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We investigate the dynamics of emulsions within a two-dimensional porous medium using an integrated
experimental approach that combines pore-level dynamics of single emulsions and bulk transport
properties of the medium. Using an on-chip microfluidic drop-maker, we precisely control the
concentration and sizes of emulsions injected into the medium. The dynamics of emulsion droplets are
highly intermittent despite a small average velocity over the trajectory of an individual emulsion. At low
concentrations, emulsions predominantly flow through pores with higher local velocities including pores
smaller than the size of emulsion droplets, leading to trapping of emulsions and a decrease in medium
porosity. Preferential pathways for the emulsions emerge within the medium once the porosity of the
medium decreases significantly, from 55% to 36%. At constant injection flow rates and low
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concentrations of monodisperse emulsions, these pathways remain the only paths of transport of
emulsions within the medium. Introducing a slight polydispersity in emulsion sizes unveiled additional
DOI: 10.1039/d3sm01465g transport pathways. Our pore-level measurements reveal that the average velocity of emulsions scales

with the inverse residence time of an emulsion, and this scaling separates the emulsions into distinct
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1 Introduction

Transport of emulsions in porous media is a subject of significant
interest in industrial, medical, and environmental applications
including many food products, drug delivery, and immiscible
displacement."® The diversity and heterogeneity of most natural
and environmental porous materials lead to heterogeneous flow
distribution which significantly impacts the transport of droplets
of emulsions in a medium.” Furthermore, the transport proper-
ties of porous media can undergo dynamic alterations as a result
of the flow and retention of materials inside the pores.®'° Growth
of biofilms in filters,»"" transport of water-based emulsion in
personal care product,">"* or oil recovery>®*'* are some of the
examples in which the properties of the medium change in
response to the flow of an immiscible phase. Earlier research
shows that although the changes in bulk transport properties
such as medium permeability and interstitial flow velocity are not
considerably large upon the flow of individual droplets, the local
and pore-scale flow can change dramatically leading to
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groups along the emergent preferential pathways.

anomalous flow behavior locally.®*'>'® The transport properties
of a single droplet of emulsion in porous media are dictated by
the droplet sizes and network properties such as pore size
distribution and medium wettability."*'>'"'"® Hence, the
dynamics of a droplet can be described by the balance of the
viscous, interfacial, and drag forces. Only two non-dimensional
numbers Capillary number (ratio of viscous to interfacial forces)
and Weber number (ratio of drag to interfacial forces) are used to
describe the dynamics of droplets with small deformations.*
However, the collective dynamics of a group of emulsions in a
complex network of pores are affected by the fluctuations in local
flow due to the droplet-droplet and droplet-pore structure
interactions.'® The collective transport of high concentration of
emulsions in a medium with random pinning sites shows that
dynamics of the droplets sharply transition from a creeping
regime to flow along smectic rivers and in groups.>* The deforma-
tion of droplets in these experiments was negligible and the
majority of the droplets never squeeze through small pores and
only pin on the surfaces. Furthermore, measurements of bulk
transport of large quantities of polydisperse droplets stabilized by
a surfactant and injected into a three-dimensional porous med-
ium show that mostly small droplets appear in effluent and large
droplets remain trapped in the medium due to the large pressure
required to deform the large emulsion droplets.">""'®>* Never-
theless, the pore-level and collective dynamics of droplets in a
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network of pores, and the impact of trapping and re-mobilization
of droplets on pore-level and macro-scale transport properties
remain to be examined at the pore-scale. One of the challenges in
accurate experimental investigation is tracking and precise object
detection in an environment where the interfaces of droplets are
in contact and droplets deform based on pore sizes.

In this paper, we quantify the pore-level dynamics of mono-
disperse emulsions flowing through a two-dimensional (2D)
porous medium experimentally. By incorporating a microflui-
dics drop-maker on the same chip as the 2D porous medium, we
control the concentration and sizes of the injected emulsions
precisely. In these experiments, we track individual droplets as
they flow into the medium using optical microscopy and a long-
range recording mode while monitoring the bulk pressure
gradient across the medium. By employing advanced image
analysis and object tracking, we track individual emulsions as
they flow through the medium. We show that at low concentra-
tions, emulsions flow through pores with higher local velocities
without being selective about the size of the pores they encoun-
ter, and this lack of selectivity can lead to the emulsions
becoming trapped. Once a significant number of pores are filled
with droplets, newly injected emulsions continuously flow
through a few remaining open paths. We show that the average
velocity of the droplets that flow through the medium scale with
the inverse of the total time of residence in the medium and is
proportional to the path lengths of the droplets independent of
the distribution of sizes of the emulsions.

2 Experimental method

We generate emulsions and characterize the dynamics of
emulsions in 2D micromodel of porous media using micro-
fluidics, fluorescent microscopy, and bulk transport properties
of the medium. One of the challenges in studying emulsions in
porous media is to control the size, concentration, and injec-
tion frequency of emulsions.'®*® This is mainly due to the
density contrast between the dispersed phase (emulsions) and
the continuous phase. To overcome this challenge, we leverage
the capabilities of microfluidics in producing well-controlled
monodisperse emulsions.”"**>® We design an on-chip drop-
maker in series with a 2D porous medium as shown in Fig. 1a.
This design allows us to control the injection frequency and
concentration of emulsions in a porous medium.

2.1 Microfluidics 2D porous media

To generate monodisperse droplets and inject them into a
porous medium in a laminar flow condition, we design the
microfluidic drop-maker to operate in the dripping regime.””
The drop-maker consists of an inlet for the dispersed fluid
(water and 0.1 w% fluorescein sodium salt) at the center, and
two inlets for the continuous phase on either side. The con-
tinuous phase is a fluorinated oil HFE750 (engineering fluid by
3 M) with 5 w% surfactant FSH oil (by Krytox). The interfacial
tension between the dispersed phase and the continuous phase
is y =26 mN m™". In the dripping regime, the droplet sizes are
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Fig. 1 (a) 2D drawing of the drop-maker and porous medium on one
chip. (b) Schematic of the experimental setup.

proportional to the inlet geometry."? At equilibrium, where the
inner phase fluid is protruding out of the inlet and into the
outer phase, the pressure inside the droplet Py is balanced by
the pressure in the outer fluid (P,) and the capillary pressure,

oy
Py = Py+ Ri Here, Ry is the radius of the droplet. The droplet
d

snaps off once the pressure inside the droplet exceeds the outer
pressure. The radius of the droplet is Ry > 2R, in a channel
with radius R and circular cross-section.”***

Here, the water inlet is a rectangular channel with dimensions of
84 um x 200 pm, entering an area measuring 1050 pm x 200 pm,
as shown in Fig. 1a. The two oil inlets each have dimensions of
115 pm x 200 pm. The entire channel spans 1100 pm in length
and 200 pm in height, tapering down to a 325 um wide channel
before entering the porous medium. We use a syringe pump to
inject the continuous phase at a constant flow rate of 5 mL h™".
However, to control the generation of individual droplets pre-
cisely, we use a pneumatic pump as shown in the schematic of
the experimental setup in Fig. 1b. The viscous pressure of the
flow of the continuous phase is balanced by a constant pressure,
provided by the hydrostatic pressure of the closed water col-
umn. The pneumatic pump applies an additional pulse of
pressure to the closed water column at 174 kPa for a duration
of 200 ms. This method robustly produces monodisperse emul-
sion droplets with an average diameter of 295 + 7 pm with a
narrow distribution as shown in Fig. 2. The corresponding
capillary and Weber number of the dropmaker in these experi-
ments are Ca =3 x 10 ° and We = 1.5 x 10>, The radii of the
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Fig. 2 Probability distribution function of the sizes of the emulsions in
monodisperse (Expl: blue) and polydisperse (Exp2: red) experiments. The
total number of emulsions in Expl is 1334, and in Exp2 is 1666.
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Fig. 3 Probability distribution of the pore sizes in the medium (solid line),
the 1/3 entrance to the medium (light gray), and the 2/3 end of the medium
(dark gray).

emulsions match our prediction of Ry > 2R. The snap-off and
monodispersity of the droplets in our experiments are assisted by
the hydrophobic coating (aquapel) of all surfaces.>* However,
small variations in pulses result in a slightly more polydisperse
distribution of droplet sizes. For example, we find that multiple
consecutive pulses result in a wider distribution of droplet sizes
of 350 £ 10 um as shown in Fig. 2. We continuously monitor the
pressure gradient across the medium using a pressure transducer
(Omega-PX409) and apply variational mode decomposition to the
signal to eliminate the high-frequency noise of the transducer.*

We design and fabricate 2D porous media using standard
soft lithography and microfluidics techniques.*® To obtain a
pattern of random pore size distribution, we use a 2D micro-
graph of a three-dimensional glass bead-pack imaged by a
confocal microscope.” We further enhance the pore size hetero-
geneity by imposing a gradient in pore size distribution with a
larger porosity at the inlet compared to the porosity down-
stream. This gradient in porosity represents the heterogeneity
of natural and geological porous structures.>” We quantify the
porosity and pore size distribution of the 2D porous medium
using a novel algorithm that utilizes Voronoi tessellation and
skeletonization.*®*! The pore size distribution in the medium
has an average pore size of 403 pum and varies between 150 and
1150 um as shown in Fig. 3.

To ensure that the emulsion droplets are small enough to
enter the medium, the physical dimensions of the porous
medium are proportionally adjusted to allow some passage of
the droplets. In these experiments, we utilize a microfluidics 3D
printer (CADworks3D Pr110-385 nm). Using this cutting-edge
resin-based 3D printer, boasting an XY resolution of 40 X
40 pm? and a Z resolution of 5 pm, we fabricate microfluidic
master-molds with a variety of dimensions. To achieve smooth
surfaces on the master-mold, which is critical for the perfor-
mance of our microfluidic devices, we optimize the printing
settings for a commercial powder-base resin with low light
dispersion. By controlling the UV-exposure and curing time,
the edges and surfaces are smooth. The master-molds are then
filled with polydimethylsiloxane (PDMS) and cured at 60 °C
before plasma cleaning and bonding to a glass slide.

2.2 Pore-scale imaging

To quantify the dynamics of emulsion within the porous
medium, we use a widefield optical microscope (Axiozoom)
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and a long-range-record camera (FasTec IL5). The camera is
operated at 50 Hz with a resolution of 2500 x 1000 pixels at 16
bits, providing a high dynamic range. The microfluidic porous
medium is illuminated with a collimated RGB backlight LED
providing a high contrast image where emulsions can be
identified.

We characterize the dynamics of emulsions at the pore-level
and across the entire model porous medium utilizing a modified
particle tracking algorithm that accounts for objects in close
contact and with highly intermittent kinematics. While most
particle tracking methods are optimized to identify sparse
objects,*” emulsions trapped in a porous medium are in close
contact with each other and are squeezed into a solid structure
and can be slightly deformed, see Fig. 4. Here, we first subtract
the solid background while applying a drift correction on all
images to enhance the accuracy of object detection. Using a
circular hough transform, we identify individual droplets within
the medium as shown in Fig. 4. Once all droplets are identified,
we employ a global nearest-neighbor (GNN) tracking method
under Sensor Fusion and Tracking Toolbox in MATLAB R2023.
The GNN tracker uses the global nearest-neighbor assignment
algorithm to match its detection to identified tracks based on
predicted position, velocity, and acceleration. The GNN tracker
forms a cost matrix by calculating the distance between each
detection and existing tracks. Using this cost matrix, it cate-
gorizes the detected objects into either assigned pairs with tracks
or unassigned, subsequently updating or initializing tracks as
appropriate. Since our detection method is highly accurate, we
assign a high cost to new tracks created outside the spatial area in
which new emulsions are introduced into the field of view. We
overcome the natural challenge of tracking objects that are
constantly trapped and mobilized by using an Interacting
multiple-model filter. The high-resolution imaging and enhanced
edge detection are crucial in successfully applying the GNN
tracker to the highly intermittent dynamics of emulsion. See
ESIF of Fig. S4 providing a dynamic visual representation of the
emulsion transport through the porous medium.

3 Results

The dynamics of emulsions in porous media are highly inter-
mittent despite the tendency of the droplets to travel at the
center of the pores. As single droplets enter the porous medium,
they flow through paths with a higher average velocity. In these
experiments, we form and inject the droplets at low concentra-
tions and distribute their points of entry into the medium in the
cross-sectional direction, Fig. 4a. The low concentration of
emulsion is crucial to avoid a yield stress behavior.*' The
emulsions flowing into a porous medium, naturally follow the
streamlines with larger velocities. However, there is no feedback
mechanism that would prohibit their entry to a pore or a pore
throat smaller than the diameter of the droplet. Interestingly, in
a porous medium with a random distribution of pore sizes, a
considerable number of high-velocity paths flow through small
pores. Hence, we observe a substantial number of emulsions
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Fig. 4 Transport of individual droplets injected into a 2D porous medium
as a function of time (@) 5's, (b) 25 s, (c) 42.5 s, (d) 62.5 s. Blue circles mark
the emulsions. Scale bar is 1 mm.

getting trapped in the medium during the injection of the first
batches of emulsions as seen in Fig. 4b. While a few emulsions
find their way to the outlet, more than 65% of the emulsions are
trapped following their predecessors as seen in Fig. 4c. A droplet
trapped in a pore does not completely block the flow of the
continuous phase in this area and the continuous phase passes
around the droplet. Consequently, the changes in the local flow
within the first few seconds of these experiments do not lead to a
change in the global flow, as opposed to pore blocking seen in
experiments focusing on conformance control in oil recovery.”**
Additionally, our continuous measurement of the pressure drop
across the medium confirms that the bulk flow is not affected by
a few trapped emulsions in the medium. Trapping of a few
droplets in the medium changes the medium porosity from
55% in Fig. 4a to 49% in Fig. 4c. Despite the considerable change
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in porosity, the pressure gradient across the medium increases
only from 1400 Pa to 1450 Pa, further confirming the presence of
a flow around individual emulsions and through the pores.
Further injection of emulsions into the medium results in
substantial clogging of individual pores in the medium as seen
in Fig. 4d. Considering that the volumetric flow rate is held
constant throughout this experiment, one expects that flow
should be redirected to other open pores. Once the porosity of
the medium decreases to 36% and many pores are filled with
emulsions, newly injected emulsions follow paths that were not
explored earlier and find their way to the medium outlet. Inter-
estingly, we find that some entire paths are filled with emulsions
(seen in the center of Fig. 4d) before the flow of emulsions is
diverted. Finally, a tortuous path is formed which is followed by
newly injected emulsions. We do not observe clogging of the
entire medium at the constant injection flow rate and the
concentration of the droplets remains to be below a jamming
transition.** Moreover, the balance between viscous and capillary
forces does not change dramatically to mobilize a large number
of droplets.*>*¢

To quantify the emerging flow paths within the medium, we
track individual emulsions and superimpose the paths taken by
these emulsions as shown in Fig. 5. A few preferential paths are
formed in the medium and the subsequently injected emulsions
continue flowing along these paths. While only a few tortuous
paths are established in the flow of monodisperse emulsions
(Fig. 5a), additional paths are explored by introducing a slight
polydispersity in the emulsion sizes (Fig. 5b). Interestingly, in
the experiment with larger and polydisperse emulsions, large

a) In (seconds)
0

Fig. 5 Spatial distribution of emulsions in (a) monodisperse (Expl) and (b)
polydisperse (Exp2) experiments. Heatmap represents the log-
transformed time (in seconds) spent at each location, normalized to match
the maximum time value of Exp2.

This journal is © The Royal Society of Chemistry 2024
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droplets squeeze through the pores and create small perturba-
tions in the flow of subsequent trailing droplets. Hence, dro-
plets are more likely to switch paths as shown in Fig. 5b.

To quantify the variability of the velocities of the emulsions,
we calculate the probability density function (PDF) of the
velocities in different experiments as shown in Fig. 6a. The
PDF of the magnitude of the velocities of emulsions has an
exponential decay with a long stretched tail indicating the
presence of rare events with very large velocities compared to
the interstitial velocity. The interstitial velocity is vine = g/,
where ¢ is the volumetric flow rate per cross-sectional area and
¢ is the medium porosity. The distributions of velocities of
emulsions have similarities with the PDF of the velocities of the
flow of a single-phase continuous fluid, measured in identical
but separate experiments using 1 um tracer particles particle
image velocimetry (PIV).””® However, the tail of the PDF of the
velocities of droplets stretches to much larger velocities (5 X Vi)
than that of the single-phase flow (3 X vj,).

Comparing the PDF of velocities of droplets with a single-
phase flow confirms the intermittency in the dynamics of
droplets where trapping, re-mobilization, squeezing and bursts
through pore throats are common. The dynamics of emulsions
in these experiments exhibit unique features reminiscent of
transport in a porous medium: (1) emulsions only pass through
certain areas and some pores within the medium are never
explored by the droplets, as seen in Fig. 5. (2) Trapping and
accumulation of emulsions within the porous structure result
in changes in the medium permeability, leading to an increase
in the viscous forces. The latter effect, only observable in pore-
level measurements,”'*** can significantly change the flow in
neighboring pores and consequently affect the global flow.
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Fig. 6 (a)—(c) Probability density function of velocities of emulsions
normalized by the interstitial velocity (a) PDf of the magnitude of velocity
(b) PDF of the longitudinal component of velocity (v,) (c) PDF of the
transverse velocity, v,. Blue triangles represent the monodisperse emul-
sions, red squares represent the polydisperse emulsions, and black dia-
monds represent the tracer particles velocities. (d) Distribution of the
deviation of location of first 100 monodisperse droplets from fluid ele-
ments for 3 time-stamps, 2 seconds after entering the medium (red),
10 seconds (blue), and by the time either object reaches the end of their
path in view (black).
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Despite the finite size of the emulsions, and an expected slower
velocities than fluid elements (represented as tracers), we find
that the PDF of magnitude of the velocities of emulsions has an
average comparable to a single phase flow in agreement with
the constant flow driven experiment.

The PDF of velocities of emulsions in the direction of the
imposed flow, Fig. 6b, has a positive average, (v,) =270 um s,
consistent with the direction of flow. The significant negative
tail in the polydisperse experiments (Exp2) is due to the tortuous
path taken by droplets in this experiment. The PDF of v, of
emulsions has a slightly higher probability in the downward
(vy < 0) than the upward direction, aligning with the most
common paths observed in Fig. 5. The average dynamics of
droplets in these experiments (Exp1l: monodisperse and Exp2:
polydisperse) are independent of the distribution of droplet
sizes. The average velocity is dominated by the large number of
droplets experiencing slow dynamics. However, the rare events
with large velocities and bursts of motion are more probable in
the experiments with more variable sizes of emulsions.

Additional insights into the preferential paths of the dro-
plets can be drawn by comparing the trajectory of a droplet with
a fluid element as it enters the medium. The path of a droplet is
determined by the local stress (proportional to the velocity
gradient) on the surface of the droplet, while the path of a fluid
element is dictated by the fluid velocities. Hence, the trajectory of
an emulsion droplet deviates from a fluid element due to the
finite size of a droplet. The departure of the trajectory of a droplet
from fluid elements increases with time as shown in Fig. 6d. We
quantify the distribution of the deviation between the location of
the tracers and the emulsions entering the medium at the same
initial position. The locations of the tracers are determined by
integrating their trajectory using the flow velocity field (from PIV)
and a fourth order Runge-Kutta integration scheme.*” The
emulsions closely follow the path taken by a tracer for the first
few seconds but the location of the center of the droplet quickly
departs from the fluid element. After only 10 seconds the
distance between the location of the droplets and fluid elements
is distributed evenly across the medium. The distribution of the
distances shifts towards larger values and closer to the length of
the medium by the time either the emulsion or the fluid element
reaches the end of their paths. The distribution is converted into
a smooth function using MATLAB Kernel smoothing function
estimate for univariate and bivariate data.

Our understanding of emulsion transport in porous media
can be further enhanced by quantifying the dependence of the
average velocity of the emulsions on the time of travel through
the medium, which we refer to as residence time. As shown in
Fig. 7, the average velocities of all emulsions that pass through
the medium scale with the inverse residence time of the
emulsions, (v) ~ 1/(resident time). We measure the residence
time of each individual emulsion as it traverses the medium.
Emulsions that pass through the medium quickly have a short
residence time, while those that become trapped have a much
longer residence time. The longest residence time recorded in
our experiments is 800 seconds, comparable to the duration of
the experiment, and belongs to an emulsion droplet trapped in

Soft Matter, 2024, 20, 3585-3592 | 3589


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sm01465g

Open Access Article. Published on 29 February 2024. Downloaded on 6/22/2026 3:21:07 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Euclidean Distance (mm

a) 2 4 6 8 10 12 14
Q+ o
an + Exp1
(@]
10% o0, B O  Exp2
04 0, °+ @ 400
o
o d 25
°©6 9% o o 00 .
,m\ e 1
~ 4 %900 0 o oo © ©
élo F 00 o0, o ot o
= . o o
> o o ° o o ° o
z N
+ o © ° °o ° o oo ?
° o ° ° o +o 3+
ol o o k
10 o o o + ,%0
o 4o o
.
° +
1 2
10" | ) 10
b) residence time(s)
[+ 0 °
+
00 %
100% 0o &P
0 09,0 o,
o©° . o000
@ oc
~ 0% 6% o o
EIO_ , Q0 ©Oo % ° o O+
= o %906 o ° o o o
» o
< oo ° %o OO 0?0 %6 4@
+ o o ° o o . o o, . S
-2| ° ° o O+
10 ° ° o o o © o O
o o o o © + t o
. o o %+
+
Ol L
1
10" | ) 10
residence time(s)

Fig. 7 Average velocity vs. residence time of emulsions, (a) magnitude of
velocity and (b) longitudinal component of velocity. Crosses represent the
monodisperse (Expl) data and circles correspond to polydisperse (Exp2)
data. Marker sizes represent the number of emulsions within each
velocity-residence time bin. The colormap corresponds to the Euclidean
distance along the trajectory of the emulsions.

the medium. The scaling of (v) with inverse resident time holds
for all emulsions that exit the medium, represented by the light
color of the symbols in Fig. 7a. The color of the symbols
represents the value of the Euclidean distance along the
trajectory of the emulsions, defined based on the initial and
final locations of each emulsion droplet along its path. The
longest Euclidean distance within the 2D porous medium
corresponds to the diagonal of the medium (13.2 mm). Inter-
estingly, the scaling of the average velocity is independent of
the distribution of the sizes of the emulsions (Exp1, Exp2).
Moreover, the longitudinal component of the velocity scales
with the residence time similar to those with the average
velocity, (v,) ~ 1/(resident time). We attribute the (v,) scaling
to the dominance of the longitudinal direction in the transport
of emulsions within the medium. The transverse velocity, (v,),
is an order of magnitude smaller than the longitudinal compo-
nent in these experiments. The average velocities of the emul-
sions that are permanently trapped in the medium, or those
that do not leave the medium for the duration of the experi-
ment, are smaller than the velocities of emulsions of similar

3590 | Soft Matter, 2024, 20, 3585-3592

View Article Online

Soft Matter

o
)
1
<3

© PathA
o PathB||

w ©»
=] Q
] S

Final Y (mm)
EN
S
S

500

o 100 200 300 400 500

log(v)

~ 500

o

@ 00 ®
6000 © &P @t o gy ., W

0.9 1 1.1 1.2 1.3 o 200 400 600 800
log(Residence Time) Start Time (s)
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emulsions along the cross sectional direction. Blue symbols represent
the path leading to the exit point on top of the medium, red corresponds
to the path leading to the bottom of the medium, dashed gray line
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residence time that pass through the medium. Therefore, as
illustrated in Fig. 7, the average velocities of the emulsions that
remain within the medium consistently fall below the reference
line that encompasses those that pass through it. We observe
that droplets with longer Euclidean paths, or equivalently those
closer to passing through the medium, are more likely to have
an average velocity that approaches the population following
the scaling with inverse residence time. Throughout the experi-
ments, we extracted over 6 million positional updates and their
corresponding velocities. Therefore, in Fig. 7, we aggregate
numerous data points into a single symbol for better visualiza-
tion. The symbol’s size corresponds to the logarithmic scale of
the data point count.

The scaling of average velocity with inverse residence time of
emulsions is described with a simple dimensional argument
(ms1] = LengAth (m)

res. time (s)
length scale is the path length of the trajectory of the emul-
sions. Here, the emulsions are more likely to take either
preferential paths identified in Fig. 5. We identify the emul-
sions with the paths they take and show that in the mono-
disperse experiments where emulsions continuously follow two
distinct paths, the emulsions on the longer path have a slightly

We find that the corresponding

smaller average velocity. Nevertheless, the average velocities of
all emulsions are distinctly split into two groups as shown in
Fig. 8a. This observation is further confirmed by the location of
the exit point of the emulsions as shown in Fig. 8b. Moreover,
similar separation of path lengths and exit points are observed
for the polydisperse emulsions as seen in Fig. 8c and d.
Observation of the distinct paths and exit points in this
medium provides clear evidence of the emergence of preferen-
tial paths independent of the emulsion sizes. These paths

This journal is © The Royal Society of Chemistry 2024
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emerge as a consequence of the solid pore structure modified
by the trapping of emulsions.

4 Conclusions

In the present study, we successfully investigate the pore-level
dynamics of monodisperse emulsions navigating a two-
dimensional porous medium. By leveraging the versatility of
microfluidic techniques, we control the concentration and sizes
of emulsions, in addition to the injection rate of emulsions, by
integrating an on-chip drop-maker driven by an external pneu-
matic pulse. We find that at low concentrations, emulsions flow
through pores with higher local velocities and independent of
the pore sizes, leading to trapping of emulsions in pores smaller
than the emulsion sizes. This leads to a 35% reduction in the
porosity of the medium. Few preferential and highly tortuous
flow paths emerge within the medium after this reduction in
porosity, along which low-concentrations emulsions continue to
flow. Our measurements of the pore-level velocities of the
emulsions show a highly intermittent dynamic consisting of
trapping and subsequent mobilization of emulsions within the
porous structure. Nevertheless, we find that the average velo-
cities of all emulsions that flow through the medium scale with
the inverse residence time of the emulsions and is distin-
guished by the flow paths emulsions take within the medium.
This emergent scaling holds for slightly polydisperse emulsions.
The introduction of a slight polydispersity in the emulsions
enhances the transport of emulsions despite the larger sizes of
the droplets revealing more fluctuations in transport paths.
Independent of the distribution of droplet sizes, trapped emul-
sions within the porous structure play a pivotal role in defining
preferential transport paths, showcasing the interaction intri-
cacies between the droplets and the porous network. Although
the current experiments are focused on the dynamics of low
concentrations of emulsions in porous media at a moderately
slow flow rate, corresponding to a small Reynolds number, in
the laminar regime, the approach serves as a foundational
method for characterizing emulsion dynamics in a variety of
flow regimes. The formation and persistence of preferential
flow paths and droplet-droplet interactions at higher flow rates
where the local flow can be highly unstable remains to be
explored. These findings and the associated experimental
methodology have the potential to drive advancements in areas
such as soil remediation, drug delivery, and oil spill cleanup.
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