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Abstract

Polymer solutions are frequently used in enhanced oil recovery and groundwater reme-
diation to improve the recovery of trapped non-aqueous fluids. However, applications
are limited by an incomplete understanding of the flow in porous media. The tortuous
pore structure imposes both shear and extension, which elongates polymers; moreover,
the flow is often at large Weissenberg numbers Wi at which polymer elasticity in turn
strongly alters the flow. This dynamic elongation can even produce flow instabilities
with strong spatial and temporal fluctuations despite the low Reynolds number Re.
Unfortunately, macroscopic approaches are limited in their ability to characterize the
pore-scale flow. Thus, understanding how polymer conformations, flow dynamics, and
pore geometry together determine these non-trivial flow patterns and impact macro-
scopic transport remains an outstanding challenge. Here, we describe how microfluidic
tools can shed light on the physics underlying the flow of polymer solutions in porous
media at high Wi and low Re. Specifically, microfluidic studies elucidate how steady
and unsteady flow behavior depends on pore geometry and solution properties, and
how polymer-induced effects impact non-aqueous fluid recovery. This work provides
new insights for polymer dynamics, non-Newtonian fluid mechanics, and applications
such as enhanced oil recovery and groundwater remediation.



1 Motivation

Dissolving high molecular weight polymers in water increases the fluid viscosity and, for suffi-
ciently concentrated solutions, imparts new elastic properties. These effects can dramatically
alter flow behavior, with important consequences in biological systems (e.g. pathogen clear-
ance by mucus in the lungs), industrial applications (e.g. spinning and casting materials),
and microfluidic devices (e.g. mixing for lab-on-a-chip applications). They are also fre-
quently harnessed to improve enhanced oil recovery (EOR)! and groundwater remediation.”
In these cases, an injected polymer solution must navigate a disordered porous medium, such
as a reservoir rock or a subsurface aquifer, and displace trapped non-aqueous fluids such as
oil or contaminants from the pore space, enabling them to be recovered downstream. In
addition to approaches such as particle, surfactant, and foam injection,**” polymer injection
is emerging as an attractive approach to EOR and groundwater remediation for three key
reasons: (i) Polymers can yield increased fluid recovery compared to water, (ii) Polymers
are often more affordable than other additives such as polymer nanoparticles and specialized
surfactants, and (iii) Because polymers impart new rheological properties to the fluid, they
can give rise to new flow behaviors that can be combined with other techniques such as
particle or surfactant injection. Being able to predict and control how macroscopic process
variables like fluid pressure and total recovery depend on polymer solution properties and
injection conditions is therefore of key practical and economic importance.

These variables are typically characterized at the macroscopic scale through measure-
ments of pressure drop and fluid flow rate in sand packs, core samples, or entire formations.
These measurements are then interpreted via Darcy’s law: |AP| = 1,,,(Q/A)L/k, where AP
is the pressure drop across a length L of the porous medium, @) is the volumetric flow rate
through a cross-sectional area A, k is the medium permeability, which depends on the pore
space geometry and amount of fluid trapping, and 7, is the ‘apparent viscosity’ of the poly-
mer solution. Such studies provide important empirical measurements of 7,,,, which reflects
the combined influence of different pore-scale flow behaviors. Intriguingly, 7ap, is often found
to increase abruptly above a threshold flow rate® This increase in flow resistance has in turn
been linked to increased recovery of trapped non-aqueous fluid,*# challenging conventional
belief that polymers cannot appreciably improve recovery X2 However, despite its strong
impact on EOR and groundwater remediation processes, the reason for this increased flow
resistance and the concomitant increase in fluid recovery is still a puzzle. Many mechanisms
have been proposed: resistance to polymer elongation %17 permeability reduction via poly-
mer adsorption 1 suppressed breakup of the trapped fluid,2” and the onset of unsteady
flow fluctuations 12124 In practice, multiple such mechanisms may be simultaneously at
play.

Unfortunately, macroscopic transport measurements do not provide access to the un-
derlying flow behavior due to the opacity of typical 3D media. As a result, the conditions
under which these mechanisms may arise are unknown. X-ray scanning and nuclear magnetic
resonance measurements can provide valuable information of 3D structure and macroscopic
flow, but cannot resolve pore-scale flow details with sufficient spatial or temporal resolu-
tion*=Y Flow imaging in mesoscale model systems provides some key insights into the flow
structure,”* = but such devices cannot recapitulate the small length scales that characterize
real-world porous media (Table . As a result, these approaches are often subject to inertial



effects, which typically do not arise during EOR and groundwater remediation and instead
complicate the interpretation of laboratory measurements. As a result, the mechanisms
by which polymer solutions potentially increase flow resistance and enhance fluid recovery
remain poorly understood and hotly debated #0442

In this Review, we describe how microfluidic tools can shed light on this puzzle. First,
we summarize how microfluidics provides a straightforward means to directly visualize flow
behavior in model porous media ( Next, we summarize the essential flow properties of
bulk polymer solutions ( We then review the body of work using microfluidics to study
how polymer dynamics and porous medium geometry together determine steady ( and
unsteady (§4.2H5) flow behavior. We then describe recent efforts applying these insights
to understand the mechanisms underlying enhanced fluid recovery due to polymer solutions
(. Finally, we highlight new opportunities for microfluidics in elucidating polymer solution
flow in porous media, with consequences for EOR, groundwater remediation, and other
emerging applications (@

2 Microfluidic models of porous media

The porous media relevant to EOR and groundwater remediation are typically dense packings
of water-wet soil, rock, and mineral grains. The resulting pore spaces are highly heteroge-
neous and tortuous, with successive contractions and expansions known as pore throats and
pore bodies, respectively; the pore throat diameters L; typically range from ~ 100 nm to 10
pum (Figure|lh) while the pore body diameters Ly, are typically ~ 2 to 5 times larger. During
injection, a polymer solution is forced to flow through this pore space. The interstitial injec-
tion speed U = Q /@A, where ¢ ~ 0.1 to 0.4 is the medium porosity, is limited by the ability
to apply a sufficiently large fluid pressure drop; thus, interstitial flow speeds typically range
between ~ 0.01 and 100 pm/s*%23 We summarize these pore-scale parameters in Table 1.
Under these conditions, inertia is always absent: the fluid Reynolds number Re = pU L/,
which describes the relative importance of inertial to viscous stress for a fluid with density
p and shear viscosity 1, ranges from ~ 107! to 1072 < 1 (Table 2). Thus, Newtonian fluids
exhibit laminar, steady-state flow. By contrast, polymer solutions can exhibit dramatic flow
instabilities in this range of Re due to the influence of the fluid elasticity, as we describe
further in §5]

Microfluidics provides the ability to design pore space geometries at length scales rele-
vant to real-world porous media, with spatial resolutions as small as ~ 50 nm. Furthermore,
photolithography allows for fabrication of a wide range of complex microfluidic designs that
can recapitulate pore space geometries, and can be used to systematically test the influ-
ence of different geometric parameters on flow behavior** Finally, microfluidic devices can
be designed to be optically transparent, enabling pore-scale flow visualization using optical
imaging. Such platforms thus enable systematic characterization of the flow patterns, poly-
mer elongation dynamics, and flow fluctuations during polymer solution flow through model
porous media. 2D microfluidic channels are typically fabricated in PDMS (polydimethyl-
siloxane) using soft photolithography, or in hard polymeric resins using 3D-printing.** These
channels are then sealed against a glass slide to allow imaging of the flow using tracers via
optical microscopy*? Designs of varying complexity can then be used to either simplify or



closely mimic the complex geometry of real-world porous media (Figure [1).
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Figure 1: (a) X-ray CT scan of Bentheimer sandstone, a typical rock encountered in EOR ™7 for comparison
to several PDMS microfluidic model porous media. Copyright 2013, Elsevier; reprinted with permission. (b)
Sudden flow constriction models the expansion-contracting geometry of the pore space®8 Copyright 2007,
Elsevier; reprinted with permission. (¢) A channel-centered cylinder models the impinging flow on a curved
grain; W is the channel width, R is the cylinder radius, = is the cylinder position, and D is the channel
height. Inset shows an photograph of a channel molded from a photolithographic cast®? Copyright 2013,
Springer; reprinted with permission. (d) A 2D array of cylindrical pillars to model a porous medium.>"
Copyright 2017, Royal Society of Chemistry; reprinted with permission. (e) A microfluidic device with a
disordered 2D pore space, for more realistic modeling of a sandstone network 5! Copyright 2013, Elsevier;
reprinted with permission.

Table 1: Table of key descriptors of polymer solution flow in real-world porous media.

Parameter Order-of-magnitude range
Pore throat diameter Ly 0.1 to 10 pm

Pore body diameter Ly, 0.2 to 50 pm

Fluid viscosity n 1 to 100 cP

Interstitial flow speed U 1072 to 10* um/s

Shear rate y ~ U/ L 1073 to 10% 57!

Pore residence time T, ~ Ly /U 2 x 1073 to 5 x 103 s
Polymer relaxation time A 1072 to 10% s

The simplest representation of a pore is a sudden rectangular constriction, which cap-
tures the expansion and contraction of the tortuous pore space (Figure [Ib). Alternatively,
the flow can be treated as impinging directly onto a curved grain, which can be represented
as a channel-centered cylinder (Figure ) Both the rectangular constriction and channel-
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Table 2: Table of key dimensionless parameters characterizing polymer solution flow in porous media. p is
the fluid density, U is the interstitial flow speed, L; is the pore throat diameter, 7 is the fluid shear viscosity,
N is the first normal stress difference, o is the shear stress, A is the polymer relaxation time, 4 is the shear
rate, Tyes 1S the polymer residence time in a pore, ¢ is the medium porosity, and -y is the aqueous-nonaqueous
fluid interfacial tension.

Parameter Definition Interpretation Range

Reynolds Re = pULy/n inertial stress / viscous stress 107 to 1073
Weissenberg Wi = N;/20 &~ A\ elastic stress / viscous stress 107° to 10°
Deborah De = A/ Tyes polymer relaxation time / residence time 2 x107% to 5 x 104
Capillary Ca=nUo/~ pore-scale viscous stress / capillary pressure 107! to 1073

centered cylinder can be repeated in a linear series to model flow through multiple successive
pores. More complex designs probe the spatial effects in a porous network by placing obsta-
cles (square, circular, or triangular) on a 2D lattice (Figure[Ild). At an even higher level of
complexity, 2D sections of real porous media can be used to fabricate disordered porous net-
works (Figure[le). While all of these designs are two-dimensional, and hence underrepresent
the connectivity and complexity of the full three-dimensional pore space of real-world media,
they provide valuable insights into polymer solution flow—specifically, how it is influenced
by flow conditions and the geometry of the pore space.

3 Steady Flow Properties of Bulk Polymer Solutions

3.1 Shear and Extensional Viscosity

EOR and groundwater remediation efforts increasingly utilize high molecular weight (typi-
cally ~ MDa) water-soluble polymers, such as xanthan gum and polyacrylamide derivatives.
In practice, these polymers are typically added to water at concentrations C' ~ 10 to 1000
ppm. These concentrations range from the dilute regime—in which the different polymer
chains are well-separated and do not overlap—to the semi-dilute regime in which neighboring
chains begin to interact; the transition between these two regimes is given by the “overlap
concentration” C*.

One standard method of characterizing the solution flow behavior is using a shear rheome-
ter, which quantifies the dependence between the shear stress ¢ and the shear rate +:
o = 15(})7, where the non-Newtonian shear viscosity 7 is shear rate-dependent. In partic-
ular, these solutions are typically shear thinning. The addition of polymers monotonically
increases the zero-shear viscosity of the solution; as shear rate increases, the viscosity de-
creases, ultimately approaching the background solvent viscosity. This shear rate-dependence
is often modeled as a power law for ease, or with the Carreau-Yasuda model, which provides
an analytical fit that is often used in numerics and simulations>*°¥ However, when the
polymer solution is highly dilute, or the background solvent is highly viscous, shear-thinning
is typically ignored. The solution—termed a Boger fluid—then has a nearly constant shear
viscosity over a broad range of shear rates. Interestingly, some simulations suggest that shear-



thinning effects are often unimportant in polymer solution flow through a porous medium,
and flow behaviors are primarily determined by the coupling between pore space geometry
and the elastic properties of the fluid ®@ Others, however, contend that shear-thinning effects

dominate the flow behavior 58

Extensional flows also arise as the fluid tra-
verses successive expansions and contractions
in the pore space. This form of flow produces
an additional deviation from the Newtonian
viscosity in the form of an extensional viscos-
ity, which is absent in Newtonian fluids under
typical conditions: 7, = 0./&, where o, is the
extensional stress and ¢ is the extension rate.
For rigid polymers, this extensional viscosity
depends on concentration and polymer aspect
ratio, the longest dimension of the rod-shaped
polymer divided by its dimension across5? For
polyelectrolytes, the extensional viscosity can
also depend sensitively on salt concentration,
the valency of the salt ions, and the particu-
lar cations and anions that associate with the
chain 5860 Measuring these effects can be chal-
lenging, however: most rheometers inherently
have shear, making it difficult to differenti-
ate the role of non-Newtonian shear and ex-
tensional viscosity. Extensional viscosity can
be estimated using opposing jet flow, but it is
again difficult to remove the effects of shear.
Furthermore, these experiments inherently suf-
fer from inertial effects due to their macroscopic
scale 8562 Tn some cases, the extensional viscos-
ity can be estimated by tracking the pinch-off
dynamics of thin fluid filaments, using a model
that describes the balance between capillary
and viscous effects /6364

By enabling the design of channels that
generate flows with pure extension, microflu-
idics provides a valuable platform for accurate
measurements of extensional viscosity®® For
example, stagnation point flows can provide
pure planar extension with no shear or iner-
tial effects, allowing direct measurement of the
extensional viscosity®® Channels with hyper-
bolic constrictions can also be designed to min-
imize shear effects?? pressure drop measure-
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Figure 2: (a) Microfluidic channel with hyper-
bolic constriction for extensional rheometry. The
expansion and contraction widths are w, = 2920
pm and w, = 400 pum. (b) Streakline images of
flow for 3000 ppm of 2 MDa PEO (a flexible poly-
mer) using seed tracer particles; at the highest flow
rate large eddies form in the corners leading into
the constriction. (c) Extensional rheology for sev-
eral different solutions measured with hyperbolic
microchannel. CPyCl is a worm-like micelle solu-
tion composed of 100 mM cetylpyridinium chloride
and 60 mM sodium salicylate; PEO is a flexible
polymer; Herbal is a commercially available sur-
factant solution of SDS-SLES; DayQuil is a com-
mercially available solution of CMC, a rigid poly-
mer; Chili is a commercially available solution of
xanthan, a semi-rigid polymer®2 Copyright 2013,
Springer; reprinted with permission.

ments across the constriction, corrected for shear contributions, then provide a direct mea-



sure of the extensional viscosity (Figure . Other microfluidic designs use the breakup of
aqueous droplets in an oil sheath fluid; the extensional viscosity of the polymer solution can
then be obtained from the filament thinning dynamics®“®? Intriguingly, such microfluidic
experiments have revealed that for sufficient extension rates, the extensional viscosity can
abruptly increase—similar to transport measurements on bulk porous media™—suggesting
a potential contribution to the increased macroscopic flow resistance.

3.2 Quantifying flow-induced deformations

For both shear-thinning and Boger polymer solutions, elastic effects arise from the deforma-
tions of the individual polymer chains. For example, shear and extensional flows can force
the chains to elongate; this elongation then relaxes over a time scale A. In certain cases this
relaxation can be slow, leading to “memory” of past deformation in the form of retained
strain. These fluids are therefore viscoelastic, and exhibit many unusual phenomena that
have been studied extensively: rod climbing, die swell, elastic recoil, tubeless siphoning, pres-
sure hole errors, enhanced vortices at contractions, negative wakes, reduction of turbulent
drag, and modified jet breakup.™

This strain retention can be described using constitutive laws that track the accumula-
tion, dissipation, and advection of polymer strain under flow; prominent examples include
the Upper Convected Maxwell, Oldroyd-B, and FENE-P models.™ The Upper Convected
Maxwell model gives the fluid stress as a linear combination of a Hookean elastic solid and
a Newtonian viscous fluid, with the added consideration that polymer strain is advected
by the fluid flow. The Oldroyd-B model gives a more sophisticated treatment of polymers
as infinitely extensible linear springs, which couple to the bulk fluid through a relaxation
time and a retardation time. The FENE-P model (Finite-Extensibility non-linear Elastic
model developed by Peterlin) resolves the non-physical feature of infinite chain extensibility
by incorporating a non-linear diverging force needed to extend a polymer to its full contour
length 72

Though tracking polymer strain can be computationally challenging, these physical ef-
fects can also be captured by two dimensionless parameters that quantify the characteristic
amount of chain stretching in a given flow. The Weissenberg number indicates the relative
magnitude of elastic stresses, quantified by the first normal stress difference Ny, to viscous
stresses, quantified by the shear stress o:

_ M)
- 20(9)

The factor of 1/2 arises from the Oldroyd-B constitutive model; some researchers omit this
factor for simplicity, to obtain an order-of-magnitude estimate. The normal stress difference
Nj arises from the stretching of polymer molecules under curved streamlines, which generates
a radially inward tension; both /Ny and ¢ thus depend on the shear rate 4 and can be measured
using bulk rheology. A large value of Wi indicates that elastic effects are important, and is
generally associated with large amounts of chain extension.

The approximate form on the right hand side of the above equation is Weissenberg’s
initially proposed definition,™ but is only used when the fluid rheology is unknown. In this

Wi ~AY.



case, A is an appropriately chosen relaxation time of the polymer, commonly chosen to be
the longest Rouse time, which describes the diffusion of the individual polymer segments but
neglects hydrodynamic interactions between them.™ However, other experimental measures
can be used as well, such as the Zimm relaxation time that also incorporates hydrodynamic
interactions between segments™ This timescale is compared with the shear deformation
time scale 4~!; however, this value can be replaced by the extensional time scale €1 in the
case of extensional flow, giving the extensional Wi, = Ae.

Polymers used in EOR and groundwater remediation have A ranging from ~ 1072 to 10?
s moreover, estimating the characteristic deformation rate as the pore flow speed divided
by the pore dimension yields a shear rate ranging from ~ 1073 to 103 s7!. Thus, flow in
a porous medium can be characterized by a broad range of Wi between ~ 107> and 10°
(Table , indicating that in many cases shear and extensional forces due to flow through
the tortuous pore space can extend polymer chains. Elastic effects can therefore play a
considerable role.

Another common dimensionless parameter is the Deborah number. Though often used
interchangeably with Wi, De compares the polymer relaxation time to a flow residence time

scale Tyes, and not the deformation time scale /%7
A

De =
Tres

Thus, a large value of De indicates that the polymer chains are being strained over timescales
much shorter than their relaxation time—hence, the flow drives them away from their equilib-
rium state. Indeed, exploring the rheology of polymer solutions in the regime of intermediate
and large Deborah numbers is an active area of research ™™ In laboratory extension exper-
iments ( this flow residence time represents the duration over which a stress is applied.
In a tortuous pore space, this residence time is given by the transit time between successive
pore throat constrictions 7 ~ Ly,/U; as a result, De can range between ~ 107 and 10°
(Table 2).

4 Steady Flow of Polymer Solutions in Porous Media

4.1 Extensional Effects in Bulk Porous Media

Most polymer solutions applied in EOR and groundwater remediation are shear-thinning
or Boger fluids; thus, extensional effects resulting from flow through the expanding and
contracting pore space are thought to be the primary cause of the increased macroscopic
flow resistance observed in bulk porous media.®¥ This increased macroscopic flow resistance
can arise from extensional flow in several different ways.

First, for the case of semi-rigid and rigid polymers—such as xanthan, carboxymethylcel-
lulose (CMC), and polyimide—flow imaging in mesoscale setups has revealed the the gener-
ation of large corner eddies upstream and downstream of sudden constrictions2%37 Eddies
are caused by the preferential alignment of polymers entering the constriction to minimize
the extensional stress associated with chain misalignment 225%57 Given these results, the
formation of eddies—which pose an additional source of dissipation and thus contribute to



the macroscopic pressure drop**—may be expected in the many expansions and contractions
of a real 3D porous medium. However, this hypothesis remains to be explored.

DIMENSIONLE SS POLYMER SIZE,
Dets

Figure 3: (a) The extensional flow in porous media elongates flexible polymers®¥ Copyright 1989, American
Chemical Society; reprinted with permission. (b) This effect can be measured in chromatagraphic columns
because of the reduced effective size Deg which reduces the column transit time; higher Wi, (termed De
here) elongate polymers more, decreasing the effective size 8! Copyright 1989, American Chemical Society;
reprinted with permission. (c¢) Elongated chains can adsorb onto pore walls because of the increased number
of contact points; hanging tails and loops can further entangle polymers at the wall®2 Copyright 1976,
EDP Sciences; reprinted with permission. (d) In low-permeability pores, extended polymers can bridge pore
throats during adsorption, leading to clogging and flow redirection.®¥ Copyright 2001, Elsevier; reprinted
with permission.

Second, for the case of flexible polymers—such as polyacrylamide derivatives, poly(ethylene
oxide), and DNA—extensional flows can stretch the individual chains in addition to orient-
ing them (Figure [3p)2%% This change in polymer conformation can be indirectly deduced
for flow through a porous medium using transit time measurements: the transit time of a
polymer decreases as it elongates. Thus, measurements of polymer transit time for different
imposed flow rates, corresponding to different characteristic extensional rates ¢, provide a
measure of polymer elongation.®! These measurements elegantly reveal that flexible poly-
mers experience a coil-stretch transition, abruptly elongating above a threshold Wi, ~ 0.5
(Figure ), in agreement with kinetic dumbbell extension theory and microfluidic studies of
the coil-stretch transition® as detailed further in . Polymers take a finite time to reach
these equilibrium extensions, which can lead to transient effects as discussed further in
for fast flows of high-molecular weight polymers in tortuous porous media.

This flow-induced elongation can have important consequences for pore-scale and macro-
scopic transport. For example, as chains elongate, they can adsorb irreversibly onto pore
walls, which in some cases leads to transient flow redirection or clogging. Coiled polymers
typically have small binding energies, but the higher contact area of an elongated poly-
mer produces strong, irreversible binding (Figure [3¢) 82887 Adsorbed polymer layers can
constrict pores and generate additional flow resistance (Figure ), potentially generating
higher viscous pressure drops or redirecting the flow to bypassed regions, thereby promot-
ing displacement and recovery of a trapped non-aqueous fluid F#19E38889 However, in high
permeability reservoirs—where polymers have been successfully implemented—the typical
thickness of adsorbed layers measured in experiments is too thin to dramatically alter flow
resistance and fluid recovery®” This observation suggests that adsorption may play a key
role, but cannot fully explain increased flow resistance or enhanced fluid recovery observed
in bulk porous media.

Another consequence of flow-induced elongation is an increase in the extensional viscosity,
and hence flow resistance, due to the polymer chains resisting elongation!%17 The onset of



elongation in packed columns® coincides roughly with the critical shear rate for the excess

resistance observed in model porous constrictions ®P2 Theoretical work™ was able to match
this abrupt increase in extensional viscosity”* to the rapid coil-stretch transition,”® indicating
that polymer elongation is directly responsibly for this increased resistance. Fully capturing
the physics of this process requires an understanding of the molecular details of polymer
elongation; thus, microfluidic tools have been used to investigate the elongation dynamics
of single chains. Indeed, simulations in porous media geometries exhibit similar increases
in flow resistance, but only when using a polymer constitutive law that explicitly tracks
extensional strain such as Oldroyd-B or FENE-P, highlighting the importance of polymer
elongation P27 However, simulations applying these constitutive laws to complex porous
geometries cannot fully reproduce the experimentally observed increase in flow resistance,”®
suggesting that other dissipative processes arise in these flows, as we describe further in §5|

4.2 Elongation Dynamics in Microfluidic Devices

Microfluidic experiments provide a straightforward way to probe the elongation dynamics
of polymers in extensional flows. These studies typically employ fluorescently-labeled DNA
whose molecular weight can be tuned by harvesting it from different bacteriophage sources
or by using restriction endonucleases. This capability allows for direct visualization of single
polymer conformations 2991192 For example, single molecules of DNA can be trapped at the
stagnation point in a microfluidic cross-slot channel, enabling the dynamics of elongation to
be monitored as the extensional flow is varied 12314 Additionally, the DNA can be embedded
within a background polymer solution, acting as a probe of the polymer conformations in
the more concentrated solution 192100

In general, a polymer chain’s equilibrium elongation increases monotonically with Wi,
transitioning gradually from a more coiled state at Wi, = 0 to a more stretched state at higher
Wi, 2 0.5. The chain length eventually plateaus as it approaches the contour length, which is
the maximum elongation possible.™ For longer chains, however, the transition from a coiled
to a stretched state is sharp, yielding a nearly-discontinuous first-order transition 103 In
this case, the chain remains nearly coiled at low Wi,, showing only a slight increase in its
equilibrium elongation as Wi, is increased. Above a threshold Wi, ~ 0.5, however, the
equilibrium elongation increases sharply with Wi,. Further increases in Wi, generate only
a gradual increase in elongation as the chain approaches its contour length. This behavior
allows a simple approximation of the conformation of large polymers: below Wi, < 0.5 chains
are fully coiled, and above Wi, > 0.5 chains are fully stretched, known as the coil-stretch
transition.

However, for large polymers in highly viscous solvents, the equilibrium length is not
uniquely determined by Wi,—it also depends on the initial chain conformation, due to the
difference in the hydrodynamic drag force exerted by the fluid on a coiled polymer compared
to a stretched polymer® Specifically, at intermediate Wi, ~ 0.5, the drag force on a
coiled polymer is insufficient to extend it, but is large enough to maintain the extension of
an initially stretched polymer. This difference in hydrodynamic drag creates a hysteretic
dependence of polymer extension on strain history: with increasing Wi,, polymer stretching
occurs at Wiggpreten =~ 0.6, while with decreasing Wi, coiling occurs at a lower Wig coi1 =
0.4 (Figure . This hysteresis is a signature of a discontinuous first-order transition as
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Figure 4: (a) Sketch of hypothesized coil-stretch hysteresis for higher molecular weight polymers (M; >
M; > M3), drawing an analogy to the liquid-vapor binodal in the style of de Gennes 82107 (b) Equilibrium
conformations of DNA from direct observation in a microfluidic cross-slot trap show a hysteresis window
about Wi, ~ 0.4 4+ 0.1 (termed De here), consistent with the hypothesized hysteresis window in (a)8%
Copyright 2003, AAAS; reprinted with permission.

theoretically predicted 17 and thus both coiled and stretched polymers can coexist for Wi, ~
0.5 4+ 0.1. This bistability in conformations and coil-stretch hysteresis manifests in a broad
range of conditions, including in the unstable flows described in .

In flows with intermediate to high Deb-
orah numbers De 2 1, the polymer chains
do not have adequate time to reach these
equilibrium conformations—instead, tran-
sient elongation and relaxation dynam-
ics dominate ™35 Microfluidic measure-
ments of transient single-polymer relax-
ation have provided scaling relationships for
polymer relaxation and retardation times, 5 o A ad
which change in the dilute and semi-dilute EEEREERERN TITNS SRR
reglmes.@m Moreover, in ‘startu‘p. ﬂ(?WS, Figure 5: Kinetically trapped conformations of DNA
polymers can overshoot their equilibrium in an extensional trap after rapid startup flow show
conformations before relaxingmeven be- several different transient conformations based on ini-
coming kinetically trapped in kinked or tial conditions: dumbbell, kinked, half-dumbbell, and

knotted conformations. These kinks and folded (top to bottom) 2 Copyright 1997, AAAS;
reprinted with permission.

knots can strongly increase the rate of poly-
mer elongation, and hence the ‘retardation time’ needed by the chain to reach equilibrium 22
Direct visualization of dilute DNA reveals four dominant conformations during transient
elongation: dumbbell, kinked, half-dumbbell, and folded (Figure . For more concen-
trated semi-dilute solutions, interactions with other chains also influence the kinetics of
stretching17? for example, kinks and folds are typically suppressed, and chains can instead
have coiled ends, which again increase the polymer retardation time. Thus, for startup or
highly time-dependent flows, kinetic trapping of polymers can lead to many more unique
conformations, which may influence bulk flow properties.
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Direct visualization using microfluidics confirms that polymer chains are abruptly elon-
gated as they transit through a microfluidic pore space. Individual polymers flowing around
channel-centered cylindrical obstacles are highly stretched (Figure @a—c), producing excess
flow resistance consistent with the abrupt increase of 7., in bulk porous media.**® These
elongated chains in turn align at a sudden contraction to form large vortices (Figure [6{1). T
The mechanism for eddy formation is similar to the case of rigid polymers (§4.1): eddy
formation minimizes the extensional stress penalty of misaligned chains.

Jerky Shear )
i BandingRegion .

Vortex Growth

| Region
Stable Flow ™™ =~e______
Region T
0.005 0.01 0.015 0.02
Re

Figure 6: (a-c) Fluorescent micrographs of labeled DNA molecules flowing around a cylinder in a mi-
crofluidic channel (flow is bottom to top) at (a) a low flow rate below the coil-stretch transition, or at (b)
a high flow rate above the coil-stretch transition. The chain elongation is strongest closest to the cylinder.
c) A sequence of images showing the DNA molecule approaching the cylinder and elongating when it is
sufficiently close*’® Copyright 2008, American Physical Society; reprinted with permission. (d) Streakline
images of fluorescent tracer particles shows the generation of large vortices at the entrance of a sudden con-
traction. Visualization of fluorescently labeled DNA confirms that DNA elongation drives the eddy growth.
For highly entangled solutions, the eddies show transient fluctuations 1! Copyright 2010, Elsevier; reprinted
with permission.

Notably, these polymer chain conformations are highly time-dependent, leading to tran-
sient flow effects 93 For example, in the simple case of a sudden constriction, the dy-
namic stretching and coiling of highly entangled polymers can produce time-dependent shear-
banding and eddies with fluctuating surfaces (Figures 2] and [ld) 2229 Tn micromodels with a
channel-centered cylinder, transient polymer extension can lead to a time-dependent macro-
scopic flow resistance 1Y% Hence, the extensional viscosity 7. only quantifies the elongation
contribution to fluid stress when averaged over sufficiently large spatial and temporal scales.
Recent work has also demonstrated the strong role of polymer elongation on the breakup
dynamics of aqueous droplets, indicating that such transient extension likely plays an im-
portant role in flows involving fluid interfaces, as in EOR and groundwater remediation S76?
While these transient effects have typically neglected in models of polymer solution flow
through porous media, ongoing work leveraging microfluidics is beginning to shed light on
the central influence of unsteady flows in determining macroscopic transport properties. We
thus turn our attention to these time-dependent behaviors in the next Section.
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5 Unstable Flow of Polymer Solutions

5.1 Unstable Flow of Bulk Solutions

In a heterogeneous porous medium, Wi is determined by the deformation of the polymers near
the curved solid surfaces, and so depends on the local fluid deformation rate. Alternatively,
De depends on the time needed for the polymers to traverse each individual pore. Thus,
when both Wi and De are 2 1, chain elongation cannot keep up with the changing flow field
as a polymer transits through the pore space, leading to the development of an unsteady
flow state with continual fluctuations in polymer conformation—further described in §5.2|

A similar instability can arise in bulk solution if the polymer chains are forced to flow
along highly-curved fluid streamlines; fluctuations in the polymer conformations build up
elastic stresses in the solution, leading to sustained spatial and temporal flow fluctuations
reminiscent of ‘conventional’ turbulence, which arises at Re > 1. In the inertial case, turbu-
lence arises because the non-linear inertial term in the Navier-Stokes equations destabilizes
the steady-state laminar solution. Similarly, in the inertia-free case of polymer solutions
at Re < 1, a flow instability analogous to turbulence arises because non-linearities in the
constitutive relation between stress and deformation (§3.2) destabilize the steady-state lam-
inar solution. Such instabilities were theorized as early as the 1970s2%M% and have been
catalogued in diverse geometries, including concentric cylinders, rotating disks, and curved
channels since the late 1980s /221201146 T a]] cases, an instability is observed for strong enough
flow in geometries with a large amount of streamline curvature.
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Figure 7: a Power spectra of velocity fluctuations for applied shear rates (¥ = 1.25, 1.85, 2.7, 4, and 5.9
s~! for lines 1-5 respectively) in a cone-plate rheometer23 Copyright 2000, Springer Nature; reprinted with
permission. b Schematic of microfluidic porous media, and kymographs of streamwise velocity fluctuations
(u') nearby (c) and far downstream (d) of circular pillar array™7 Copyright 2017, American Physical
Society; reprinted with permission.

Groisman and Steinberg gave strong quantitative evidence that this flow instability, even
though it arises for Re < 1, shares many features with high-Re inertial turbulence—hence,
this unsteady flow behavior is often termed ‘elastic turbulence’ 23 In particular, they showed
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that the power spectrum of the velocity fluctuations of a polymer solution, sheared at a
sufficiently large rate in a cone-plate rheometer, decays as a power law in spatial and temporal
frequency (Figure [7/a). Thus, the fluid motion is excited over a broad range of spatial and
temporal scales, similar to high-Re turbulence; intriguingly, however, this power law decay
(with a -3.5 exponent) has a different value than the -5/3 Kolmogorov exponent characteristic
of high-Re turbulence. Simulations are able to recover a similar spectral scaling, supporting
the idea that it reflects an elastic instability analogous to turbulenceX*%14% they also reveal
that flow fluctuations are stronger near boundaries ¥ potentially due to a depletion layer
effect 120

Single-molecule imaging of fluorescently-labeled DNA demonstrates that a sharp coil-
stretch transition occurs in these unstable flows™# In this case, the mean elongation for
polymers in the ‘stretched’ state is found to be approximately 0.85 the contour length 12152
Thus, the development of an unstable flow state characterized by sustained flow fluctuations
is thought to be linked to the continual elongation of polymer chains. Flow birefringence and
single-molecule imaging confirm this expectation. In particular, they demonstrate that flow
fluctuations are indeed linked to the continual elongation of polymer chains, which arises for
sufficiently large Wi 23153158 Thig picture is further supported by the finding that polymers
with more backbone rigidity have suppressed fluctuations, demonstrating that polymer chain
stretching is indeed required for this instability. 57

Studies of this instability in microfluidic channels shed additional light on its spatial de-
pendence. For example, measurements in a linear channel with straight walls demonstrate
that the unstable flow state arises when the fluid is sufficiently perturbed through collisions
with an array of pillars. Once sufficiently perturbed, the flow remains unsteady far down-
stream of the perturbation; this observation suggests the generation of a new dynamical flow
state in which fluctuations are sustained indefinitely**® However, the statistics of the flow
fluctuations are markedly different near the pillars and far downstream.'*? As the flow pro-
gresses downstream, regions of positive or negative streamwise velocity fluctuations coalesce,
leading to large rolling advection cell structures (Figure [7|b—d). Moreover, the velocity power
spectra show different power-law decays, with a -1.7 exponent near the pillar array and a -2.7
exponent far downstream. These different spectra are concomitant with spatial differences
in the measured variation of the shearing and elongational components of the velocity gra-
dient, which mediate polymer stretching. In particular, as the flow progresses downstream,
the variation in the elongational component of the velocity gradient dominates, suggesting
that the polymer molecules are increasingly stretched by flow gradient in the streamwise
direction. These results provide evidence that the unstable state of ‘elastic turbulence’ can
develop spatially in parallel channels, suggesting a strong dependence on system geometry.

In most geometries, the base laminar flow field is characterized by a complex interplay
between shear and extension; thus, even predicting the onset of unstable flow can be chal-
lenging. Intuitively, one expects that it arises when elastic stresses—characterized by a large
value of Wi = N (%) /20 (7)—persist over a chain relaxation length scale AU exceeding the
effective streamline radius of curvature &%. This effective curvature can be thought of as the
length scale over which the fluid perturbation persists; thus, the ratio \U/Z is equivalent
to the Deborah number De. Thus, one expects that unstable flow arises when the product
Wi - De is sufficiently large,®” as found in early experimental work 222 A linear stability
analysis of the Upper Convected Maxwell model quantifies this expectation, showing that
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the largest destabilizing term in the Navier-Stokes equations is of order

v= ()

where in practice, the effective radius % corresponds to the smallest streamline radius of
curvature that elongates polymer chains. This quantity can thus be an order of magnitude
smaller than the other characteristic length scales in a given flow geometry, XY but neverthe-
less can be empirically calculated from the structural parameters of the system.!?” Unstable
flow is thus predicted to arise above a threshold value of this universal parameter, typically
called the M parameter, as defined using the expression above by Pakdel and Mckinley in
1996.12Y This expectation was confirmed experimentally for diverse flow geometries;12>16L162
in practice, the threshold M ranges between ~ 6 and 12 in different geometries, and deter-
mining exactly why this threshold value varies between experiments is still a topic of current
research. Importantly, polymer solutions applied in EOR and groundwater remediation can
have M ranging from ~ 1076 to 10%, indicating that unstable flow can arise in many of these
cases.

5.2 Unstable Flow in Microfluidic Porous Media

Does unstable flow persist in a porous medium? And if so, how does the interplay between
unstable flow and pore space geometry impact the flow field and macroscopic flow resis-
tance? Microfluidic investigations over the past two decades have played—and continue to
play—a critical role in addressing these questions. Both experiments and complementary
simulations have focused on pore space geometries that vary in complexity, ranging from a
single contraction, to a single flow obstacle, to a linear channel of obstacles, to a 2D lattice
of obstacles, all of which enrich our understanding of unstable flow in porous media. Indeed,
unstable flow is expected to arise when high-molecular weight polymers are injected at large
speeds; under these conditions, the polymers cannot equilibrate to the continually-changing
stresses as they are advected through the tortuous pore space.

The simplest model of a pore is a single abrupt constriction. As it enters the constriction,
a flowing polymer solution forms large upstream eddies above a threshold value of M. While
reminiscent of the steady eddies formed by rigid and elongated polymers ( and ,
these eddies fluctuate strongly in time®® The eddy size and asymmetry increases non-
linearly with Wi and with increasing contraction ratio 5, as summarized in the state diagram
shown in Figure S 531636 [ one study,*? the eddy length L, was measured to grow as
Le/W ~ Wi%*® where W is the channel width upstream of the constriction, but a universal
scaling has not been established. However, similar flow structures can be replicated in
simulations, ™™ suggesting that eddy formation is more general. Interestingly, the presence
of inertia suppresses temporal fluctuations of these eddies, and promotes symmetry in their
structure (Figure [Sp) #8162

Flow through a pore is often represented instead by flow impinging on a channel-centered
cylinder. Single-molecule imaging of fluorescently-labeled DNA provides evidence that poly-
mers are stretched and have hysteretic conformations as they flow around the cylindert® in
a manner similar to coil-stretch hysteresis ( Thus, similar to the case of flow through
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Figure 8: State diagrams indicating the structure of unstable eddies upstream of a sudden constriction at
different elasticity numbers, El = Wi/Re, and at different constriction ratios a, defined as the ratio between
the constriction width and the expansion width. a Role of constriction ratio § and Wil63 Copyright 2011,
Elsevier; reprinted with permission. b Role of Re and WiT64 Copyright 2005, Elsevier; reprinted with
permission.

a constriction, upstream eddies form during polymer solution flow around a cylinder in a
narrow channel, growing in size and becoming unstable as Wi increases ™ Holographic
imaging enables full characterization of the complex 3D structure of these eddies (Figure
@. Intriguingly, the vertical location of the eddy can exhibit discrete switching between the
top and bottom walls of the channel I suggesting a possible connection to bistable polymer
conformations (described in the context of the coil-stretch transition in §4.2). Exploring this
connection will be a valuable direction for future work. Eddy formation is not general to
all such flows: for example, eddies are not observed for polymer solution flows impinging on
a cylinder in a wide channel. Instead, an extended wake forms downstream in which the
extended chains gradually relax to their equilibrium conformations H2146173)

Real-world porous media are typically composed of many interconnected pore expan-
sions and contractions. To more closely mimic this geometry, experiments have investigated
polymer solutions flowing through channels with multiple constrictions, channel-centered
pillars, and undulating walls arranged in 1D or in 2D arrays. Results obtained for ordered
1D arrays of pores in channels of narrow widths consistently demonstrate the formation of
unstable eddies upstream of constrictions, similar to the case of a single constriction (Figure
[10k-h) 23 ITRITS these eddies also form in flows with moderate inertia (Re ~ 20)A%L76L7TT
Unstable eddies similarly form in the simple case of a channel with two channel-centered
cylinders 2 However, when the channel width is made larger, eddies are not observed; in-
stead, an extended wake forms downstream of each cylinder, similar to the case of a single
cylinder in a wide channel 173

Because polymer stretching is hysteretic and can persist over large length scales ™7 poly-
mer elongation may be retained across multiple pores. This ‘memory’ may therefore provide
new spatial structure to the flow over macroscopic scales in a porous medium. Studies of
ordered 1D arrays are beginning to reveal such effects. For example, decreasing the distance
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Figure 9: Unstable eddy upstream of a single channel-centered cylinder. The vertical location of the eddy
switches between the top and bottom walls over timeX™ Copyright 2019, Cambridge University Press;
reprinted with permission.

between pillars in a narrow channel produces stronger fluctuations at similar values of Wi/l70
conversely, in a wider channel, the wake formed downstream of a first cylinder can merge
with the wake formed downstream of a second 173

This complex coupling between pores also manifests in 2D arrays, showing flow behavior
that can differ strongly from the 1D case. For example, polymer solutions flowing through
ordered 2D arrays show strong velocity fluctuations throughout the pore space—but eddies
are never observed M Intriguingly, in other studies of flow through ordered 2D arrays of
circular, square, and triangular pillars, large triangular ‘dead zones’ form on the upstream
faces of the pillars; these dead zones are characterized by strong polymer compression and
elongation, but unlike eddies, they show no apparent recirculation2%1™ These dead zones
periodically grow and disappear; moreover, the frequency of this process increases further
downstream along the porous medium, indicating that coupling between pores influences the
flow 59 Consistent with these observations, the temporal variation in pressure measurements
increases downstream along ordered 2D arrays of circular pillars, suggesting that instabilities
grow spatially 2817

Combining such flow visualization to measurements of the overall pressure drop provides
a way to directly link flow structure to macroscopic flow resistance. Such measurements show
a dramatic increase in macroscopic flow resistance—mimicking the increase in 7,5, observed
in bulk porous media—at the onset of unstable flow (Figure ) IBAT2ITIIS00 Simulations
in model porous geometries can also capture the onset of flow fluctuations™83 and the
associated increase in flow resistance I8#186 These recent findings thus suggest the possibility
that the striking increase in polymer solution flow resistance measured in bulk porous media
reflects the onset of unstable flow.

Real-world porous media, however, are typically disordered: the pore sizes and spacing
between grains are not uniform. While the majority of experiments and simulations have
focused on studying polymer solution flow in ordered arrays, ongoing work is beginning to
reveal that structural disorder can dramatically impact flow behavior. For example, flow vi-
sualization in 2D arrays of circular pillars shows that while a highly unstable flow state arises
in an ordered medium due to sustained polymer elongation, velocity fluctuations are nearly
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Figure 10: (a-h) Flow structures of unstable polymer solution flow in a channel of square contractions,
offset square contractions 23 and channel-centered cylinders® Copyright 2012, Springer; reprinted with
permission. (i) Plot of the flow friction factor f = 2D, AP/pU?L, which quantifies flow resistance, for the
overall microfluidic channel in the experiment shown in (g-h); Dy, is the hydraulic radius of the channel, AP
is the pressure drop measured over the total length L, p is the fluid density, and U is the average channel
flow speed. Light grey circles are for a Newtonian fluid while solid black circles are for a solution of 18 MDa
polyacrylamide at 100 ppm, corresponding to half the overlap concentration C*. The friction factor departs
from the expected Newtonian trend (dashed line) despite the low Re. Insets show that this sudden increase
in the flow resistance occurs above a critical Wi corresponding to the onset of the flow instability observed
in panels g and h™2 Copyright 2017, American Physical Society; reprinted with permission.

completely suppressed in a disordered array™? Analysis of the pore-scale velocity field sug-
gests an explanation: in a disordered array, interactions between the pores causes the flow
to concentrate in finger-like channels dominated by shear, not elongation (Figure . This
suppression of elongation can be interpreted as a local reduction in Wi = Ny () /20 (%), and
thus a local reduction in M, which quantifies flow destabilization. Other 2D experiments
indicate a key influence of polymer solution rheology on the formation of these finger-like
channels, suggesting that they develop when the fluid is shear-thinning and thus can flow
more easily in channels of high shear. Hence, while microfluidic experiments in ordered
arrays suggest a tantalizing link between the onset of unstable flow and the increased flow
resistance measured in bulk porous media, the influence of pore-scale disorder and fluid rheol-
ogy complicate this interpretation. Developing a unified understanding of unstable polymer
solution flow through porous media—which would enable accurate prediction of the pore-
scale flow structure and macroscopic transport behavior—therefore remains an important
and outstanding goal for future work.

6 Improved Fluid Recovery From Porous Media

A prominent application of polymer solutions is to recover trapped non-aqueous fluid from
porous media in EOR and groundwater remediation. In these cases, globules of oil or an
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organic contaminant are trapped in the pore space by capillary forces. A globule of length
L1 along the flow direction can only be displaced out of the pores when the viscous pressure
drop across it, |AP| = Napp(Q/A) Lgion/k, exceeds the capillary pressure threshold ~ v/a for
squeezing the fluid-fluid interface through the pores, where v is the interfacial tension and
a is the pore size ™8 This criterion is often expressed in terms of the Capillary number,
Ca = nNapp(Q/A)/v; displacing trapped non-aqueous fluid globules usually requires Ca >
107, which is higher than is typically accessible in field applications (Table [2]). 188150

Conventional belief has held that polymer solutions are not able to increase Ca far above
this threshold under typical operating conditions. As a result, dilute solutions of low molec-
ular weight polymers have traditionally been used simply to suppress fingering instabilities
during injection and thereby maintain flow uniformity during fluid recovery ™ However,
this view has recently been challenged: EOR field tests with more concentrated solutions
of high molecular weight polymers often yield unexpectedly high recoveries of oil fluid far
beyond what is expected from a simple estimate of Ca with 7,,, given by the shear vis-
cosity 3191 These findings have prompted the use of concentrated polymer solutions for
groundwater remediation as well ZEX192193

Unfortunately, inconsistencies in the literature make it difficult to define the conditions
for improved fluid displacement: many studies report improved oil recovery from sand packs
and cores when polymer solutions are injected F2I320194 while others report no change or de-
creased recovery compared to polymer-free water 2219319 Reconciling these inconsistencies
is challenging, due to the inability of typical experiments to probe the flow behavior inside
the pore space with sufficient spatial and temporal resolution. As a result, the mechanisms
by which polymer solutions can enhance fluid recovery remain poorly understood and hotly
debated 1092 Hence, microfluidic platforms are increasingly being used to shed light on fluid
displacement from porous media/ 25T

Several proposed mechanisms rely on a potential influence of polymers on the immiscible
fluid interface. For example, it has been speculated that polymer solution viscoelasticity
alters the shape of the fluid displacement front in a porous medium ™ However, how this
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process impacts macroscopic fluid recovery is unclear. In another mechanism, it is specu-
lated that the extensional viscosity of polymer solutions suppresses non-aqueous globules
from breaking up as they transit through the tortuous pore space. This breakup process—
analogous to the Rayleigh-Plateau instability—is thought to arise in strongly disordered
pore geometries™ and results in globules with smaller Lg,,. The viscous pressure drop
across each globule, and thus its ability to be displaced and recovered, is thus reduced. Due
to their extensional viscosity, polymers are thought to suppress this breakup process—as
shown in idealized experiments and simulations® 2% —and thereby improve non-aqueous
fluid recovery. Experiments on bulk rock cores show indirect agreement.*” However, direct
confirmation of this effect inside a porous medium, and quantification of the potential in-
crease in fluid recovery, is lacking. Addressing these questions will be valuable direction for
future work.

Other proposed mechanisms rely on an increase in 7,p,, which therefore increases Ca,
potentially above the threshold needed to displace trapped non-aqueous fluid globules. This
view is supported by measurements on bulk porous media that directly link an increase in
macroscopic flow resistance to enhanced fluid recovery.”*4

As described in §4.1] one possibility is that polymer adsorption onto the solid matrix
partially or fully clogs pores and increases 7,,,~>2*® While experiments suggest that
this mechanism is frequently present, the resultant increase in local flow resistance is often
much smaller than the measured macroscopic increase in 7,;,, and thus cannot fully explain
enhanced fluid recovery?!

As described in §3.1} another possibility is that the measured increase in 7., reflects an
increase in the polymer extensional viscosity. Microfluidic platforms provide a way to directly
quantify this effect, revealing that for sufficient extension rates, the extensional viscosity can
indeed abruptly increase™—potentially providing a sufficient increase in 7,,, to displace
trapped fluids**L” However, quantitative tests of this idea are limited, and future work is
needed to determine if the expected increase of 7,,, results in a sufficient increase in Ca to
enhance fluid recovery.

Recent work suggests a key role played by flow instabilities in enhancing fluid recov-
ery. Indeed, microfluidic experiments have shown that unstable flow is often characterized
by a dramatic increase in 7, as described in §5.2—leading to a concomitant increase
in Ca IBLT2ISOIBGE00 This idea has been directly verified using oil globules trapped in a
microfluidic porous medium: injecting polymer solutions can increase the apparent Ca by
nearly an order of magnitude, thereby increasing oil recovery (Figure —b).51 Independent
measurements on different microfluidic porous media show similar results, and demonstrate
that the increase in Ca coincides with an abrupt increase in flow fluctuations, reflecting
the onset of unstable flow™ In addition to increasing 7.pp, imaging suggests that these
flow fluctuations can also induce fluctuations at the aqueous/non-aqueous fluid contact line
with the solid matrix (Figure [12ld). These fluctuations are speculated to reduce contact line
pinning, thereby further promoting trapped globule displacement!%2% Together, these re-
sults provide compelling evidence that flow instabilities can in some cases contribute to the
increase in macroscopic flow resistance, and the concomitant increase in non-aqueous fluid
recovery, that has been observed in bulk porous media. Careful assessment of the generality
of this phenomenon, and developing the ability to predict the magnitude of increased flow
resistance and fluid recovery, will therefore be an important direction for future research.

20



a T e . ) :
@) s} 413 i SEQM 1 (b) " BD§=06 &
Yo%, o MDé=06
0J L3 T 1 A Water I }HWD-_ A MDe=03
il sy 2 _ v Xanthan £ 1 ¢=0.
5354 1 [ B f ] 8 v BD$=03
1 v i @
S v i E
® 30 - . Q
® 254 I A i g
—— 4 '] i -
o L v & -
= 27 =il . 5 Y
1l LN A ]
15 L] 31 |14 O =3
: - 3 2
1 . o I < -
10 . |
4 [ ] - F 4
14 - rJ
5 - & "w
T T u T T T- T T
10° 10° 10° 1E-4 1E-3 0.01 0.1 1 10
(c) c (@)
C
0.15 3.50
7 =
4 0 1250 3
L 0.1 ° o
—_ o
£ -2.00 1z
= =
B 3
8005+~ _ + ‘%’ + -1‘50 S
2 >
> 3
g %‘é} +1.00 .5
@ 0 1 s
s L0.50 &
< —-——-‘-——-— o-oO0—-—0f &
-0.05 + 0.00
1 10 100

Flow Rate (g) (uL/min)

Figure 12: a Reduction in oil saturation at similar apparent capillary numbers Ca by introducing poly-
mers 189 Copyright 2018, Elsevier; reprinted with permission. b Simulations qualitatively match the ex-
perimental increase in flow resistance (1,,,) at the onset of unstable velocity fluctuations*¢ Copyright
2017, Royal Society of Chemistry; reprinted with permission. ¢ Apparent thickening of 7y, (circles) coin-
cides with increased velocity spread for polymer solution flow (filled squares) over Newtonian baseline (open

squares)2%2 d The onset of velocity fluctuations and the increase in flow resistence is also coincident with ob-

served fluctuations in the aqueous-nonaqueous interfaces, and an improved displacement of oil globules. Top
shows image of oil trapped in microfluidic porous network; bottom shows integrated difference images, which
indicate interface fluctuations22® Copyright 2015, Royal Society of Chemistry; reprinted with permission.

7 Outlook

We have described how, through precise control over channel geometry, flow conditions,
and simultaneous flow visualization, microfluidic technologies shed light on the unusual flow
properties of polymer solutions in porous media. Specifically, microfluidic experiments have
deepened our understanding of how single-molecule elongation increases steady-state flow re-
sistance and generates an unstable flow state. Together, these effects help to explain macro-
scopic measurements of increased flow resistance and fluid recovery from bulk porous media.
Thus, by providing a fundamental understanding of the underlying physics, these studies
help to provide quantitative principles by which polymer solution flows can be predicted and
controlled for applications like enhanced oil recovery and groundwater remediation. However,
several key questions remain unanswered, which we highlight below as possible directions for
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future research in this area.

Extensional viscosity measurements. Microfluidic devices with precisely-controlled bound-
aries now enable the investigation of flows with pure extension, as described in §3.1} Such
platforms provide an opportunity to systematically measure extensional viscosity over differ-
ent extension rates. While shear viscosity measurements abound, many applications involve
the use of polymer solutions under extension. Obtaining measurements of extensional viscos-
ity for different classes of polymers, in different solvents and environmental conditions, will
provide key data to guide these applications. Moreover, these data will enable quantitative
assessment of the contribution made by extensional viscosity to macroscopic flow resistance
measured for bulk porous media.

Contribution of eddies to flow resistance. As described in §4.1] eddies often form when
polymer solutions are forced through constrictions. These regions of intense recirculation
pose an additional source of dissipation and thus contribute to the macroscopic pressure
drop. However, a way to quantitatively predict the contribution of eddies to macroscopic
flow resistance is lacking. Systematic tests of eddies formed using polymers of different
flexibilities and molecular weights could provide crucial data that could help address this
gap in knowledge.

Transient molecular conformations. While imaging of single molecules in microfluidic
channels (§4.2) reveals that hysteretic and transient conformations (e.g. dumbbell, kinked,
half-dumbbell, folded, end-coiled) impact chain relaxation dynamics, it is unclear whether
such transient states arise in flow through more complex porous media, and whether they
influence flow behavior. Single-molecule imaging of large polymers in model porous media
could provide an answer.

Confinement effects. In highly-confined pore spaces, polymer repulsion from the walls can
create a depletion layer 297208 This depletion layer arises from a combination of shear-induced
migration, 1 entropic or steric effects*** and electrostatic interactions.*¥ Though typi-
cally neglected from macroscopic models of flow, the formation of a depletion layer could play
a considerable role on transport—for example, possibly suppressing polymer adsorption and
leading to viscosity reduction at the pore surfaces*®” Nanofluidic platforms, which provide
a means to test pores of width approaching molecular dimensions, could shed light on these
effects.

Universal description of unstable flow. While the onset of unstable flow can be predicted
for polymer solutions in bulk media (, how to generally predict this onset in heteroge-
neous porous media is unknown. The M parameter that universally predicts instability in
bulk flows incorporates the effective streamline curvature #; however, it is unclear how to
calculate Z to accurately describe a highly tortuous pore space.

Most experiments are reported in terms of the Weissenberg number Wi, and often use the
approximate form Wi = A\, with differing choices of A and how to calculate 4. As a result,
a wide range of different flow behaviors is reported. Moreover, while recent experiments
suggest that unstable flow can develop spatially due to coupling between flow in different
pores, an understanding of this behavior is lacking. An open challenge is to develop a unified
description of these diverse flow behaviors, capable of predicting the unstable flow that arises
for different polymer solutions, pore space geometries, and imposed flow conditions.

Different fluid displacement mechanisms. As described in §6, numerous mechanisms
have been identified to explain how polymer solutions can enhance recovery of trapped non-
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aqueous fluid from porous media. However, quantitative and predictive models of fluid
recovery remain lacking. Studies typically focus on describing one mechanism, while in re-
ality multiple mechanisms may be at play—thus hindering a unified understanding of fluid
recovery. Thus, an important direction for future work will be to systematically assess the
occurrence and relative influence of the different mechanisms identified thus far (suppressed
fluid break up, permeability reduction through polymer adsorption, the contribution of ex-
tensional viscosity, enhanced dissipation and contact line fluctuations due to unstable flow)
under different flow conditions.

Pore-scale disorder. While the majority of experiments and simulations have focused
on studying polymer solution flow in ordered arrays, real-world porous media are typically
disordered. Recent work has shown that disorder may strongly alter flow behavior—in some
cases, completely suppressing the onset of unstable flow. However, predicting when this
suppression arises—i.e. how sensitive it is to the pore-space geometry—and why it arises is
still an open challenge.

Microfluidic surface chemistry. Most microfluidic visualization studies use devices made
with PDMS, which may not adequately recapitulate the complex surface chemistry of real-
world porous media. However, advances continue to be made in the development of mi-
crofluidic channels etched directly into mineral substrates, thus enabling flow visualization
in channels with surfaces made of real rock material 21421 While this technology has been
used to shed light on questions relating to chemical reactions in porous media, it has yet to
be employed in studies of polymer solution flow.

Fluid rheology. While some simulations suggest that shear-thinning effects do not influ-
ence polymer solution flow, other work suggests a dominant role for the fluid shear rheology.
For example, shear-thinning is speculated to promote the formation of preferential low chan-
nels, which reduce polymer elongation. Thus, developing a quantitative description of how
fluid rheology impacts the flow behaviors described in this paper is an important direction
for future work.

Pore space dimensionality. The pore space of a 2D medium is considerably less connected
and tortuous than that of a disordered 3D medium. This difference can lead to dramatic
differences in polymer solution flow behavior and fluid recovery; thus, the applicability of
experiments performed on 2D microfluidic devices to 3D porous media is unclear. Do the
flow behaviors seen in 2D arise in 3D media as well? Emerging microfluidic techniques enable
us to now answer this question—for example, using novel 3D fabrication methods™ or using
refractive index-matching of model 3D media 185218220

Mizing and solute transport. The velocity fluctuations that characterize unstable flow of
polymer solutions can also enhance mixing and solute dispersion on mesoscopic scales 22160:2211225
This enhanced mixing could improve EOR and groundwater remediation efforts by improving
the transport of key additives like surfactants, colloids, and oxidants. However, systematic
tests of this behavior are lacking.

Enhanced mixing can be leveraged in other industrial processes as well. Mixing in mi-
crofluidic channels is typically diffusion-limited because of the low Reynolds numbers, but
elastic flow instabilities have been shown to dramatically improve the speed of mixing 220227
Similarly, this enhanced mixing can be leveraged for improved heat transfer in other indus-
trial processes that require low Reynolds numbers 22

Other applications. Most studies focus on polymer solution flows in the context of oil
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recovery and groundwater remediation. However, the work described in this review article
may also be relevant to other applications that seek to use polymer solutions in porous media:
filtration,??? fabrication of new materials, thin film processing,?*V extrusion of polymers
during 3D-printing, 234232 and novel forms of chromatography.*¥ Extending previous results
to these new settings will be a useful direction for future research.

While we have focused on flows with Re < 1, many of these applications may involve
Re > 1. How do the results obtained thus far extend to this new flow regime? Previous
experiments shed some light on this question. Studies of flow through 1D arrays of posts
shows that unstable upstream eddies form, similar to the low-Re case, when Re ~ 20 22176177
However, other experiments suggest that inertia suppresses temporal fluctuations of these
eddies, and promotes symmetry in their structure; more generally, inertia appears to suppress

the onset of elastic instabilities, 2102108 in part due to scission of polymers 34
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