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Abstract

Polymer retention from the flow of a polymer solution through porous media results in substantial
decrease of the permeability; however, the underlying physics of this effect is unknown. While the
polymer retention leads to a decrease in pore volume, here we show that this cannot cause the
full reduction in permeability. Instead, to determine the origin of this anomalous decrease in
permeability, we use confocal microscopy to measure the pore-level velocities in an index-matched
model porous medium. We show that they exhibit an exponential distribution and, upon polymer
retention, this distribution is broadened yet retains the same exponential form. Surprisingly, the
velocity distributions are scaled by the inverse square root of the permeabilities. We combine
experiment and simulation to show these changes result from diversion of flow in the random

porous-medium network rather than reduction in pore volume upon polymer retention.

The flow and transport of fluids and material in a porous medium is ubiquitous in many
industrial and environmental applications such as oil recovery, water filtration, soil remedia-
tion, chromatography and CO, sequestration!2 | and understanding this behavior is essential
to improve any of these applications. This becomes especially important, and particularly
difficult, when the pore structure changes dynamically due to the flowing fluids, as occurs for
example in the case of enhanced oil recovery with polymer flooding, biofilm growth in water
filters, and adsorption of nanoparticles and mineral precipitation in rocks.2 18 Because of the
highly disordered pore structure in porous media,>?17 the flow is distributed between pores
in complex ways 1”2t making a full understanding much more difficult to achieve. The aver-
age flow can be understood; it is well described by a mean field approximation, Darcy’s law,
which is a linear relation between pressure drop and average flux through the medium. How-
ever, there is considerable heterogeneity in the flow beyond the mean field approximation,
and this significantly impacts transport through the medium.222 Such local heterogeneity
in transport can be exacerbated when the network structure changes dynamically.4? These
changes in network structure often result from a change in porosity such as in immiscible

27 or in bioclogging where pores are completely filled;”# in both cases the per-

displacement
meability of the medium is clearly reduced. By contrast, in other cases such as the flow

of polymer solutions, there are no clear changes in the structure of the medium or in the
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porosity; nevertheless dramatic changes of the permeability and the average flow are ob-
served.2 228 Even the flow of small amounts of polymer can have significant effects; while
there is retention of polymer in the porous medium, the amount is insufficient to lead to the
significant change in porosity that would be required to change the permeability within the
mean field approximation.? Thus the origin of these large effects of polymer on the flow in
porous medium remains unclear. This lack of understanding limits our ability to optimize
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the dispersion of polymers used in soil treatment?? or in polymer enhanced oil recovery.?

In this paper, we identify the origin of the large impact of flow of a polymer solution on
the permeability of a porous medium. We use confocal microscopy to measure the pore-level
velocities in an index-matched model porous medium made of a glass-bead pack. We show
that the initial distribution of velocities is exponential in form. Polymer retention alters
the local pore connectivity in the disordered structure resulting in large changes in fluid
transport through the porous medium; these changes lead to the decrease in permeability,
which results in an increase in the average flow velocity when the volumetric flow rate remains
constant. Surprisingly, however, the experimentally measured shape of the distribution of
pore-level velocities remains exponential although it is broadened substantially. Remarkably,
the average velocity of the fluid flow scales with the inverse of the square root of the measured
permeability upon polymer retention; moreover, the probability distributions of the velocities
can also be scaled by this factor. Simulations of fluid flow through a network of tubes which
models the experimental porous medium yield similar pore-level velocity distributions and
the same scaling with permeability and confirm that these changes in permeability are a
result of changes in network connectivity as the retained polymer begins to successively

block the narrowest tubes.

We prepare a 3D micromodel porous medium from a random loose packing of borosilicate
glass beads with radii R=75um in a square quartz capillary with a cross-sectional area of
A=3x3 mm? and a length of L=4 cm. The beads are sintered to form a solid with a porosity
of ¢po=48%. We prepare a polymer solution using Flopaam 3630 (SNF), a commercial-grade,
partially hydrolyzed, linear polyacrylamide with a molecular weight of 20M Da, which is used
extensively in oil recovery.? The polymer is dissolved at 5 g/L in deionized water along with
salt, NaCl, at 7 g/L. To modify the viscosity, glycerol is added to yield a polymer solution of
1.6 g/L; the resultant solution is shear thinning with a zero-shear rate viscosity of 50 mPas.

We use a syringe pump to flow the polymer solution into the medium at 50 pL/hr which
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FIG. 1. Measurement of the bulk permeability of the porous medium. (a) Schematic of the
experimental apparatus. Fluid flow is controlled by syringe pumps and resultant pressure across
the medium is monitored by a transducer. (b) Relative changes in permeability k¢/k; after flow of

polymer solution, Vjoiymer. Error bars represent the standard deviation of several measurements.

is sufficiently slow to avoid any shear induced thinning of the polymer solution even where
the flow is highest.2%3! To characterize the properties of the porous medium, we replace
the polymer solution with a strictly Newtonian fluid, formulated to have the same index of
refraction as the glass beads, which allows direct visualization of fluids within the medium
with optical microscopy. The index-matched fluid is a mixture of 85% glycerol, 8% dimethyl
sulfoxide and 7% water by weight, and has a viscosity of =160 mPas.32 A schematic of the

experimental setup is shown in Fig. [Th.

We quantify the impact of flow of polymer solution on bulk transport properties through
the porous medium by measuring its permeability, &k, as we vary the total volume of polymer
that flows through the porous medium. We use the index-matched fluid to measure the
permeability before and after flow of a fixed volume of polymer solution, measured in units
of the pore volume of the porous medium. The permeability is determined by varying the
flow rate, Q, and measuring pressure drop, AP, using a transducer (Omegadyne PX409),
and using Darcy’s law, See Supplemental Materials at23 for data. The initial permeability
of the medium is k;= 4.7x 107" m?; it decreases significantly, as much as 60%, to k;=
1.4x 107" m? with increasing polymer flow as shown in Fig. [Ib. Interestingly, most of the
decrease occurs with the initial polymer flow; the permeability is already reduced by 50%
after 5 pore volumes. The reduction in permeability implies that polymer is retained in the
medium, consistent with results of measurements with the same polymer in single capillary

tubes.3*



FIG. 2. Heat map of magnitude of the fluid velocity in a 2D plane within the 3D porous medium,
for a flow rate of 200 pL/hr (a) before and (b) after 12 pore volumes of polymer flow, showing
increased local velocities. (c) Difference between the longitudinal components of velocity before
and after polymer flow showing heterogeneous changes in local velocity due to polymer retention.

Black circles represent glass beads. Scale bars are 1 mm.

We quantify the pore-level velocities within the medium prior to polymer flow using
confocal microscopy and particle image velocimetry, PIV. The index-matched fluid is seeded
with 1-um-diameter fluorescent latex tracer particles at 0.01% by volume and flowed into the
medium at Q=200 pL/hr. This flow rate is strictly within the laminar regime as reflected by
the low Reynolds number, the ratio of inertial to viscous forces, which is of the order of 107°.
Furthermore, diffusion of the tracer particles is negligible at this flow rate since their Péclet
number, the relative strength of advection to diffusion, is of the order of 10°. Particle-particle
interactions are negligible at this low concentration and there is negligible retention of the
particles in the porous medium. There is no measurable impact on the rheological properties
of the index-matched fluid, See Supplemental Materials at23 for measured viscosity. For high
resolution PIV, we acquire movies of 300 frames at 15 Hz at a fixed position a few glass
bead diameters deep into the medium. Each image spans a lateral area of 911x911 um? and
has a depth of field of 11 ym. We determine the average pore-level velocity in the image
plane using PIV at a resolution of 4x4 pym?, and repeat this to determine the pore-level flow
velocities over the whole sample at this fixed depth.2> We display the spatial distribution
of these velocities in a heat map where the beads are clearly seen by black circles; the
magnitude of the velocity varies by more than a factor of 10 across the sample and there

are noticeable spatial correlations as shown in Fig[Zh.
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FIG. 3. Probability density function, PDF, of the magnitude of fluid flow velocities (a) before
polymer, blue squares, and after flow of 12 pore volumes of polymer (PV), red circles, and after

20 pore volumes, green triangles, and (b) scaling of behavior when normalized by 1/ VEk.

To quantify the variability in the pore-level velocities within the medium, we determine
their probability density function, PDF. The PDF is well described by an exponential dis-
tribution, which reflects the relatively small number of extremely large velocities, as shown
in Fig[Bh. This is similar to earlier measurements in 3D micromodels.”2> We also measure
the average pore-level velocity u;=14.8 pm/s; this is close to the average interstitial velocity,

Uint = Q/(poA), which is calculated to be u;,,=12.9 pm/s.

To quantify the impact of polymer retention on the local fluid velocities, we flow 12
pore volumes of the polymer solution through the porous medium. We then displace the
polymer solution with the index-matched fluid and then add tracer particles to perform
PIV measurements at the same sample depth. Variations in the magnitude of the pore-level
velocities are exacerbated after the polymer flow, with pores having larger velocities being
significantly more abundant as shown by the heat map in Fig. 2b. The average velocity
increases to uy= 25.2 um/s, consistent with the reduction in permeability due to polymer
retention. Interestingly, while some pores experience much larger fluid flow velocities, others
have similar or even reduced flow velocities, which is most clearly seen by the difference in
the longitudinal components of velocities, Auy, the direction of the bulk fluid flow. Many
regions exhibit increased longitudinal velocities Awu;, > 0; surprisingly, however, some pores
have decreased velocities where Auy < 0, as clearly seen in the heat-map shown in Fig[P.
Interestingly, a few pores even have their low direction reversed, as seen in a heat-map of the
angle between the direction of velocities before and after, See Supplemental Materials at33

for the heat-map. These data clearly show that the changes in local flow due to polymer



retention are extremely heterogeneous with wide variations between different pores. We
also observe strong correlations in Auy, that can extend over several pores. However, these
measurements are only in a two-dimensional slice of the micromodel and these correlations
may differ in 3D. To quantify the impact of polymer retention on the distribution of local
velocities, we compare the PDF of the magnitude of the fluid velocities before and after
polymer flow. Surprisingly, the PDF of the magnitude of velocities after polymer flow
remains exponential in form, although the tail of the distribution becomes broader as seen
in Fig. Bh. We also measure the PDF for another sample, made in an identical fashion but
where we increase the total amount of polymer flowed through the sample by using 20 pore
volumes of the polymer solution. The PDF of velocities is again exponential, albeit with

some deviation reflecting the additional uncertainty in the PIV measurement as shown in

Fig. Bh.

Further insights into the origin of the changes of pore-level velocities upon polymer re-
tention can be obtained by considering the dependence of the average velocity on the perme-
ability, which changes upon polymer retention. Since the permeability reflects the resistance
to flow which is dominated by the throat size we use a dimensional argument: To a good
approximation, the permeability of a bead pack is the square of the throat size formed
between the beads, typically 1/10 of the diameter of beads; thus, for example, the per-
meability of the model porous medium before polymer flow is calculated to be 2.2x 10719
m? which is a reasonable approximation for the measured value of 4.7x 107 m?, given
the qualitative nature of this approach. An even better approximation is obtained using the
Kozeny-Carman relation to calculate the permeability for a packing of monodisperse spheres

2 in excellent agreement with the measured value.

of known porosity; we obtain 5 x10~ m
However, the origin of this dimensional dependence arises because the resistance of flow of
a throat depends on its diameter to the 4th power, but the permeability also depends on
the number of throats in the cross-sectional area, which in turn depends inversely on the
square of the bead diameter, leading to the observed scaling of permeability with bead size.
However, upon polymer retention it is only the throat diameter that can be changed, not
the separation, hence, for fixed flow rate, the change in velocity should scale inversely as
the square root of permeability. To be more precise, we model the permeability using N

parallel tubes with length L and diameter d at separation [, and assume Poiseuille flow in

each tube to determine the permeability. In this network the pressure drops, AP, for all the
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parallel tubes are the same, while the total flux is distributed between them. The flux in
each tube is Quune = (7d*AP)/(128uL). Hence, the volumetric flow rate in the medium is
Q = (TAAPd")/(128ul*L), here A = NI? is the total cross sectional area, assuming d < [.
By comparison with Darcy’s law, @) = (kAAP)/(uL) , the permeability of this network of
parallel tubes is k = 7d*/128[?. The average interstitial velocity is the ratio of the volu-
metric flow rate to area, U = 4Q/wd?. Thus, Q ~ U Vk and at constant volumetric flow
rate,
1

U x ﬁ (1)

To test this prediction, we scale the PDF of the velocities by the square roots of the inverse
permeabilities. The scaled PDF's all collapse upon one another, with no fitting parameters,
as shown in Fig. Bb.

This scaling behavior has important consequences. It means that even though the in-
terstitial velocity cannot be directly measured without determining pore-level velocities, it
can, nevertheless, be calculated from the permeability, which can be measured with bulk
methods.

Polymer retention clearly changes the permeability of the porous medium; however, the
effect on the porosity is not clear. Because the permeability is decreased, the porosity must
also be decreased; however, we cannot determine this decrease through the optical mea-
surements. Instead, we can use the measured average interstitial velocity to determine the
modified porosity ¢.,, using U = Q/(¢e,A) , which gives ¢, = 28%. This value seems
unreasonably low; if the porosity were to decrease so much, we would be able to measure
it optically. Moreover, if we assume a random packing of spheres, their radius would have
to increase by 10% to account for the change in porosity; this corresponds to a polymer
coating nearly 8 um thick which is unreasonably large given that the radius of gyration of
the polymer is about 200 nm. Alternatively, we can use the measured change in perme-
ability upon polymer retention and calculate the expected value of porosity for a packing
of monodisperse spherical beads using the Kozeny-Carman equation; we find ¢=38%. This
value is also unreasonably low as it would require a polymer thickness of 4 pm, which is
again unreasonably large. Thus, the effects of polymer flow cannot be the result of only a
reduction in porosity due to polymer retention; instead, it must reflect the consequences of
the highly disordered fluid flow network and its wide distribution of pore and throat sizes.

While our experiments determine the change in pore-level velocity due to polymer reten-
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FIG. 4. (a) Probability density function, PDF, of the magnitude of flow velocities, normalized
by the Uy, for different values of average tube diameter (b) PDF normalized by the inverse square
root of the permeability.(c) The relation between relative average velocity in the network U/Up
and the inverse square root of permeability \/% calculated directly from simulation. (d) Com-

parison between geometric porosity and equivalent porosity, measured from average velocity, as

the diameters of tubes are reduced.

tion, they are unable to directly measure any change in the porosity, and are thus unable to
provide insight into the effects of disorder on the underlying origin of the changes. Instead,
we use numerical simulation. We model the porous medium with 30,000 nodes randomly
located in a plane and each connected by a tube to all its neighbors as delimited through
a Delaunay triangulation. The tubes have a random diameter and we assume Poiseuille
flow in each tube and solve for conservation of mass at each junction.2:3640 Modeling a
bead-pack with a network of tubes with a wide distribution of diameters is known to ro-
bustly capture the flow statistics .22 Even though the beads are monodisperse, their porosity
is 48%, well above that of a random close packing of monodisperse spheres. In this case
the distribution of pores is very broad! 43 as reflected by the exponential distribution of

velocities. Consistent with this, when we numerically examine several distributions of di-



ameters, we find that the PDF of flow velocities always exhibits an exponential form, See
Supplemental Materials at33 for PDF of velocity. We assume that the diameters of all tubes
decrease an equal amount upon polymer retention and study the effects as the average tube
diameter normalized by the initial value, d, is reduced. When any tube diameter is reduced
to zero, we assume it is completely blocked; an increasing number of tubes are blocked with
increasing polymer retention. In all cases the distribution of pore-level velocities remains
exponential in shape, although with a noticeable tail at high velocities, as shown in Fig.
[@h. The heat map of the calculated velocities in the network exhibits behavior similar to
that of the experiment: there is a wide range of velocities and these increase significantly
upon polymer retention, as can be seen by comparing the behavior for d=1 with that for
d=0.67 in Fig. B and Bb. Just as for the experiment, the difference in longitudinal ve-
locity displays many tubes where u; is decreased significantly as seen in the lower panel
of Fig. Bk. However, in the simulation we can identify the blocked tubes which are shown
in black. The permeability for each network is determined from the ratio of the flow rate
and applied pressure using Darcys law. The velocity PDF's scale onto a single master curve
when normalized by the ratio of the square root of the permeabilities, exactly as observed
experimentally, as shown in Fig. [db. This scaling dependence is further highlighted by the
linear relation between the normalized average velocity and the square root of ratio of the
permeabilities shown in Fig. @c. We can determine the effective porosity due to polymer
retention from the calculated average interstitial velocity; however, from the simulations,
we can determine the precise geometric porosity due to the reduction in the tube diameter.
These values deviate from one another with increasing polymer retention as shown by the
difference between the measured ¢,, shown by the data, and the value of ¢.,, shown by the
solid line, in Fig. @d. This deviation is direct evidence confirming that the large change in
interstitial velocity upon polymer retention is due to modification of the complex fluid flow
network rather than the changes in the porosity. This suggests that the most important
effect in polymer retention is in blocking some of the pores, or otherwise modifying the

network flow.

The experimental measurements and numerical simulations presented here quantify the
impact of polymer retention on the pore-level velocity distribution and porous medium
permeability. The unexpectedly large decrease in permeability due to polymer retention is a

direct result of blockage and diversion of flow throughout the network of the porous medium
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FIG. 5. Heat map of magnitude of velocities, (a) before, and (b) after reduction of tube diameters,
d = 0.67. (c) Difference between the longitudinal component of velocities before and after reduction

in tube diameter highlighting heterogeneity in changes in local flow. Blocked pores shown in black.

rather than an overall reduction in pore sizes due to polymer retention. The consequences
of these effects are highlighted by the scaling of the velocity distributions with the inverse
square root of the permeability. This scaling also provides a valuable means of determining
the interstitial velocity even when it cannot be measured directly as is typically the case
in most applications of porous media geometries. These results provide important new
insights into the underlying origin of the modification of flow in porous media due to polymer
retention and can serve as an essential contribution to any attempt to improve the effects

of polymer flow in porous media.
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