengths:
asphaltenes naturally present in crude oil auto-fluoresce and we add 0.01vol% fluorescein
sodium salt to the displacing fluid. The solid matrix appears dark in the images. We denote
the oil using purple and the displacing fluid using blue in a typical confocal image plane
20 pm into the sample, shown in Figllb. Since crude oil is not transparent, it obstructs
the light and prevents it from reaching any image planes above; thus, the image 40 pm
into the sample still reveals some oil and water but a large region is obstructed by the oil
below, as shown in gray in Fig[lb. Nevertheless, we are still able to image to a depth of

about 200 pm. To determine the exact amount of displaced oil, the effluent is collected
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FIG. 1. Imaging the 3D micromodel. a)Schematic of the 3D micromodel. b)Two optical slices
in z-direction at depths of 20 and 40 pm. The medium is filled with both the displacing fluid
(blue) and crude oil (purple). Gray represents the typical shadow of crude oil. Any areas without

fluorescent signal, glass beads and shadow of crude oil, are black.

and dissolved in tetrahydrofuran, a good solvent for both phases. We then measure the
light absorption with a UV-Vis spectrometer to determine the concentration of oil in the
efluent. See Supplemental Material at!? for measured absorption of light at different oil

concentrations.

To investigate the nature of the displacement of viscous oils by polymer solution, we
mimic the polymer flooding for oil recovery using our 3D micromodel. This is accomplished
by first flowing the displacing fluid into the fully oil-saturated medium at flow rate of Q=100
pL/hr corresponding to a Darcy velocity, Q/A, of v=3um/s. The resultant capillary number,
the relative strength of the viscous force of the displacing fluid to the capillary force that
traps the oil, Ca=(ugv)/v, is 2x1077. Here, the interfacial tension between oil and the
displacing fluid is v = 20mN/m. The initial water flow is well within the capillary regime
where capillary forces dominate as shown in similar but independent experiments, where
small changes in velocity of the displacing fluid do not affect the recovery.2:22 We continue
with an extended flow of the displacing fluid until no additional oil is produced, allowing us
to distinguish any further recovery from that of the initial water flow. We find that 23% of

the oil in the medium is recovered after the initial water flow.

We next investigate the effect of polymer flooding on the configuration of trapped oil in

the medium. We first prepare the medium by flowing 2 pore volumes of deionized water



into the medium. This additional wash avoids precipitation of the polymer in the displacing
fluid, which is a poor solvent for the polymer. To ensure that no additional viscous force is
exerted on the trapped oil, the wash is at a slightly smaller Ca=8x10~8. We then flow 5 pore
volumes of the polymer solution through the medium at the same Ca as that of the initial
water flow. No additional oil is observed in the efluent during this polymer flow. To mimic
the full behavior of polymer flow in an oil reservoir, an additional flow of the displacing
fluid, known as chase water, follows the polymer flooding. The chase water, here, consists
of a wash of 2 pore volumes of deionized water at the lower Ca. This is followed by 15 pore
volumes of the displacing fluid at the same Ca as that of the initial water flow. Surprisingly,
a significant additional amount of oil, 17%, is recovered during the flow of chase water, even
though none is recovered during the polymer flow. Interestingly, chase water displaces oil
even though it is at the same capillary number as the initial water flow.

To help understand these results, we compare the confocal images after the chase water
with those after the initial water flow and with those after the polymer flow. After the
polymer flow, only a small amount of additional oil is displaced as compared to that after
the initial water flow, as can be seen by comparing the amount of displacing fluid, identified
by the blue regions, in FigsPh and 2b. By contrast, the chase water displaces much more oil
from the medium, as shown by the larger regions of blue in FiglPk. Here, we only account
for the amount of recovered oil in the areas where light is not obstructed by oil in the lower
planes and the fluorescent displacing fluid is identified. The areas blocked by the shadow
of crude oil do not contribute to this measurement. However, the measured amount of
displaced oil from confocal micrographs are consistent with the exact amount of recovered

oil, is determined by measuring the concentration of oil in effluent.

III. RESULTS AND DISCUSSION

The observation of oil displacement only during the chase water, but not during the
polymer flow, suggests that some polymer may be retained in the medium. This would
directly affect the medium permeability. To test this possibility, we monitor the permeability
in a similar, but separately prepared, micromodel filled only with water. We measure the
pressure drop, AP, across the medium at constant flow rate and determine the permeability

using Darcy’s law, k = uw%AP, where y1,, = 9 x 107* Pa.s is the viscosity of water. The
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FIG. 2.  Configuration of crude oil (purple) and displacing fluid (blue) in the medium during
polymer flooding after a) initial water flow, b) polymer flow, ¢) chase water. The images represent
one optical slice which is at the same z-depth as the inlet on the left and as the outlet on the right

side of the image.

permeability is 5x 1072 m?; it decreases significantly, by 30%, upon flow of 5 pore volumes
of the polymer solution, confirming the retention of polymer. The reduction in permeability
of the medium after polymer flow is in agreement with the observation of a decrease in
the permeability of single glass capillary tube with a radius of 50 pum, after flow of similar
polymer solution.23:24

Does the permeability reduction lead to displacement of 0il? Reduction in permeability,
at a constant flow rate, can lead to an increase in the effective capillary number; hence,
additional displacement of oil is possible. To test this, we use a mean field description to
determine the viscous pressure drop in the medium and compare it with the capillary pressure
that traps the residual oil. Using Darcy’s law, the mean field viscous pressure drop, AP,,
across an oil ganglion of length L,; is AP, = (ugv) / (kagrk) Loy, where kg is the relative
permeability for the displacing fluid. The medium permeability, kg k, is 1.2x107 m?, due
to the presence of trapped oil and retention of polymer. The value for the permeability
of the medium is extrapolated from direct measurement of the relative permeability of the
medium in similar experiments, see Supplemental Material at!? for reference. The length of
the largest oil ganglion displaced by the chase water is L,;=3 mm, determined by comparing
the configuration of oil after the initial water flow (FigZh) with that after the chase water

(Figk). The viscous pressure across this oil ganglion after the reduction in permeability due
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to the polymer flow, is AP,=70 Pa. By contrast, the capillary pressure of the oil ganglion,
P., = 2v cos/r, is approximately 1000 Pa, assuming that it is trapped by the average pore
entrance of r=3 um estimated for a random packing of these beads.2"2® The contact angle
between oil and displacing fluid on the surface of glass is #= 60° and does not change after
polymer retention. See Supplemental Material at!? for the measurements. Therefore, even
with the increase due to the permeability reduction, the average viscous pressure is still
much smaller than the capillary pressure that traps oil. Thus, changes in permeability do

not account for the additional recovery consistent with previous results.4

The mean field description of flow in porous media ignores an essential feature of the
behavior: the complex network of pores in the medium results in a highly heterogeneous
spatial distribution of the flow,22 32 which is significantly exacerbated by the residual 0il.2* To
explore the consequence of this heterogeneity, we probe the dynamics of the displacing fluid
at pore-level and around trapped oil using confocal microscopy. For these measurements,
however, a fully transparent system is needed; thus, the crude oil is replaced with a model oil,
Cargille immersion oil with the same index of refraction as the glass. We add a surfactant,
Tween 20, at 0.1% by weight to change the affinity of the oil to the glass to ensure sufficient
residual oil after water low. The interfacial tension between the model oil and the displacing
fluid is 15 mN/m and the viscosity of the model oil is 12 mPa s. We repeat the polymer flow
experiments using these fluids. The initial water flow to displace model oil from the medium
is carried out at v=3um/s, resulting in Ca=7x10~". We directly image the trapped oil in
the medium after the initial water flow using confocal microscopy. The displacing fluid is
replaced by water at smaller Ca=1.5x10"" similar to the wash for crude oil. This is followed
by 5 pore volumes of the polymer solution at the same Ca as the initial water flow, and
then a second water wash at the lower Ca to remove any remaining polymer. We image
the configuration of trapped oil by flowing one pore volume of the displacing fluid at low
Ca=2x10"", ensuring no disruption of oil. This is followed by the chase fluid, which consists
of 12 pore volumes of the displacing fluid at the same higher Ca as used for the initial water
flow. The configuration of a typical oil ganglion is observed with the confocal microscope.
Its shape is unchanged by the polymer flow as seen by comparing the highlighted area in the
image after the water flow with that after the polymer flow in Figs[Bh and Bb. By contrast,
the oil ganglion is completely displaced after the chase water as seen in Fig[Be. While no

additional oil is displaced during the polymer flow, an additional 9% of the original oil is



recovered during the chase water; this is 50% of the oil remaining in the medium after the
initial water flow.

To quantify the effect of the polymer flow on the pore level dynamics of the displacing
fluid, we add additional steps to the experiment to measure the fluid velocities both before
and after the polymer flow. We replace the displacing fluid with one that is seeded with 1 pm
diameter fluorescent tracer particles at 0.005 volume% and use particle tracking velocimetery
to measure the velocity around each oil ganglion.2? The possibility of accumulation of tracer
particles in small pores and clogging is significantly reduced by using a micromodel made
with larger glass beads, R=75 pm.

The average velocity in all the pores increases by almost 50% compared to that before
the polymer flow, consistent with the expectation due to the reduction in permeability. To
determine if the changes in velocity are sufficient to mobilize the oil, we compare the viscous
pressure after the polymer flow with the capillary pressure that traps an oil ganglion that is
displaced by the chase water shown in Figl3l The capillary pressure for this oil ganglion is
P.,=280 Pa, as determined by directly measuring its curvature and length, L,;=800um. See
Supplemental Material at!? for the 3D reconstruction of this oil ganglion. Using the Darcy
approximation and the measured average velocity, we estimate the average viscous pressure
across this oil ganglion after the polymer flow to be AP,=12 Pa. This is much smaller
than the capillary pressure. Therefore, the average increase in velocity of the displacing
fluid is insufficient to account for the displacement of oil. However, the local changes in the
velocities following the polymer flow are very heterogeneous and, in some pores, can be as
much as 8 times larger, as seen, for example, by comparing the sizes of the arrows in the
pore in the upper left corner of FigsBh and Bb. We therefore explicitly measure the viscous
stress on the surface of the oil ganglion using the fully resolved velocities of the displacing
fluid around oil but restricted to the 2D visualization plane. At the interface of the two
fluids the normal component of the viscous stress is balance by the capillary pressure.2® The
total viscous force exerted by the displacing fluid on the oil, is equal to the sum of the local

forces over the entire surface of the ganglion.
ﬁ: %Tij.dAj (1)

Here, 7;; = par((du;)/(dz;)) is the normal component of the viscous stress tensor. We

determine the viscous stress from the measured values of the maximum velocities of the



FIG. 3. Configuration of a ganglion of model oil (purple) trapped in 3D micromodel along with the
measured velocities of displacing fluid in blue. The flow is observed a) immediately after the initial
water flow, b) immediately after the polymer flow. c¢) after chase water where the oil ganglion is

removed.

displacing fluid in direct contact with oil and the dimensions of the pore. The viscous pres-
sure is determined numerically by summing the force over the discrete area of the interface
of the oil ganglion in contact with the displacing fluid. Remarkably, AP,=145 Pa, which
is almost equal to the capillary pressure at the interface of oil and displacing fluid. Thus,
only when the local heterogeneities of the velocity field of the displacing fluid are included
is the viscous pressure sufficiently large to mobilize the oil. Moreover, the local viscous
pressure after the polymer flow is three times larger than that before the polymer flow. The
2D velocity measurement gives a good estimate of the viscous pressure, however, the exact
value can only be determined from a full 3D velocity field around the ganglion, which is not
available in this experiment. Another way to estimate the viscous pressure is to reduce the
complex geometry of the medium around the trapped oil into a tube carrying the displacing
fluid. The length of the tube is equal to the length of the oil ganglion, and its diameter is
equal to that of the pore in contact with the oil with the largest velocity of displacing fluid.
We calculate the viscous pressure assuming Poiseuille flow in this tube. See Supplemental
Material at? for more details. We obtain a value nearly identical to our first estimate;
moreover, this value is nearly an order of magnitude larger than the value determined before
the polymer flow. This further highlights the significant difference between the local flow
velocity and the average value. Similar behavior is measured for other ganglia observed to
be displaced by the chase water. Similar heterogeneity will occur in the system with crude
oil; this will lead to local viscous pressure drops that are sufficient to displace the residual

crude oil, consistent with our observations.
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IV. CONCLUSIONS

These results are in sharp contrast with the commonly accepted mechanism for displace-
ment of oil by polymer flow. The improved displacement is generally believed to be due
to the suppression of viscous fingering instabilities at the interface of the two fluids due to
the increased viscosity of the displacing fluid due to the polymer. However, this is not the
case in our measurements: Although the polymer solution has a higher viscosity than water,
it is still two order of magnitude smaller than the oil. Moreover, no additional recovery is
observed during polymer flow. Another proposed mechanism for recovery by polymer flow
is fluctuations in the viscous pressure due to the non-Newtonian behavior of the polymer
solution, known as elastic turbulence.2” 4! However, no oil is displaced during the polymer
flow but is instead only displaced during the chase water; thus, this mechanism cannot be
responsible for the additional displacement of oil. This is further corroborated by inde-
pendent measurements of the velocities of the polymer solution in the micromodel in the
absence of oil: Velocity fluctuations are first observed only at flow rates at least an order of
magnitude larger than those used here. See Supplemental Material at? for demonstration
of the flow fluctuations at high flow rates. Another general belief is that fluid displacement
is always improved with increased permeability since fluids experience less resistance. Sur-
prisingly, polymer retention reduces the permeability yet still enhances recovery. However,
the permeability reduction itself is not sufficient to displace additional oil, even at constant
volumetric flow rate. Instead, the highly heterogeneous nature of the local changes in fluid
velocity after the polymer flow lead to large fluctuations in velocities which are essential for

polymer-enhanced oil recovery.

Our findings provide a physical understanding of the pore level effects of polymer flow
that leads to enhanced recovery. These results demonstrate that flow of polymer can lead to
mobilization of oil at concentrations much smaller than that needed to increase the viscosity
of the polymer solution to match that of the oil. Moreover, micromodel measurements
provide detailed information on the local dynamics of fluids not readily accessible through
other imaging techniques used for rock samples. Furthermore, local flow dynamics can be
probed in carefully prepared micromodels with a wide range of pore sizes and wettability to

study the behavior of different polymers and different crude oils.
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