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Abstract

We study the formation of oil droplets from an initially trapped large oil ganglion under
surfactant flooding, using a microfluidic device consisting of a two-dimensional array of
regularly spaced square posts. We observe that above a critical capillary number for oil
mobilization, breakage of the ganglion results in the formation of either trapped patches
spanning multiple pores or numerous mobile droplets that exit the device at a velocity
comparable to the average flooding fluid velocity. These mobile droplets, however, are
only observed when above a secondary capillary number threshold. The formation of these
droplets is found to involve the simultaneous occurrence of three different passive droplet
generation mechanisms where a droplet is formed as it is pulled by perpendicular fluid
flow, as it is pulled by co-axial fluid flow, and or as it splits due to collision with a post. Our
results show that oil breakthroughs only occur when the oil is in the form of mobile drop-
lets, suggesting that droplet formation can be an important condition for the mobility of
residual oil in porous media. Additionally, this post-array microfluidic device can be used
for the production of monodisperse droplets whose size can be controlled by the spacing of
the posts.
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1 Introduction

Multiphase flow in porous media under surfactant flooding is important for a diverse range
of applications including oil and gas recovery and soil remediation. In these processes, one
fluid phase exists as a stationary multi-pore connected region within a solid network until it
is pushed by the flow of the second fluid (Iglauer et al. 2012; Datta et al. 2014; Oughanem
et al. 2015; Wei, et al. 2020). Viscous forces, due to flow, must overcome the capillary
forces, due to interfacial tension between the two phases, for mobilization and displace-
ment of the trapped ganglion to occur, (Lake et al. 2014; Sheng 2011), yet this process is
still not well understood. Several factors contribute to the complexity of ganglion displace-
ment, including the intricate pore-scale geometry, multiphase interactions, and the pres-
ence of capillary forces. The interactions between the trapped oil ganglia and the displac-
ing fluid, such as water or surfactant solutions, involve complex fluid—fluid and fluid—solid
interactions that are challenging to characterize and predict accurately. Moreover, the het-
erogeneity of many porous systems and the variation in properties across different length
scales further complicate understanding the mobilization and displacement processes.

Two-dimensional (2D) porous media are valuable models for studying and understand-
ing the complex processes involved in the mobilization of trapped ganglia. The use of 2D
porous media allows researchers to simplify and control experimental conditions, facilitat-
ing detailed investigations of fundamental mechanisms (Dias and Payatakes 1986a, 1986b).
The interconnected pore network in 2D models captures essential aspects of fluid flow,
transport, and displacement, providing insights into multiphase behavior during oil recov-
ery processes (Lenormand 1999) Additionally, 2D models enable direct visualization of
fluid—fluid and fluid—solid interactions, facilitating the observation and analysis of phenom-
ena such as capillary trapping, wettability alteration, and displacement efficiency. While
often used to study pore-scale phenomena by injecting a flooding fluid into porous media
filled with continuous oil volume, the initial motion and displacement of small extended
multi-pore ganglia under surfactant flooding have gained less attention (Yang et al. 2021).
Understanding the onset and the modality of transport is an essential step to understanding
the mobilization of oil ganglia in porous media.

In this contribution, we characterize the mobilization and subsequent droplet formation
of an oil ganglion initially trapped among the columns in a geometrically controlled post-
array device (PAD). We find that at low flow rates and low capillary numbers (Ca), the
oil ganglion remains immobile. When Ca exceeds a critical value, Ca,, the oil ganglion
starts to move as the viscous force exceeds the capillary force, yet no oil is removed from
the device. By further increasing the Ca, another threshold is reached which results in the
formation of oil droplets that exit the device. Using a transparent PAD and fast camera, it
is possible to analyze the threshold capillary number needed to produce droplets, which is
required for oil removal. The oil droplets are formed from the edges of the ganglia due to
several mechanisms: (Zhu and Wang 2017) crossflow droplet generation seen in T-junc-
tion geometries, co-flow generation seen in the co-axial alignment of flow channels, and
breakup seen when an obstacle occupies a channel, all simultaneously occur in the PAD.
These droplets are smaller than the size of the pore throat and flow past the posts so that
they move near the average velocity of the flooding fluid. The existence of a threshold cap-
illary number for droplet formation in surfactant flooding suggests that full mobilization
and transport of the oil ganglion occurs only through free drop transport. These results
provide insight into the mobilization of trapped oil via droplet formation in simple porous
media geometries.
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2 Methods
2.1 Porous Media Fabrication

We use a 2D microfluidic model porous medium fabricated from micropatterned polydi-
methylsiloxane (PDMS) on a separate PDMS slab using 3D printing (Formlabs, Form3)
to design the initial mold of the PAD, detailed in Fig. S1. The device’s dimensions are
80 mm X 30 mm X 0.5 mm. Square posts of 1 mm are placed 0.5 mm apart from each
other forming a continuous uniform array with a 1 mm pore size and 0.5 mm throat size,
as shown in Fig. 1A.

Outlet

Flooding Porous Medium on Chi
fluid b 10 mm

C Water (y,,,,=40 mN/m) D Surfactant solution (y,,,=2 mN/m)

Q=2ml/min 40PV| Q=0.1 ml/min

Q=16 ml/min 40 PV| Q=2ml/min|

Fig. 1 Influence of flow rate on disruption of the initially trapped oil ganglion in the post-array device. A
The trapped oil ganglion before water or surfactant flooding where the oil, solid posts, and porous volume
filled with the aqueous solution are labeled as red, black, and blue, respectively. B The camera is placed
above the device to capture the automated injection and removal of the oil ganglion in experiments. C The
top frame shows trapped oil ganglion after 40 PV using water as the flooding fluid at 2 ml/min, while the
bottom frame shows the separation of the oil ganglion into a few discrete ganglia after 40 PV using water as
the flooding fluid at 16 ml/min. D The top frame shows the separation of the oil ganglion into several dis-
crete ganglia of various sizes after 40 PV using surfactant solution as the flooding fluid at 0.1 ml/min, while
the bottom frame shows the separation of the oil ganglion into several small discrete ganglia along with the
formation of freely moving droplets that exit the device after 8 PV using surfactant solution as the flooding
fluid at 2 ml/min
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2.2 Automized Acquisition and Fluid Injection

Three syringe pumps containing, respectively, isopropanol for cleaning the device between
experiments, oil, and flooding fluid (water or surfactant solutions) are controlled by a
Python computer program as shown in Fig. S2. A typical experiment consists of six steps:
(1) cleaning the PAD with the isopropanol solution with pump P2, (2) Imbibing the PAD
with the flooding solution with pump P1, (3) taking a snapshot, (4) injecting slowly the
residual oil into the device by opening the valve on the oil line, (5) closing the valve, and
(6) injecting the flooding solution at a flow rate Q while the camera is recording at a frame
rate corresponding to Q(ml/min) * 10. This experiment is then repeated multiple times by
varying the injection flow rate for each flooding fluid as shown in Fig. S3.

2.3 Fluids, Interfacial Tension, and Surface Tension

The oil used in this study is a mineral oil (CAS 8042-47-5) with a density of 0.84 g/cm3,
viscosity u,; = 10cP at 25 °C. For the water injection, we use deionized water mixed with
a blue dye, methylene blue (CAS 122965-43-9) giving us a great contrast between the two
phases. The surfactant solution is a mixture of deionized water mixed with 1 g/l sodium
dodecylbenzene sulfonate (SDBS, C18H29Na0O3S, CAS 25155-30-0), 5 g/l sodium chlo-
ride (NaCl, CAS 7647-14-5), and a blue dye (Wright stain, CAS 68988-92-1). The viscos-
ity of the two flooding solutions is similar, ug = 1cP at 25 C.

Interfacial properties characterization between the two phases and PDMS was con-
ducted. The addition of methylene blue did not show a noticeable difference in interfacial
tension measurements; therefore, all measurements were recorded with the dye in solu-
tions. Pendant drop tests show that the interfacial tension between the oil phase and water
is 0,,, = 40mN /m, while the interfacial tension between the oil phase and the surfactant
solution is o, = 2mN /m. The use of the surfactant solution, therefore, led to an 8 times
lower interfacial tension as shown in Fig. S4A. The contact angle between the oil and water
with PDMS is approximately 0= 140°, as shown in Fig. S4B.

3 Results and Discussion
3.1 Experimental Approach

The PAD is initially filled with the aqueous flooding fluid and then held under a vacuum to
remove any air. There is no PAD surface treatment. A calibrated volume of oil, V = 60ul
(10% of the total pore volume), is inserted to sit at the inlet of the device indicated by the
arrows in Fig. 1A. All fluids exit the PAD through the same outlet. To enable visualiza-
tion of the flow of oil and water phases, a camera is placed above the device, as shown in
Fig. 1B. For each experiment, the frame rate is chosen to be proportional to the flow rate
of the injected fluid, Q. In the images, we label the oil, solid posts, and porous volume
filled with the aqueous solution in red, black, and blue, respectively, as shown in Fig. 1. We
compare the effects of interfacial tension between the oil and water on oil mobilization by
flooding with either deionized water, Wf, or a surfactant and salt in water solution, Sf. The
viscosity and density of these two flooding fluids are relatively similar due to the small
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amount of salt and surfactant added. The ganglion movement and progression are char-
acterized as a function of the injected flooding fluid volume normalized by the total pore
volume of the PAD, PV.

For W, flood at low flow rates, the initial oil ganglion shows no sign of movement, as
seen in Fig. 1C. A W, flowrate of 16 ml/min causes viscous fingering of the oil ganglion
leading to the formation of multiple discrete ganglia trapped in the pores of the PAD at
40 PV. Despite the higher W, flow rate, no oil exits the PAD. When using the S, to decrease
the interfacial tension, much lower flowrates mobilize the oil as seen in Fig. 1D. At a flow
rate of 0.1 ml/min, the initial oil ganglion breaks into multiple discrete ganglia with an
even more pronounced occurrence of viscous fingering. However, after 40 PV is injected,
all the oil still remains fully trapped in the PAD. By contrast, flow rates above 0.1 ml/min
yield drastic changes. At 2 ml/min, not only do discrete ganglia become smaller and more
numerous, but large droplets start forming after injection of 8 PV whereupon they continue
downstream as free drops as shown in Fig. 1D (bottom). In all cases, oil only exits the
device when free drops are formed.

We observed that the free drop formation and subsequent oil removal are the results of
several distinct breakup events after the ganglion is mobilized in the PAD. First, the vis-
cous force pushing the oil ganglia downstream overcomes the capillary forces holding them
in place thereby initializing downstream motion. This leads to a combination of events that
result in either trapping the oil or in the formation of free drops that can then exit the PAD.
After the initial oil mobilization, the flooding fluid can penetrate the oil volume via viscous
fingering to produce smaller size ganglia. These ganglia either remain trapped or break
into intermediate-size droplets which can then be further broken into much smaller free
drops that ultimately leave the device. When using W, the oil breakage process stops at the
formation of the intermediate droplets that remain trapped in the device. However, decreas-
ing the interfacial tension using the S, flooding fluid can lead to a variety of outcomes that
include free drop formation after viscous fingering, free drop formation after the breakage
of intermediate droplets, or even free drop formation from the edges of the ganglia imme-
diately after initial mobilization as seen in video S1. Oil removal from the PAD only occurs
upon the formation of these free drops which is made possible by the low interfacial ten-
sion. The ganglion breakage process responsible for the free drops is governed by a balance
between viscous and capillary forces.

3.2 Oil Mobilization

Initial oil ganglion movement requires overcoming the capillary forces trapping it in the
pores of the PAD. The ratio of viscous forces to capillary forces is conventionally used to
predict multiphase flow behavior, (Guo 2017; Hirasakl 1991; Rucker et al. 2015) and is
expressed in porous media (Melrose and Brandner 1974) as the microscopic capillary
number,(Foster 1973; Guo et al. 2022) Ca = ’;—Z; where 4 is the flooding fluid viscosity, %

is the average velocity of the flooding fluid, ¢ is the porosity of the media equal to 0.5, and
o is the interfacial tension between the oil and flooding fluid.

Upon initial mobilization of the oil ganglion, capillary number-dependent displacement
and eventual droplet formation may occur. Using water flooding, either the initial ganglion
never moves, or it is mobilized and separated into ganglia at a certain Ca, yet droplets are
never formed. W, flows against the oil ganglia where we see no discernable movement of
the oil to the next pore. At a capillary number of 1.1x107%, the capillary forces dominate
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viscous forces, and the oil ganglion remains motionless and trapped within the posts. When
the flow rate is increased to yield Ca = 1.2x107>, the oil ganglion is mobilized temporarily
and separated into several large discrete ganglia, but no droplets are formed, and oil never
exits the PAD. Oil saturation as a function of capillary number is shown in Fig. 2A where
saturation is represented by the ratio of final oil saturation, S, to initial oil saturation, S,,.
The blue markers on the plot represent the flooding fluid W, where we see oil saturation
remains unaffected by the decade change in capillary number. The shaded regions on the
plot show the point of oil mobilization and the point when droplet formation is expected.
Although W, mobilizes the oil ganglia, saturation remains high because no droplets form at
the low capillary numbers. With S, mobilization and droplet formation are achieved due
to the lower flow rates permitting higher capillary numbers in the PAD. When flooding
fluid S, flows against the oil ganglion at Ca = 8x107 oil is mobilized, yet no droplets are
formed, and oil never exits the PAD. At Ca = 1.4x107> we see that the oil is mobilized,
and droplets are eroded from the ganglia edges and flow downstream to exit the chip. As
the capillary number is increased, more oil can exit the PAD. These data show that there is
a critical capillary number in the range of 5.5x107 to 8x10™* needed to temporarily mobi-
lize the initially trapped oil ganglion. Without surfactant, increasing the Ca leads to an
increase in the number of discrete ganglia and viscous fingering yet eventual oil trapping
occurs with no droplet formation and no oil removal from the PAD. Adding surfactant to
the flooding fluid causes a Ca-dependent oil saturation where at low Ca, oil is mobilized
with no droplet formation, yet as Ca is increased to a threshold value, droplets form, and
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curve and oil saturation in the & X Water
PAD. A The oil saturation as X X Surfactant
. . L Immobile |
a function of capillary number 0.8 Mobile
where three separate zones X Droplets
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. . . o b
lization, and formation of freely %)
moving droplets. The blue and ) 045 X |
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oil exits the PAD. Oil saturation as a function of pore volume injected seen in Fig. 2B
shows a nearly 100% decrease in the amount of oil left in the device over a Ca range span-
ning 2 orders of magnitude. At lower Ca, discrete ganglia are formed after initial breakage
and remain trapped. At this Ca, droplets are not observed to erode from the oil ganglia
edges. This limitation becomes more pronounced as the Ca is decreased and may be due to
lower local flow velocities gradient around the immobilized oil.

The observation of oil removal via formation of droplets suggests a mechanism of two-
phase transport via smaller-than-pore-size droplets and an associated threshold Ca. A simi-
lar scenario for mobility has previously been discussed for oil ganglia breakage in the co-
flow of two immiscible fluids in a porous medium but the presence of droplets was not
mentioned (Datta et al. 2014). With the addition of surfactant in the flooding fluid, both the
critical and threshold Ca numbers are decreased, and we get the formation of the free drop-
lets necessary to achieve oil removal. Although these are the results for the considered sur-
face wetting properties of the material and fluids in this study, changes in wettability may
influence droplet formation mechanisms. This study has also been conducted with random
porous geometries where the same behavior is observed in video S2, indicating that our
observations may be applicable to other pore geometries.

3.3 Droplet Formation

Oil removal in the PAD is due to the formation of mobile oil droplets eroded from the
edges of the ganglia in a series of separate fluid mechanics commonly observed in micro-
fluidic droplet-generating devices (Zhu and Wang 2017). The oil displacement is achieved
via initial movement of the full oil body, viscous fingering, and intermediate or free drops
formation. Free drop formation can be described by three different dynamics: crossflow of
fluids, co-flow of fluids, and breakup. Upon mobilization of the full oil body, oil droplets
are eroded from the ganglia via crossflow when a portion of the oil protrudes into the flood-
ing fluid volume perpendicular to its flow direction. If the formed droplet is larger than one
pore size or many droplets coalesce into one, it may either flow between PAD structures
pulled by the flooding fluid in co-flow or collide with the structures to separate into two
individual droplets in the breakup. These three different steps can occur after the initial oil
body movement and lead to an eventual oil breakthrough. As the oil is completely broken
up at later PV, the free drops have exited the device while large discrete ganglia remain
trapped where no more droplets can form as seen in the video S1.

3.3.1 Crossflow

Oil ganglia motion and subsequent free drop formation are the cause of oil removal from
the PAD. After the ganglion is pushed forward as a whole, flooding fluid penetrates the
volume and oil slowly moves outward. As fluid flows around the edges of the mobilized oil
ganglia, droplets form due to crossflow mechanics commonly characterized in T-junction
droplet microfluidics (Zagnoni et al. 2010) Crossflow droplet formation in this PAD occurs
similarly to the squeezing drop formation in traditional T-junction fluid flow where free
drops are produced when the edges of the oil ganglia push into the flooding fluid stream
as depicted in Fig. 3A. In the porous media device, the droplet fills the space between
two posts and slowly pushes toward the open pore where flooding fluid is flowing in the
perpendicular direction. The oil protrusion occupies a large enough percentage of the pore
space to obstruct the fluid flow causing a pressure gradient across the attached oil droplet.
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Fig.3 Droplet formation mechanisms in the post-array device. A The oil is pushed between two posts
where the perpendicular flow of the flooding fluid shears and breaks a droplet from the oil surface. B The
oil is pushed and collides with the edge of a post where it splits into two separate freely moving droplets.
C Oil is pulled downstream by the concentric flow of the flooding fluid until a droplet is formed that can
merge with droplets further downstream. The oil, solids posts, and flooding fluids are colored red, black,
and blue, respectively

The pressure difference upstream and downstream of the drop eventually overcomes the
Laplace pressure within the drop tip and deforms. The neck thins, and the droplet breaks
away to flow downstream between the posts. The squeezing regime is characterized by low
capillary numbers of less than order 1072, In this regime, droplet size can be approximated
by the channel size when the dispersed phase fluid flow rate is much lower than the con-
tinuous phase (Menech et al. 2008). In the PAD experiments, the oil is mobilized solely by
the flooding fluid; therefore, for high continuous phase flowrate and low dispersed phase
flowrate, one can expect droplets to be the approximate size of the channel. Our results
indeed show droplets very close to pore size at the low 10~ capillary numbers indicative of
squeezing T-junction droplet formation.
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3.3.2 Breakup

The formation of free drops due to breakup when an oil volume collides with a post in the
PAD can be seen in Fig. 3B. Breakup refers to the collision of a larger-than-channel size
droplet with an obstacle and the subsequent formation of two daughter droplets of smaller
size. It is characterized by the formation of two menisci that fill the gaps on the sides of
the obstacle and progress at different speeds to create different size droplets (Protiere et al.
2010) At higher dispersed phase capillary numbers, as viscous forces become more rel-
evant, the two menisci travel around the obstacle at nearly the same speed, resulting in less
variance between the sizes of the daughter droplets. In breakup experienced in the PAD,
a separated and discrete portion of oil ganglia traveling near the flooding fluid velocity
collides with the edge of a post. Two menisci form around the post and split into sepa-
rate droplets of nearly the same size and continue to flow downstream as seen in Fig. 3B.
Droplet formation due to breakup leads to two new droplets of similar size that will either
traverse the length of the PAD as free drops or coalesce and exit the device due to co-flow.

3.3.3 Co-flow

Co-flow mechanics also occur after the initial oil ganglia mobilization. In the PAD, flood-
ing fluid initiates mobility of the oil ganglia eventually penetrating the volume and eroding
droplets from the edges. Surfactant solution that has invaded the oil ganglia area starts to
push the oil between two posts where a meniscus is formed. When the viscous drag of the
flooding fluid flowing across the oil meniscus becomes comparable to the surface tension,
an oil lobe of channel width extends further downstream between posts. Droplet break-
off occurs as a small undulation happens along its extension resulting in the separation
of channel-width oil ganglia that can span the length of two posts as seen in Fig. 3C. The
droplet formation is reminiscent of that seen in co-flow single-channel droplet makers in
the dripping regime where droplet formation is characterized by the dispersed phase Weber
number, the balance of droplet inertial forces with surface tension, and continuous phase
capillary number, the balance of viscous stress with surface tension (Utada et al. 2007)
Assuming the co-flow oil in the PAD achieves a velocity close to the flooding fluid upon
break-off, the oil Weber and flooding fluid capillary numbers are 2 X 1073 and 9 x 107,
respectively. At a dispersed to continuous viscosity ratio of 10, our results clearly show
droplet formation in the dripping regime (Utada et al. 2007) where droplet size is set by the
“tip”, or orifice diameter. In this work co-flow results in the flooding fluid flowing in the
same direction of the broken-off oil ganglia carrying it to the end of the PAD. This discrete
oil volume can traverse the full length of the device until breakthrough, collide with a post
for breakup, or coalesce and repeat the cycle until the dispersed phase is trapped and no
droplets can form.

3.4 Free Drops

The formation of free drops results in the fast breakthrough of the oil ganglia and subse-
quently formation of monodispersed droplets. This is ideal for the throughput enhance-
ment of emulsifier devices. The number, size, and speed of droplets are characterized
based on analyzing a specific area on the PDMS chip as shown in Fig. 4. To quan-
tify these parameters, we focus on a region toward the outlet shown by the red rectan-
gle in Fig. 4A. As droplets pass through this analysis area, particle tracking software
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Fig.4 Droplet Quality in the post-array device. A The red box indicates the area used to characterize drop-
lets exiting the device. B The number of droplets as a function of pore volume for different capillary num-
bers. C The droplet size distribution showing near pore-size droplets at 10 PV using surfactant flooding
fluid at 8 ml/min. D The average velocity of freely moving droplets using surfactant flooding fluid at 8 ml/
min where the dotted line represents the average velocity of the flooding fluid in the device

(TrackMate plugin on ImageJ) collects data to characterize free drops formed as PV
increases. At low flow rates, there is no movement of the oil ganglia until 25 PV is
injected where we found at least 5 drops per pore volume injected consistently exiting
the PAD up to 40 PV as shown by the blue lines in Fig. 4B. As the flow rate is increased
up to 2 ml/min, the number of droplets increases and there are at least 20 drops per PV
injected consistently exiting the porous media device from 20 to 40 PV. At higher flow
rates, resulting in a concomitant capillary number increase, most of the droplet forma-
tion happens faster, after less than 20 PV are injected. In this case, droplet movement is
no longer consistent over a range of PV, but instead, much of the oil ganglia volume is
broken into droplets and exits the device near 1 PV. At the highest injection flow rates,
there is a peak in the number of drops around 10 PV followed by a dramatic decrease
as oil exits the device. Overall, oil mobility and residual oil saturation increase and
decrease, respectively, as the capillary number increases as shown in Fig. 4B.

The droplets formed in our PAD are found to exhibit a narrow size distribution. The
droplet size distribution after 10 PV of surfactant solution at Q = 8ml/min shows that
most of the droplets are at the size of the pore throat or slightly smaller, as seen in
Fig. 4C. This shows great control of the final droplet size with the PAD making it a
great candidate for enhanced throughput emulsion production. Indeed, droplets formed
in the porous media device travel fast at capillary numbers of 107, As a result of their
size that is comparable to the pore throat size, the oil droplets can travel almost as fast
as the continuous phase fluid as seen in Fig. 4D.
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Surfactant solution permits deformation of the oil-water interface allowing the for-
mation and mobility of pore throat size droplets at lower flow rates. This can be useful
for droplet-making devices that strive to increase throughput without droplet buildup
at the exit that causes increased polydispersity (Stolovicki et al. 2018). We can see that
using the surfactant solution flooding fluid at Ca = 2.2 x 1072 (15 ml/min), approxi-
mately 98% of the initial oil ganglia has exited after injecting nearly 35 PV, as shown
in Fig. 2A. It is equivalent to 84 s to remove the full amount of oil equating to a drop-
let throughput of 2.5 ml/hr on a single PDMS chip. This is double what is commonly
achieved on a single-channel PDMS microfluidic chip for making droplets slightly
smaller than 1 mm and, comparable to the 3 ml/hr droplet throughput achieved using a
micropillar array single-channel microfluidic device (Akbari et al. 2017).

4 Conclusion

We use a transparent post-array device with controllable pore and post architecture to
observe the basic processes occurring in multiphase flow. Oil displacement has been char-
acterized by various fundamental mechanisms where after the initial movement of the full
oil body, a threshold capillary number must be reached to trigger subsequent passive drop-
let generation mechanisms to form many free drops that flow and exit the PAD at high
flooding fluid velocities. Droplets form from a ganglion due to simultaneous co-flow, cross-
flow, and breakup by fluid flooding which has not been given much attention in multiphase
flow in porous media studies. The current work does not predict what would happen in
conditions of varying wettability or porosity; therefore, future experiments using wettable
synthetic materials and rock samples will further improve our understanding of capillary
number-dependent droplet formation’s relevance where oil is recovered in porous media.

While this work focuses on the fundamental oil transport mechanisms in a structured
array microfluidic chip, the potential application in uniform emulsion droplet formation
is most apparent. At relatively low flooding fluid flow rates, the PAD can be used to effi-
ciently create uniform-size droplets using a constant pore throat size, and/or interfacial ten-
sion between the liquids. The PAD may have the potential to mitigate droplet build-up at
the exit, limiting the increase in polydispersity experienced in some other high-throughput
microfluidic devices. The presence of columns throughout the PAD also makes it more
robust than single-channel devices as the latter can be easily clogged by debris and dust
trapped in the flow paths. This can be applied to the production and control of uniform
emulsion droplets in diverse applications such as energy storage (Amit et al. 2021) and
drug delivery studies with microfluidics (Dong, et al. 2018). Furthermore, these results can
be valuable to soil remediation and enhanced oil recovery in highlighting the role of inter-
facial tension and the unseen oil removal mechanics. Many studies in oil recovery show
disconnected residual oil ganglia much larger than the pore size after a water flood (Iglauer
et al. 2012; Oughanem et al. 2015; Krummel et al. 2013). Our results show that it may be
possible to increase oil removal by focusing on free-droplet generation as a novel mecha-
nism for oil removal and recovery. In other transparent porous media experiments where
the onset of droplet formation can be assessed, we expect that the droplet speed, size, and
quantity can be compared using the nondimensional quantity or ratio of droplet size to the
smallest length scale, making our findings applicable to other systems. It would be interest-
ing to explore droplet formation in 3D porous media (Sheng 2011) to evaluate the potential
oil droplet formation and enhanced oil sweeping efficiency.
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