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Electrokinetic Control of Viscous Fingering in a Perfect Dielectric Fluid
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Viscous fingering (VF) is a well-known interfacial instability occurring when a viscous fluid in a porous
medium is displaced by a lower viscosity fluid. In this work, we show that electrokinetic control of the
instability is possible, even in the case of a perfect dielectric viscous defending fluid. Using Hele-Shaw
cell experiments in which a nonconducting viscous mineral oil is displaced by a conducting less viscous
brine solution, we observe that we are able to effectively control the stability of the interface. We evaluate
the interfacial stability at different field strengths, both positive and negative with respect to the pressure-
driven flow and find that an electric field in the same direction as the pressure-driven flow significantly
stabilizes the interface. In contrast, an electric field opposing the pressure-driven flow further destabi-
lizes the displacement. We attribute this to the interplay between the different ¢ potentials (fluid-fluid and
fluid-wall) and preferential oil wettability of the system, resulting in the formation of an oil-film layer
throughout the displacement. The nonconducting mineral oil in our system acts then as a dead-end pore
for the brine, which under the influence of an electric field develops an electro-omostic flow velocity. We
qualitatively and quantitatively show that for all positive electric field strengths VF is reduced, while for
negative electric fields VF is increased and that the electric field strength has limited influence on the
degree of (de)stabilization. The results from this work are of particular relevance in applications where
VF occurs in a system containing one nonconducting fluid, which are common in many applications such

as enhanced oil recovery.

DOI: 10.1103/PhysRevApplied.18.034029

I. INTRODUCTION AND BACKGROUND

Viscous fingering (VF), an interfacial instability, which
occurs when a high viscosity fluid (1) is displaced by a
lower viscosity fluid (¢2) in a porous medium, is a phe-
nomenon that is relevant for applications such as water
flooding [1-5], CO, storage in saline pore fluids [6—10],
spreading of pollution zones in aquifers [11,12] as well
as the expansion of bands in liquid chromatography for
the separation of chemical species in a sample [13—15].
In many applications, VF is undesirable and thus needs
to be controlled. Passive control methods, in which no
in operando dynamics are employed, can involve the
use of elastic substrates [16—18], wettability modification
[19-22], geometrical heterogeneity [23—25] and the use
of tapered control volume geometries [26-30]. All pas-
sive control methods for VF are implemented prior to
the start of the process. On the other hand, active con-
trol methods are employed in operando and are controlled
externally by dynamically changing process parameters.
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Examples of active control include the adjustment of the
flow rate or geometry [31-34] and the use of an electric
field [35,36]. Electrokinetic control of VF, in which an
external electric field is applied over the porous domain,
is a relatively unexplored method, but shows promising
results for systems with two electrolytes [35,36]. Charges
in the system result in the development of an electric dou-
ble layer (EDL), on which the external electric field acts,
inducing electro-osmotic flows (EOF) in systems contain-
ing two perfectly conducting fluids. For two immiscible
electrolytes of equal conductivity where the fluid with
higher EOF velocity (as a result of the fluids permittivity,
¢ potential, and viscosity) is displaced by an electrolyte
with lower EOF velocity, EOF in the same direction as
the pressure-driven flow has been shown to effectively
stabilize VF. In the case of a viscous perfect dielectric
resident fluid, the emergence of an EDL in that fluid is
suppressed, and the effect of an electric field is increas-
ingly complicated as a result of the emergence of a net
charged liquid-liquid interface. In this work, we exper-
imentally investigate the electrokinetic control of VF in
systems where the defending fluid is a more viscous non-
conducting mineral oil, which is a case relevant for many
applications such as enhanced oil recovery (EOR) and
find that even if the resident fluid is nonconducting, the
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application of an electric field can effectively suppress VF.
We show that, even for relatively low field strengths, this
interfacial phenomenon can be effectively controlled.

A. Theoretical background

In the case of a conducting and nonconducting fluid
(e.g., water and oil) in contact with the same solid, two dif-
ferent effective ¢ potentials are obtained [37]; (1) between
the conducting fluid and the wall, {5, and (2) between the
conducting and nonconducting fluid, ¢z . The ratio of these
¢ potentials Z, = |§ﬁr / g“fw| is of influence on the fluid flow
under an electric field. When Z, = 0, which is the case for
two electrolytes of the same conductivity, the fluid-fluid
interface can be considered electrically neutral and would
not experience a force under the influence of an externally
applied electric field, such that it has negligible influence
on the interface motion. Any nonzero value for Z, implies
that there is a charge on the interface, and thus an applied
electric field will act on the fluid-fluid interface as well as
on the fluid-solid interface, influencing the overall EOF
in the system. In the case of Z, > 1, the fluid-fluid inter-
face has a significantly large charge, is of the same sign
as the fluid-wall interface, and the motion of this fluid-
fluid interface will dominate over the EOF induced on
the fluid-wall interface. On the other hand, when Z, < 1,
the hydrodynamics are expected to be dominated by the
fluid-wall EOF, but the effects of the fluid-fluid interface
are non-negligible [37]. Previous studies have shown that
electrically charged fluid-fluid interfaces can modify the
applied electric field, the interfacial tension (IFT) between
the fluids and also change the interfacial pattern [38].
Numerical works of Bensimon [39] have shown that for
the cases where IFT values are low, the interface exhibits
nonlinearities such as tip splitting, while a high IFT value
would have a stabilizing effect on the interface. Other
effects, such as the wettability of the system for both fluids
also influence the development of interfacial instabilities
[36,40-43]. If the system is preferably wet by defending
fluid, a film may occur at the solid wall, and the invading
fluid will not be in ideal contact with the wall [19]. These
effects have an influence on the development of the EDL
and thus on the EOF expected in the system.

A combination of pressure-driven flow and electroki-
netic flow results in an overall fluid movement and ionic
flux. The ionic current is due to the streaming and Ohmic
currents from the pressure gradient and potential gradient,
respectively. When the fluids in the system are electrolytes
of the same conductivity, both the fluid and ionic fluxes
are continuous across the fluid-fluid interface. Therefore,
in the case of an electrically neutral interface (Z, = 0), the
forces on the fluid-fluid interface can be neglected and the
transport and interfacial stability are depending on EOF
along the channel walls. The direction of the applied exter-
nal electric field influences the stability of the interface. In

the case of a negatively charged wall, and thus an excess of
positive charges in the EDL, an electric field in the direc-
tion opposite to the pressure-driven flow (referred to as a
negative electric field) is expected to drive EOF towards
the fluid inlet. On the other hand, an electric field applied
in the same direction as the pressure-driven flow (a posi-
tive electric field) EOF in the conducting phase is expected
to be towards the outlet. The net velocity profile between
the two walls is a combination of EOF and pressure-driven
flow, and depending on the applied field strength and the
wall charge, the overall velocity profile changes and the
overall displacement is altered.

For the case of two electrolytes with electrically neu-
tral interface, Z, = 0, the electric field strength required
for stabilization depends on the fluid viscosities, permit-
tivities, conductivities, wall potential in the fluids and the
fluid injection velocity U. A critical electric field value
can be obtained for full interfacial stabilization; E.; =
[((u1 — 1) U) /(€282 — €1¢1)] [35]. This direction of the
electric field is depending on the combination of the mag-
nitude of €1¢; and €,¢,, where if |€,¢;] < |€1¢1], the field
should be positive with a magnitude larger than FE;,
while if |€;¢,| > |€1¢1], the field should be negative with
a magnitude smaller than E .

In this work, we consider a rectilinear Hele-Shaw cell
with a cell gap & and negatively charged walls, which
is initially filled with a wetting nonconducting mineral
oil with viscosity u;, conductivity o;, and permittivity €;
(Fig. 1). This is a significantly different system than the
case of two electrolytes described above. When displac-
ing this fluid using a purely pressure-driven electrolyte
flow (u2 < w1, 03 >> o7 and €, > €), interfacial insta-
bilities are expected because of the unfavorable viscosity
ratio (u2/m1 < 1) [Fig. 1(a)]. Because of the zero elec-
trical conductivity and the absence of ions, ¢;, the wall
potential exhibited in the nonconducting fluid will be neg-
ligible, and although any applied electric field can pass
through the fluid, no significant EOF is expected in this
fluid [Fig. 1(b)]. The effective ¢ potential between the elec-
trolyte and solid wall, &5, is significantly larger than ¢, and
an external electric field will induce a body force on the
EDL between the walls and electrolyte. In this case, it is
expected that there are significant deviations from the case
of two electrolytes. Various authors [44,45] have shown
that the sudden change in ¢ potential (i.e., surface-charge
discontinuity) typically found during the displacement of
nonpolar oil with brine can induce flow and internal pres-
sure gradients within the system. This internally built-up
pressure gradient can cause acceleration or deceleration
of flow in the presence of an externally applied electric
field. These induced pressure gradients make the velocity
profile deviate from the plug-flow profile [45] such that
a “stable” interface may still have a single finger formed
in which the width of the single finger occupies at least
half of the displacement domain [1]. Further, it has been
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FIG. 1. Schematic side-view representation of the EDL and

developed EOF in the Hele-Shaw cell (with thickness /#) where
a nonconducting resident fluid is present. The pressure-driven
flow is from left to right. (a) Base case, without an electric field.
The brine and oil have significantly different electrical proper-
ties. The negative wall charge gives rise to a positively charged
EDL, solely in the brine phase. Hydrodynamically unstable as a
result of the unfavorable viscosity ratio. (b) Upon application of
an electric field (anode at the inlet, cathode at the outlet), the
charges in the brine EDL will move towards the electrode of
opposite sign, inducing an electro-osmotic flow. Since the oil is
nonconducting and no EDL is present, no EOF develops in the oil
phase and the relative velocities between the two phases changes,
leading to a pressure buildup in the brine phase. Note, the shape
and size of the interface and EDL are not to scale, in this drawing
we neglect the change of interface as a result of the electric field.
These effects are elaborated upon in Fig. 4.

noted that during a combination of pressure-driven and
EOF, the pressure gradient must adjust to compensate for
the EOF [35,36], while other studies [46] have found that
when there is a competition between EOF and pressure-
driven flow, an electric field applied in the same direction
to flow results in an adverse effect on the pressure gradi-
ent such that it causes a backward pressure flow resulting
in a flow reversal. For the case of a viscous perfect dielec-
tric invaded by a conducting brine, EOF induced in the
same direction as flow could therefore induce a local pres-
sure buildup in the system [45], as if the invading fluid
was encountering a dead end shown in Fig. 1(b), as well
as in Fig. 4(b). This dead-end effect makes the fluid act as
though the IFT between them is increased, thereby mak-
ing the fluid propagation more stable. Further, the total
flux is reduced at the interface given that the flux due to
current is blocked by the oil phase, which in turn fur-
ther controls the interface motion. Therefore, in the case
of a nonconducting more viscous resident fluid, a positive

electric field is expected to stabilize the system, while
a negative field is expected to induce further instabili-
ties. This increased instability as a result of the negatively
applied electric field is attributed to a combination of fac-
tors, including (1) the preferential resident fluid wetness of
the cell, (2) the apparent thickening of the resident fluid
under the influence of the negatively applied electric field,
which then makes the viscosity ratio even more unfavor-
able, and finally, (3) the increased pressure gradient due to
the thickening of the resident fluid, which in turn facilitates
the invasion of the displacing fluid. The increased invasion
of the displacing fluid then makes the fluid-fluid interface
act as though there is a reduction in the effective interfa-
cial tension and results in a further destabilization of the
interface.

II. EXPERIMENTAL METHODS

A schematic of our experimental setup is shown in
Fig. 2. Our experimental setup consists of a rectilinear
Hele-Shaw cell made from acrylic (polymethyl methacry-
late, PMMA), with a length of 15 cm and a width of 11.5
cm. The field of view has a length of 8 cm and width of
6.9 cm. The PMMA sheets have a thickness of 1.5 cm
to prevent any bending in the system. The characteristic
thickness of the channel / is dictated by a plastic shim
stock with a thickness of 101.6 um. Ports for fluid injec-
tion, pressure monitoring, and electric field application are
located in the inlet and outlet of the cell. Two syringe
pumps were used to pump the fluids into the system at the
desired flow rate of 0.05 ml/min, corresponding to a cap-
illary number Ca = p1U/y1, = 1.13 x 1074, where y1,
is the interfacial tension between both fluids, measured
to be 46 mN/m. An electric potential is applied through
brass sheets, embedded in the top of the cell, spanning
the total width of the cell to ensure an evenly distributed
field. A 5-kV Keithley 2290-5 dc power supply is used to
apply the electric field. A LED light box is placed beneath
the cell for illumination and a Basler scA 1000-30fc CCD
camera with 30fps is mounted perpendicularly above the
set up for capturing the images during the experiments.
All equipment is controlled using LabVIEW and data is
recorded simultaneously to image acquisition. Before each
experiment, air is evacuated with a vacuum pump to ensure
that there are no air bubbles introduced during the fluid
displacement.

In the experiments, a 1.4-mM NacCl solution with a vis-
cosity of 1.07 mPa s, conductivity of 246.7 uS/cm, and
pH of 5.56 is used to displace a more viscous (55.98 mPa s)
and nonconducting light mineral oil of 0 ©S/cm conduc-
tivity, obtained from Fisher Scientific. The brine is colored
using an electroneutral plant-based blue food colorant from
Ward’s science to allow for observation of the different
phases, which are both colorless by nature. Three situations
of the electric field are investigated: (1) base case in which
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FIG. 2. Experimental setup, consisting of a Hele-Shaw cell connected to two micropumps and a dc power supply. LED illumination
ensures the quality of the images captured by the CCD camera. The entire system is controlled using LabVIEW.

the flow is purely pressure driven, (2) pressure-driven flow
with a negative electric field, and (3) pressure-driven flow
with a positive electric field. In our system, a positive elec-
tric field implies the anode is situated at the inlet region,
whereby the electric field is in the same direction of flow
from the anode to the cathode, while a negative electric
field implies that the anode is at the outlet region whereby
the electric field in the direction opposite to the pressure
driven flow.

For all experiments with electric field, the electric field
is applied 30 s after displacement began for two reasons:
(1) having brine propagate into the cell before the appli-
cation of the electric field would ensure that there is a
conducting fluid present within the cell (2) to allow for
the finger propagation into the system before getting influ-
enced by the applied electric field. All experiments are
repeated at least three times to confirm their reproducibil-
ity and allow for statistical analysis of the displacement
phenomena. Patterns are similar for the repeated runs and
therefore, only the results obtained from one of the runs in
each experiment are presented here.

To fully understand the results obtained from the dis-
placement experiments, we characterize our system in
terms of wall potentials, contact angles, and the direction
of EOF in the system. We also investigate the fluid-fluid
¢ potential to unravel Z, for our system. The wettabil-
ity of the PMMA is characterized using a Kriiss Advance

30 DSA. Results showed an increased affinity for oil over
water; the oil-solid contact angle is 37.3° while the con-
tact angle of the 1.4 mM NaCl brine-solid is 83.6°. This
implies that the cell is preferably oil wet, and that thus the
displacement is complicated by a potential interfacial oil
layer between the brine and the walls.

The fluid-fluid ¢ potential is measured using the method
stipulated by Mahani et al. [47], where a ratio 1:5 oil-dyed
brine volume is sonicated for 20 min in a sonicator bath
and allowed to equilibrate for 24 h before ¢-potential mea-
surement is done using the Malvern Zeta Sizer nano. The
¢ potential at the oil-brine interface is {y = —0.72 mV &
0.29, indicating a relatively low interfacial charge. For
the wall, the ¢ potential is estimated based on previous
experiments. Falahati er al. [48] showed that the room-
temperature ¢ potential of PMMA in NaCl brine with
an ionic strength between 0.005 and 0.1 M at pH =4 is
approximately —55 and —27 mV, respectively. The exper-
imental work of Walker et al. [49] at ambient temperature
showed that the ¢ potential of acrylic in 0.01 M of KCl
brine is around —10 mV at pH = 5.5. Khademi et al.
[50] has shown that the ¢-potential values of PMMA
at pH = 9 are around —70, —45, and —40 mV, respec-
tively, for NaCl brine with concentration values of 3, 30,
and 100 mM. From these experiments, we conclude that
with increasing acidity and increasing brine concentration
the absolute value of the ¢ potential decreases and the
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interface becomes less charged. Based on our system’s
characteristics, we anticipate the ¢ potential of our PMMA
in 1.4-mM NaCl brine to be between —5 and —70 mV,
depending on the local acidity. Furthermore, based on the
small ratio Z. = ¢y /{4, in our system, we conclude that
EOF in our system should be dominated by the wall-fluid
EOF even though the fluid-fluid interface has a net nonzero
charge and therefore will experience forces induced by the
externally applied electric field [37].

Based on the ¢-potential estimations, we estimate the
theoretically required critical-field strength [35] for inter-
face stabilization using our system parameters. To do this,
we first perform a sensitivity analysis to determine how the
required critical field for interface stabilization or destabi-
lization would change depending on the ¢-potential values
of PMMA reported in the literature [48—51]. In our system,
since our oil phase contains absolutely no salt, we assume
a zero ¢ potential of the PMMA in mineral oil. Measure-
ments of the fluid-fluid ¢ potential confirmed that low to
zero wall potentials are to be expected for the noncon-
ducting oil phase. Results of this sensitivity analysis show
(see Table I in Appendix B) that required field strengths
for stabilization are in the order of 10* and 10° V/cm for
¢ -potential values between —5 and —70 mV, respectively,
and for a flow rate of 0.05 ml/min. These high values are

H_

E =600V/cm E =300 V/cm =150 V/cm

a direct result of the restricted contributions of the EOF in
the oil phase, where there is an effectively zero wall charge.
Experimentally and in applications, these field strengths
are infeasible, and thus we investigate the possibility of
interface stabilization at a variety of electric field strengths
at a flow rate of 0.05 ml/min. We investigate the inter-
face stability for both positive and negative electric field
strengths of 150, 300, and 600 V/cm and compare these
situations to purely pressure-driven flow.

III. RESULTS AND DISCUSSION

Figure 3 shows the development of patterns and fin-
gering as a function of time in our experiments, for
different values of the applied electric field. The invad-
ing fluid (white in the figures) is the electrically con-
ducting brine, while the defending fluid (black in the
images) is the nonconducting mineral oil. In the case of
a purely pressure-driven flow, the development of fin-
gers is observed [Fig. 3(d)]. Under the influence of an
external electric field, we see clear alterations of the inter-
facial behavior, which are significantly different from what
is expected in the case of two immiscible electrolytes
of the same conductivity, where positive electric fields
are expected to further destabilize a hydrodynamically

(g)
=150 V/cm E 300 V/cm E =600 V/cm

400 s

FIG. 3.
respectively, at different time steps. Figure (d) is for purely pressure-driven flow and (e)f) are the patterns obtained for £ = +150,
4300, and +600 V/cm, respectively, at different time steps. Application of a negative electric field [(a), (b) and (c)] shows a qualitative
increase of VF when compared to the base case (d), while application of a positive electric field [(e), (), and (g)] reduces VF.

Qualitative results for all electric field values. Figures (a)—(c) are the patterns gotten for £ = —600, —300, and —150 V/cm,
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unstable system, given that the resident fluid has a lower
EOF. In our experiments, for all negative electric fields
(EOF induced towards the inlet), the interface is desta-
bilized as shown in Figs. 3(a)-3(c) while for all positive
electric fields the interface is significantly stabilized in our
system as shown in Figs. 3(e)-3(g). In none of the experi-
ments did we observe a full pistonlike displacement, which
we attribute to negligible EOF in the oil phase as well as
the wettability properties of the cell, which is preferentially
oil wet. The effect of the electric field is, however, sig-
nificant at all electric field values investigated, as can be
qualitatively observed in the displacement patterns shown
in Fig. 3.

Our results indicate that in the situation where the highly
viscous defending fluid is nonconducting, an electric field
can still yield suppression of VF. In the case of a negative
wall charge, the VF is suppressed under the application of
a positive electric field, which induces EOF towards the
outlet.

To explain these observations, we calculate the overall
interfacial velocity of the brine moving into the oil phase.
Our system has a negative wall charge, indicating pos-
itive charges in the EDL and implying the direction of
EOF to be towards the cathode. As the total velocity in
our system comprises of the pressure-driven velocity u,
and the resultant EOF velocity ugor, we expect the veloc-
ity of the interface to increase in the case of a positive
field and decrease under a negative field. Our experimental
observations, however, indicate the exact opposite behav-
ior, where we observe that for a negative electric field,
or having the cathode at the inlet, the interfacial velocity
is not negatively impacted and is even slightly increased
when compared to a purely pressure-driven flow. On the
other hand, when we have a positive electric field, with
the anode at the inlet the overall interfacial velocity sig-
nificantly decreases. We explain this by the complexity of
the charges in our system, where in the oil phase there
are no charges present and thus the effective charge of the
oil-wall EDL is zero, meaning there is a large drop in effec-
tive wall charge over the oil-water interface, which then
influences the total flux in the system. Recent research has
shown that in this case, where the effective wall charge
is changing significantly, considerable alterations in fluid-
flow behavior from expected EOF can be observed [44,45].
Under the influence of a pressure gradient and an electric
field, the conducting interface is fully excluded and flow
is directed around the charged interface. Thus, as a result
of the significant change in local wall potential, the flow
in our system is altered. For the case of a positive elec-
tric field, we postulate that the resident oil, which has a
zero EO mobility, acts as a significant resistance towards
the induced EOF in the brine phase in the direction of the
electric field. The resident oil then acts as a “wall” and a
pressure gradient is built up in the brine phase, as if it were
in a dead-end pore. As a result of this, the brine experiences

a back pressure, which effectively increases the interfacial
tension between both fluids, reduces the interfacial veloc-
ity and hence, reduces the total mass flux in the system,
which we observe as the deceleration of the invading brine
phase, that finally reduces the VF. In the case of a nega-
tive electric field, EOF in the brine phase is towards the
cathode at the inlet of the cell, and the increased instability
is attributed to the increased resistance to flow (thicken-
ing) of the resident fluid under the influence of the applied
electric field. This enhanced resistance to flow of the res-
ident fluid increases the overall pressure gradient in the
system, such that the motion of the invading fluid is accel-
erated, which then causes displacement to act as though the
effective interfacial tension is reduced, and hence triggers
further instability.

The mechanisms under the different applications of an
electric field are schematically depicted in Fig. 4. All fig-
ures show a side view of the cell, with the gap thickness
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FIG. 4. Schematic representation of the electrokinetic effects
at play, side view. In all cases the applied pressure gradient is
from inlet to outlet as indicated. (a) Base-case situation without
an electric field applied, in which a parabolic flow of the low vis-
cosity brine develops into the high viscosity oil. (b) Under the
application of a positive electric field, EOF in the direction of
the pressure-driven flow develops in the brine and encounters a
“dead-end pore” in the oil phase inducing a pressure gradient
countering the externally applied pressure, stabilizing the dis-
placement. (c) A negative electric field induces EOF towards the
inlet, increasing instabilities within the system.
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FIG. 5. Breakthrough time (seconds) for different electric field
configurations. Error bars indicate the standard deviation over
three experiments, lines are to guide the eye.

equal to /. There is no EDL present in the oil (gray) phase,
while upon entering an EDL arises within the brine phase.
Under purely pressure-driven flow [Fig. 4(a)], the displace-
ment is inherently unstable because of the unfavorable
viscosity ratio between the fluids. When a positive elec-
tric field is applied [Fig. 4(b)], EOF in the brine phase is
towards the oil phase, and this EOF induces a pressure
gradient in the brine as it encounters the oil. This pres-
sure gradient then results in a reduced effective flow of
the brine and reduces the viscous fingering. For the elec-
tric field in the negative direction [Fig. 4(c)], the EOF is
induced towards the inlet, effectively further thickening the
defending fluid and thus increasing the overall instabilities
in the system since the viscosity ratio becomes even more
unfavorable. This thickening of the resident fluid affects
the overall pressure gradient within the system, such that
the invading fluid now has an increased mobility compared
to the case of a purely pressure driven flow. Due to this
increased invading fluid mobility, the effective interfacial
tension is also reduced.

Breakthrough times for the different electric field values
are shown in Fig. 5, where we observe shorter break-
through time for the negative electric field values com-
pared to the positive values. The breakthrough time is
defined as the time it takes for the brine to reach the outlet
of'the cell. Typically, a smaller breakthrough time indicates
a more destabilized flow. These results are consistent with
the patterns shown in Figs. 3(a)-3(g), where we observe
that for an electric field of —600 V/cm for instance, the
brine reaches the outlet region faster than other negative
electric field values even at the same time considered.

A. Stability indices

To further scrutinize the effect of the electric field on
the development of VF, the images are analyzed and three

stability indices are evaluated at breakthrough time for
their respective experiments. The stability indices, which
are computed using our PYTHON code, are (1) fractal
dimension, (2) swept area (%), and (3) the interfacial
length (pixels). The fractal dimension is a numerical value
that is used to characterize fractals such as those formed in
viscous fingering. Because these fractals can either grow
or shrink, the fractal dimension provides a way to study the
morphology and pattern of fingers [52,53]. A high fractal
dimension indicates a more stable displacement [20,54—
56]. The swept area is the percentage of the cell that
contains the displacing fluid. In this case, a higher per-
centage of the swept area typically indicates a more stable
displacement. Finally, the interfacial length is defined as
the length of the interface between the displaced and dis-
placing fluid, where a higher interfacial length normally
indicates a highly ramified interfacial pattern and hence,
a more unstable displacement [57—59]. For details on the
calculations of these stability indices, see Appendix A.
The fractal dimension for the different electric fields
applied is shown in Fig. 6, where it can be observed
that applying a positive electric field has significantly
increased the fractal dimension, indicating a more stable
displacement. On the other hand, applying a negative elec-
tric field decreases the fractal dimension, which indicates
an increased interfacial instability, as observed from the
images in Fig. 3 as well. There are no clear trends to be
observed with changing the field strengths, indicating that
all positive field strengths improve the stability while all
negative field strengths increase VF, but that the magni-
tude of the field strength has limited impact on the control
of VF. This further indicates that even if the field strength
is below the theoretical critical field strength, there can be
significant alterations on the stability of the displacement.
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FIG. 6. Average fractal dimension at breakthrough as a func-
tion of the applied electric field. Error bars represent standard
deviation over three experiments, lines are to guide the eye.
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The second stability index we evaluate is the percent-
age of the cell that is swept by the invading brine at the
time of breakthrough (Fig. 7). From this figure, we can see
that applying a positive field increased (4150 V/cm), or
remained the same overall swept area when compared to
purely pressure-driven flow (300 and 600 V/cm). On the
other hand, applying a negative electric field has a signif-
icantly negative impact on the area swept at breakthrough
time. In this case, the lowest value is observed at the most
negative electric field strength (—600 V/cm), indicating
that at this field strength the overall instability is increased
most and the displacement is least effective. For large pos-
itive fields, (4300 V/cm and 4600 V/cm) the swept area
is not significantly changed from the purely driven flow,
which is attributed to the relatively limited development
of instabilities in the cell at purely pressure-driven flow
because of the size limitations of our cell.

When looking at the interfacial length between the res-
ident and invading fluid (Fig. 8) a clear echo from the
other instability indices can be observed. In the case of
a negative electric field, the interfacial length is signifi-
cantly increased, indicating a more unstable displacement.
In addition to the magnitude being increased, the error in
the interfacial length is also increased significantly, indi-
cating a larger difference between different runs as a result
of the overall increased instability. On the other hand, for
all positive electric field strengths a clear reduction of both
the interfacial length and the errors in the interfacial length
can be observed. This is further indication that the positive
electric field is able to reduce the interfacial instabilities in
the case of a nonconducting oil being displaced by a highly
conducting brine of lower viscosity.

All these quantitative stability indices are consistent
with the qualitative observations from Fig. 3, and further
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FIG. 8. Average interfacial length between the invading and
defending fluid at breakthrough as a function of the applied
electric field. Error bars represent standard deviation over three
experiments, lines are to guide the eye.

underline that an electric field has a significant influence
on the development of interfacial instabilities, even in the
case of a nonconducting resident fluid. The direction of
the applied electric field is highly relevant, while the mag-
nitude of the electric field has limited influence on the
stability indices. In a system in which the wall charge
is negative, indicating a positive EDL, and the defending
fluid is a more viscous nonconducting oil, a positive elec-
tric field (meaning an anode at the fluid inlet and a cathode
at the fluid outlet) has a stabilizing effect on the instabil-
ities, while a negative electric field destabilizes the flow
significantly.

IV. CONCLUSIONS

In this experimental study, we show that electrokinetic
control of viscous fingering is feasible for systems where
the highly viscous defending fluid is electrically noncon-
ducting and the invading fluid is an electrolyte. Our results
clearly show an increasing interface stability when an elec-
tric field is applied in the direction of the pressure-driven
flow, and EOF is induced into the same direction. Effec-
tively, this results in a pressure buildup at the oil-water
interface and an effective increase in interfacial tension as
a result of the jump in conductivity across this boundary
and the limited electro-osmotic mobility of the oil phase.
The EOF induced in the brine layer and the zero EOF in the
oil phase then builds up a pressure at the interface, effec-
tively reducing the overall invading flow of the brine into
the system. This results in the stabilization of the interface
and suppression of viscous fingering. These findings are in
clear contradiction with the predictions for systems con-
taining two electrolytes of the same conductivity, but are
of relevance for many applications such as the recovery of
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hydrocarbons from porous reservoirs. In systems such as
ours where a polar conducting fluid displaces a nonpolar
resident fluid of higher viscosity, a back pressure induced
by the resident oil, which acts as a “wall” in the case of
positive electric fields, results in a smoother interfacial pat-
tern, while a more irregular pattern caused by a negative
EOF further destabilizes the flow.

Different stability indices are used to quantify the effec-
tiveness of using an electric field to suppress instabilities,
showing that the direction of the applied electric field is of
significant influence on the stabilization and destabiliza-
tion, while the magnitude of the electric field is of less
relevance. In none of our experiments did we observe a
fully stabilized and pistonlike displacement, indicating that
even though we are increasing the stability of the inter-
face, the interfacial phenomena leading to VF are not fully
suppressed at the field strengths we investigate.

In conclusion, active control of VF through the applica-
tion of an electric field is feasible in systems containing
two fluids of significant different polarity. The required
direction of the electric field to control the instability is
dependent on the nature of the fluids and surface charge
of the porous medium while the magnitude of the electric
field is of limited influence on the stability of displacement.
Our results are of relevance for a wide range of applica-
tions in which the polarity of resident fluids is not tunable
and where the resident fluid is nonconducting.
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APPENDIX A: METHODOLOGY FOR THE
DETERMINATION OF INTERFACIAL STABILITY

Figure 9 shows the flow chart that is used in the PYTHON
code for the stability indices’ determination. These sta-
bility indices are the Fractal dimension, percentage swept
area, nondimensional interfacial velocity, and finally, the
interfacial length. For the fractal dimension, the PYTHON

Load in
image

Convert images
to binary

Qu_anltify [Computational
Pixels operations

condition

General methodology of PYTHON code for image pro-

FIG. 9.
cessing.

Define box size of n

Define max. box size
as maxB

Define array for number of white boxes W_Box = []

Perform regression with B_Size
and W_Box to obtain the Fractal |_fa/se B
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True
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increment
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=
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and i-n == width

False

FIG. 10. Flow chart for computational determination of the
box dimension.

code stores the number of boxes that has white pixels
as discrete box sizes in two arrays (Fig. 10). The fractal
dimension is then estimated by examining a grid of dif-
ferent box sizes, which consists of S x S pixel dimensions
and then identifying the amount of boxes (V) that contain
the viscous fingering pattern. The equation used for this
calculation is shown in Eq. (Al). The percentage swept
area is calculated by dividing the white pixels, which rep-
resents the invading fluid, by the total pixels as shown in

Black and white image Interface contour

1
— ‘ —

FIG. 11. Displacement pattern of —150 V/cm (top image) and
4150 V/cm (bottom image).

Colored image
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Eq. (A2). The interfacial length is calculated by first cre-
ating a contour image of the mineral-oil-water interfaces.
To determine the validity of a pixel located at the inter-
face, the interface is examined by quantifying the condition
of the neighboring pixels. If the surrounding pixels met
a set of conditions then the pixel is considered to be an
interfacial pixel and would be white in the contour image.
Likewise if a pixel did not meet the interface condition it
would be black in the final contour image. After the con-
tour image is obtained the white pixels, or the interface
pixels are summed. An example of the resulting contour of
the image from this process is shown in Fig. 11. To cal-
culate the nondimensional interfacial velocity (Uing), the
interfacial length is divided by the time stamp, and then
divided by the injection velocity as shown in Eq. (A3).

log(N
_ _logy) A
log(S)
Pi elsinva ing flui
_ X Sinvading fluid 1 ()0, (A2)
Pixelsiotal
Interfacial length ~ Cross-section area
l]ind = B
Time Flow rate
x Metric pixel conversion. (A3)

APPENDIX B: REQUIRED THEORETICAL FIELD
STRENGTH

The table referred to in Sec. II of the main text are
presented here in Table 1.

TABLEI Sensitivity analysis at different ¢ -potential values for
the critical electric field values required for the stabilization or
destabilization of the interface based on Gao et al. [35].
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1.13 x 1074 —70 —7.38 x 10°
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