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GRAPHICAL ABSTRACT

ABSTRACT

Transport of oil droplets through porous media is an important topic in the oil and gas industry. Oil dro-
plets that are present in produced water contribute to injectivity decline during re-injection due to reten-
tion in pores. In the literature, the retention phenomenon is typically studied by means of core/packed
bed flooding, which struggles to provide a simple and inexpensive way to visualize retention events at
the pore scale. This paper demonstrates a microfluidic method for studying the transport of dilute oil-
in-water emulsions through porous media. The method allows identification of every single retention
event at the capillary level and quantitative analysis of the spatial distribution of the retained droplets
over pore volumes injected. Experiments were carried out for monodisperse and tailored polydisperse
emulsions. Moreover, several droplet sizes, flow rates and dispersed phase concentrations were tested.
The results showed that the droplet size has a dramatic effect on the pore clogging. Droplets that are lar-
ger than pore throats underwent complete retention, while droplets that are smaller than pore throats
showed little to no retention in the monodisperse emulsion experiments. Additionally, the experiments
with polydisperse emulsions showed that the larger droplets are facilitators for the retention of the smal-
ler droplets, and the latter are unlikely to experience significant retention independently of the former.
The flow rates affected flow re-entry mechanisms of the larger droplets, while for the smaller droplets
it influenced only the number of retention events. It was identified that dispersed phase concentration
has a significant effect in experiments with limited pore volumes injected. At low concentration, the
obtained statistical sample was not sufficiently large to unravel the trends. The developed method
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presents a solid foundation for further experiments and developments in microfluidic studies of the

emulsion transport.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

There are large amounts of water co-produced with oil and gas
during the recovery of hydrocarbons. The amount of produced
water (PW) depends on the stage of recovery and typically
increases with the lifetime of the field. Worldwide, on average,
there are 4 barrels of water produced per 1 barrel of oil (Dudek
et al., 2020b). Produced water comprises a variety of dispersed
and dissolved components, originating both from reservoir and
processing operations, which can be environmentally harmful
(Fakhru'l-Razi et al., 2009). Typically, on the offshore installations
PW is either discharged into the sea or re-injected back into the
reservoir. The discharge of water is a prevailing approach of pro-
duced water management. According to the current legislation
for the Norwegian Continental Shelf, the concentration of dis-
persed oil in PW must not exceed 30 mg/l when the water is dis-
charged. However, regulatory authorities in Europe urge oil
companies to decrease the discharge limit to 15 mg/l (European
Commission, 2019). This would increase the cost of treatment
and make the discharge more expensive, which shifts the attention
to produced water re-injection (PWRI) as a more environmentally
friendly and potentially economic option.

Although PW undergoes treatment before re-injection, there are
still dispersed particles and droplets present in the water as com-
plete purification is impractical from the cost point of view
(Palsson et al., 2003). These dispersed components clog the pores
of a formation when PW is re-injected, which causes an injectivity
decline of wells over time (Tipura et al., 2013). Thus, a compromise
must be made between the cost of the treatment and the expenses
associated with the potential damage and remediation (Palsson
et al., 2003). Field reports of produced water re-injection indicate
that the current practice of water quality specification is variable
and often deficient in limiting the injectivity decline. In some cases,
on site coreflooding tests are deployed to obtain representative
data for the flooded reservoir (Costier et al., 2009; Souza et al.,
2005) , while in other cases a rule of thumb is utilized — up to
10 ppm and up to 40 ppm for total suspended solids and oil con-
centration respectively (Rossini et al., 2020). On the other hand,
some reports suggest that the properties of reservoirs and sus-
pended components must be considered when setting specifica-
tions of injection water (Evans, 1994; Rossini et al., 2020).

The process of injectivity impairment by suspended particles or
droplets is characterized by the formation of an external filter cake
at the face of the well and an internal filter cake in the near well-
bore region (Ochi and Oughanem, 2018; Pang and Sharma, 1997).
The transport and retention of solids and droplets in porous media
is often described by the deep bed filtration theory (Civan, 2007;
Soo and Radke, 1986). According to this theory, the retention of
particles occurs by two mechanisms: straining capture and inter-
ception capture. Straining happens when a particle is of compara-
ble size to a pore throat, so the particle can lodge in the
constriction and clog it. Interception capture happens when parti-
cles are captured on the surface of a pore wall due to surface forces
(Herzig et al., 1970). The two mechanisms can complement each
other. For example, a particle that is smaller than a constriction
can be captured by surface forces, reducing the effective pore area.
Then, another particle that is larger than the remaining effective
area would clog the pore completely by the straining mechanism.
The literature suggests that solid particles larger than 1/3 of pore

size build an external filter cake, while particles in the range
between 1/3 and 1/14 of pore size form an internal filter cake
(Abrams, 1977; van Oort et al., 1993). The retention of droplets is
similar to the one of particles; however, unlike particles, droplets
are deformable and can be squeezed through a constriction if the
pressure across the pore throat is large enough to overcome the
capillary forces retaining the droplet.

In the literature, experimental studies of the retention phe-
nomenon are typically done by core plug or packed bed flooding
(Ali et al., 2011; Btaszczyk et al., 2016; Ding et al., 2020; Guillen
etal.,, 2012b; Yu et al., 2017). Due to the limitation of flooding tech-
niques when it comes to the visualization of pore scale events,
most of the conclusions regarding the damage of the porous media
are based on pressure data (Vaz et al., 2017) and dispersed phase
concentrations at the inlet and the outlet of a sample (Rousseau
et al., 2007). The lack of visualization limits advances in the field
as it could give a better understanding of the plugging phe-
nomenon. Micro-computed tomography could be applied to see
inside the samples (Mikolajczyk et al., 2018); however, this tech-
nique is expensive and complex to implement. A more convenient
technique that could provide insight into the pore scale phenom-
ena and give good reproducibility of results is microfluidics
(Jahanbakhsh et al., 2020). Microfluidic studies of flow in porous
media give an advantage over packed bed/core flooding when it
comes to visualization and flexibility for testing various conditions,
e.g. flow conditions (Liu et al., 2019a), wettability (Saadat et al.,
2021; Sandengen et al., 2016; Schneider and Tabeling, 2011), pore
size and geometry (Saadat et al., 2020; Xu et al., 2014). Retention of
solid particles has also been successfully investigated using
microfluidics in several studies (Auset and Keller, 2006; (van de
Laar et al., 2016; Liu et al., 2019a; Wyss et al., 2006).

In this work, we explored and utilized microfluidics as a tech-
nique to investigate clogging of pores by droplets, by studying
the transport of monodisperse and polydisperse model oil emul-
sions through a uniform network of channels. We systematically
varied droplet sizes, injection rates, and dispersed phase concen-
tration. Image-based quantitative and qualitative analyses were
performed to follow the progress of droplet retention over pore
volumes injected and the distance from the injection point. Firstly,
the effect of droplet size and injection rate on pore clogging is dis-
cussed in the context of monodispersed emulsions. Afterwards, the
influence of the dispersed phase concentration on the interpreta-
tion of the observations is analyzed. Then, the results of experi-
ments with tailored polydisperse emulsions are presented. Lastly,
the proposed method is compared to other techniques, and advan-
tages and disadvantages of the method are examined. To the best
of our knowledge, this is the first time a study of droplet retention
in porous media is carried out for dilute oil-in-water emulsions
using a microfluidic approach.

2. Experimental Section
2.1. Fluids and chemical additives

2.1.1. Fluid properties

A surfactant solution was used as a continuous phase during the
experiments to limit coalescence between droplets. The solution
was prepared by dissolving 0.4 mM of the non-ionic surfactant
Tween 20 (CMC = 0.06 mM at 20-25°C) (Sigma Aldrich, Germany)
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and 17 mM of laboratory grade NaCl (VWR, USA) in deionized
water (Millipore Simplicity Systems, Germany).

A mixture of two model oils, namely dodecane and 1-
bromododecane, was used as a dispersed phase. The model oils
were mixed to mitigate the gravity separation of the emulsion dur-
ing the flooding experiments. It was experimentally found that the
mixture with the density of 1002.00 kg/m? is optimal (Fig, S1 and
Fig S2 in Supplementary Information). The density of the continu-
ous phase was measured to be 999.11 kg/m?, while dodecane and
1-bromododecane were measured to be 748.96 kg/m> and
1040.24 kg/m?> respectively. A mixture composed of 13.13 v% of
dodecane and 86.87 v% of 1-bromododecane resulted in the den-
sity of 1002.00 kg/m>. The mixture was prepared by weighing,
and the actual density of the obtained sample was measured to
be 1001.87 kg/m3, which was considered sufficiently accurate. All
the densities were measured using a density meter at 20°C (DMA
5000 M, Anton Paar, Austria).

Interfacial tension (IFT) between two phases was measured
using a spinning drop tensiometer (SVT20, dataphysics, Germany)
at 20 °C. Since the continuous and dispersed phase had almost the
same density it was not possible to measure the IFT using the pre-
pared mixture of model oils. Instead, a 50.50 v% mixture of dode-
cane and 1-bromododecane with the density of 894.87 kg/m>
was used, which allowed to perform an accurate measurement. It
is believed that the measured value is representative of the system
used for experiments as the surfactant molecules would saturate
the interface at the used concentration. The IFT was measured to
be 4.6 mN/m.

2.1.2. Emulsions

Two types of emulsions were utilized in the experiments:
monodisperse emulsions and a polydisperse emulsion comprising
droplets of three sizes. The oil-in-water emulsions were generated
using a microfluidic droplet generator (Section 2.2.1). In total, six
monodisperse emulsions were prepared with the following vari-
ables: droplet sizes of 15 pm, 30 um and 42 pm; and two dispersed
phase concentrations of 500 ppm and 1500 ppm. The polydisperse
emulsion contained droplets of 15 um, 30 pm, and 42 pm with the
total dispersed phase concentrations of 1500 ppm. The polydis-
perse emulsion contained approximately equal numbers of dro-
plets of each size. All the emulsions were produced in 750 ul
batches.

2.2. Microfluidic chips and setup

2.2.1. Droplet generators

Cross-flow and flow-focusing microfluidic droplet generators
were utilized for emulsification. The microfluidic chips were made
of glass and are hydrophilic. The chips were manufactured by
Micronit Microtechnologies B.V. (The Netherlands). The flow-
focusing chip was designed by the manufacturer (DGFF.10), while
the cross-flow chip was designed inhouse (Dudek et al., 2020a).
The cross-flow geometry (T-junction) was used for generation of
30 um and 42 um size droplets. The T-junction was formed by
two 100 pum wide and 45 um deep inlet channels, which was fol-
lowed by 500 pm wide and 45 pm deep channel. The flow-
focusing geometry was used for the droplets of 15 pm size. The
nozzle size of the flow focusing device was 10 um, while the height
of the channels was 17 pm.

2.2.2. Micromodel (Porous medium)

Microfluidic chips representing a porous medium by a uniform
network of channels were used in this work. The chips were
designed and manufactured by Micronit Microtechnologies B.V.
The micromodels were made of glass and are hydrophilic. A
detailed description of the micromodel can be found elsewhere
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(Pradhan et al., 2019), while a brief description is provided here
for practical reasons. The schematic of the micromodel can be
found in Supplementary Information (Fig. S3). The network of
channels is 10 mm x 20 mm and contains 10,050 pores (coordina-
tion number = 4). The network is preceded and followed by a lat-
eral channel of 10 mm x 0.5 mm. The depth of all channels and
the network is 20 pm. The width of the pore bodies is 90 pm,
while the width of pore throats is 50 um (Fig. S4). Fluids enter
the chip through a conical inlet followed by an inlet channel that
is successively bifurcated three times. The last bifurcation step
results in 8 channels. These channels are evenly connected to the
lateral channel allowing uniform transport of fluids to the network.
The outlet part of the chip is symmetrical to the inlet part.

2.2.3. Setup

During the droplet generation and emulsion flooding, the chips
were placed into a chip holder (Fluidic Connect Pro, Micronit
Microtechnologies B.V., The Netherlands) and connected to the
flow device through FFKM ferrules and an FEP tubing (ID
250 pm, IDEX Health & Science). Syringe pumps (neMESYS mid-
pressure module 1000 N and low-pressure module 290 N, Cetoni
GmbH, Germany) were used to move the liquids.

The micromodel was imaged using a 4MP color high-speed
camera (FASTCAM Mini WX100, Photron, Japan) connected to an
inverted microscope (Eclipse Ti2-U, Nikon, Japan). The microscope
is equipped with a motorized stage and a focus drive (OptiScan III,
Prior Scientific, UK). The camera and the motorized components of
the microscope were coupled through a LabVIEW code, which
allowed to fully automate imaging of the micromodel during the
experiments.

2.3. Experimental procedure

The experiments consisted of two interconnected parts: droplet
generation and emulsion flooding. All the experiments were per-
formed at room temperature (approx. 20 °C).

2.3.1. Droplet generation

Since the droplet generators have large throughputs, the gener-
ated emulsions had dispersed phase concentrations significantly
higher than required and were diluted with the continuous phase.
The emulsion volumes generated on the chip and the volumes of
the continuous phase added to obtain the required concentrations
(Section 2.1.2.) can be found in Supplementary Information
(Table S1). Table 1 summarizes the flow rates used for droplet gen-
eration and the corresponding droplet sizes. The emulsions were
collected outside the chip through an FEP tubing (ID 250 pm,
length = 10 cm) and afterwards diluted by the pre-calculated vol-
umes of the dispersed phase to reach desired concentrations.

2.3.2. Emulsion flooding

The flooding was performed by withdrawal of the emulsion
rather than injection. The setup is illustrated in Fig. 1. A glass fun-
nel connected to the inlet of the microfluidic chip was used to store
and dispense the emulsion, while the outlet of the microfluidic
chip was connected to the syringe pump. This approach allowed

Table 1
Flow rates and chip designs used to generate droplets.
Chip design Continuous phase Dispersed phase Droplet
flow rate [ul/min] flow rate [pl/min] diameter [pm]
Flow-focusing 15 0.3 15
Cross-flow 275 3 30
Cross-flow 450 3 42
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Fig. 1. Diagram of the flooding setup. Objects are not drawn to scale. Chip holder is not illustrated.

the storage of an emulsion closer to the chip and eliminated any
undesired phenomena associated with the transport of the emul-
sion through long tubing. The funnel was made by shortening
the tip and the body of a Pasteur glass pipette and connected to
the chip through an FFKM ferrule. The volume of the funnel was
approximately 1 ml. An analog flow meter (MFS2, ElveFlow,
France) was connected to the setup during flooding to verify con-
stant flow rates.

All the tubes were flushed with the continuous phase before
connecting to the micromodel to avoid air bubbles in the system.
The micromodel was saturated with the continuous phase through
a 2 um PTEE filter at 250 pl/min. Afterwards, the funnel was filled
with 250 ul of continuous phase using a micropipette. The emul-
sion from the droplet generator was collected directly into the fun-
nel and diluted as described in Section 2.3.1. The emulsion was
gently stirred using a syringe needle to achieve homogeneity.
Lastly, the needle was lowered down to the bottom of the funnel
tip, and 200-250 ul of emulsion was withdrawn with a syringe
to ensure homogeneity in the funnel tip as well. Table 2 provides
the summary of all experimental conditions. All the experiments
were performed twice to ensure repeatability. The droplet genera-
tion chips were cleaned after each experiment by sonication suc-
cessively in four liquids for 15 min each: toluene/acetone
mixture (2:1 v/v), 2% aqueous solution of Decon 90™, isopropanol
and de-ionized water. The micromodels were backflushed at
150 ul/min after each experiment with pure continuous phase to
remove the dispersed phase from the network. Afterwards, the
micromodel was cleaned by successively injecting de-ionized
water, isopropanol, and again de-ionized water for at least 20 PV
each. In the end, both micromodels and droplet generators were
baked in an ashing furnace for 6 h at 450 °C. The glass funnel
was cleaned manually by de-ionized water, isopropanol, and again
de-ionized water, and afterwards dried in a heating cabinet at
60 °C overnight.

2.3.3. Data acquisition

The micromodel was imaged by obtaining a sequential contin-
uous grid of images using the motorized microscope stage. This
approach was opted to address the spatial scale mismatch between

the field of view of the microscope and the network. The motiva-
tion to cover a large area of the network comes from the need to
obtain good statistical sampling and to capture rare droplet reten-
tion events. The complete imaging was performed on per 2 PV
basis for monodisperse emulsions and 4 PV basis for polydisperse
emulsion experiments, which was empirically found as an optimal
resolution for the data collection. The area of the network that can
be covered per defined amount of time is limited by the movement
speed of the motorized stage. Therefore, the covered area varied
between experiments depending on the injection rate and magni-
fication Table 2. For the purpose of image analysis, a pair of images
were taken at each grid position within the same sequence. The
time interval between the images in a pair varied depending on
the flow rate to allow image analysis. Table S2 summarizes the
information about the grid sizes and motorized stage movements.

2.4. Image processing and analysis

The image processing and analysis process was built on analyz-
ing image pairs as all the objects on single images appear static
precluding identification of the retained droplets. Image pairs
enabled distinguishing captured and moving droplets.

Step 1: Removal of moving droplets. First, the acquired images
were converted from 24-bit RGB to 8-bit grey scale, where the
structure of the chip had intensities around 255 (white pixels),
while the water-oil interfaces and channel edges below 220 (dar-
ker pixels). Afterwards, the temporal differencing technique was
applied to the image pairs to extract moving droplets from the
images. Fig. 2a and Fig. 2b show an image pair taken at the same
grid position with 1320 ms interval, image i and image i + t respec-
tively. It can be seen from the image pair that some droplets on the
image i + t changed their position with respect to image i. This cre-
ates a difference in the intensity of foreground pixels (If) represent-
ing moving objects and the intensity of background pixels (Ip)
representing static objects (the chip structure and the retained
droplets). When image i + t is subtracted from image i, all the back-
ground pixels of image i + t obtain a value around 0 due to a match-
ing I, while the foreground pixels obtain new values of I, - Ir. The
result of this operation is a new image revealing foreground pixels

Table 2
Conditions and emulsions tested in the experiments.
Type Droplet size [um] Flow rate [ul/min] Concentration [ppm] Capillary number Zones imaged PVs
Monodisperse 15 0.125 500/1500 4.30*10° 1+2+3+4 10
15 0.25 500/1500 8.62*10° 1+2+3+4 10
30/ (15) 1 500/1500 3.44*107° 1+2+3+4/(1+2) 40/ (10)
30/42 2 500/1500 6.89*107° 1+2 40
30/42 4 500/1500 1.37*10* 1+2 40
Polydisperse 15+30 +42 2 1500 6.89*107° 1+2 40
15 +30 +42 4 1500 1.37*10 1+2 40
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Fig. 2. Image analysis process: (a) image «i» in the pair of images; (b) image «i + t» in the pair of images, taken 1320 ms after image “i”; (c) the result of the subtraction of

image «i + t» from image «i» displaying moving droplets of image «i + t»; and d) the final image containing only captured droplets.

of image i + t (Fig. 2c). As the next step, the new image is summed
with image i + t. In this case the pixels which had a value of 0
obtain intensity values of 0 + I, while the foreground pixels obtain
intensities of I, - I + Ir (around 255), which causes moving droplets
to disappear from the image (Fig. 2d).

Step 2: Droplet detection. Circular Hough transform (Atherton
and Kerbyson, 1999) was applied to the images using a built-in
Matlab function to automatically detect droplets on per image
basis. The Matlab function returned radii of detected circles,
pixel-wise positions of circles centers, and the number of detected
circles per image. The obtained data was linked to the grid position
of an analyzed image for the purpose of further processing. Occa-
sionally, the function identified parts of the chip structure as cir-
cles. In order to avoid inclusion of such instances into the results,
the data was filtered based on the expected droplet radius.

Step 3: Network zonation. In conventional flooding experi-
ments, there are typically discrete measurements of a pressure
drop over the length of long cores or packed beds (Fig. 3). This
breaks down a sample into sections which enables estimation of
permeability in every section independently. The obtained series
of permeabilities allows to follow the development of the damage
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Fig. 3. (a) Schematic of a core plug sectioninig for pressure drop measurments; (b)
illustration of micromodel zonation for reporting the droplet capture data.

caused by the dispersed components across a sample over time. In
this paper, a similar zone-based approach was utilized to allow
comparison of results with the data in the literature and enable
validation of the method. The micromodel was organized into four
area-wise equal zones as illustrated in Fig. 3. Zone 1 included the
frontal part of the network and its surface, where the external filter
cake normally forms, while zone 2, 3, and 4 included subsequent
parts of the network. The number of zones and images comprising
a zone varied between experiments, while the area covered per
zone was kept comparable. Table 2 presents the number of zones
with respect to experimental condition. Table S2 in Supplementary
Information shows the details of zonation (area covered, etc.). The
grid position of the image pairs was utilized to assign the data
obtained in Step 2 to a corresponding zone. The data was reported
on per zone basis.

3. Results and discussion

In a typical injection scenario in sandstone reservoirs, the cap-
illary number in a limited region around a wellbore is in the order
of 10%-10" (Jin and Wojtanowicz, 2014), while deeper in the
reservoir, outside that region, the capillary number is about 1077
(Mendez, 1999). In this paper, the used flow rates correspond to
the capillary numbers representing the near wellbore region
(Table 2).

Droplets that have a larger diameter than the channel depth are
squeezed during the transport through the micromodel, namely
30 um and 42 pm. Thus, there is a friction force acting on the dro-
plets that slows them down with the most noticeable effect being
in the inlet channel due to its width. An estimation of the velocity
loss in the inlet channel can be found in Supplementary Informa-
tion (Fig. S5). It was observed that the velocity loss increased as
the flow rate decreased. Moreover, the loss was slightly greater
for 42 pm droplets than 30 um droplets at 2 pl/min rate, while at
4 ul/min the loss was similar for both droplet sizes. At 1 pl/min
flow rate, 42 um droplets were experiencing high drag in the inlet
channel; therefore, this combination of conditions was excluded
from the experimental matrix. Droplet sizes larger than 42 pm
were not considered for the same reason. The squeezed droplets
obtained ellipsoid-like cross-sections. The maximum diameter of
the cross-section for a squeezed 42 um droplet was estimated to
be 52 um which is slightly larger than the width of a pore throat,
while for a 30 um droplet the maximum diameter was 40 pm.
However, it is important to mention that although the surface of
the channels is relatively smooth there are protrusions at the
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throat to pore body connection causing surface irregularity. This
irregularity constricts a pore throat at the entrance point by
approximately 8 pm. Further in the text the original (non-
squeezed) droplet sizes are used for consistency with Section 2.
All in all, the transport of droplets that are comparable to the size
of pore throats and smaller were studied at the flow rates repre-
sentative of near wellbore conditions.

3.1. The effect of drop-to-pore size ratio

The experimental results showed a significant effect of drop-to-
pore size ratio on the droplet capture rate. Fig. 4 presents the total
number of retained droplets after 40 PV of flooding as a function of
droplet size at the flow rate of 4 ul/min and 1500 ppm dispersed
phase concentration. It is important to note that the external filter
cake is included into the data; however, the number of droplets
captured at the entrance of the network is insignificant in compar-
ison with droplets captured in the network. It was observed that
droplets smaller than the pore throats have substantially lower
capture rate than the ones of the size comparable to pore throats.
The observed trend holds for the lower injection rate and concen-
trations as well. Droplets of 15 pm size did not show retention at
any of the tested conditions for the monodisperse emulsion
experiments.

Fig. 5a shows typical plugging configurations by 30 um droplets
that were observed at the tested conditions. The images show that
the flow through a pore was restricted by a single droplet, or sev-
eral droplets by the bridging mechanism as suggested in the liter-
ature from indirect observation (Moradi et al., 2014). Moreover, the
observations suggest that bridging played a crucial role in the pro-
cess of pore clogging by 30 um droplets. The irregularities at the
throat to pore body connection and the flow bifurcation created
an upstream stagnation point at the entrance to a pore throat
where a droplet was trapped and held by the wedging mechanism
(Herzig et al., 1970). A subsequent droplet passing through the
pore, bridged it by being trapped between the already retained
droplet and the pore wall due to reduced effective area of the pore.
The droplet capture configurations indicate that although 30 um
droplets underwent some degree of retention, the impairment
caused by the droplets is negligible considering that there are
10,050 pores in the network. The majority of the pores remain
completely open allowing unrestricted flow of injection fluid
through the network (Fig. 5b).

The lack of retention events for 15 pm droplets indicates that
the surfactant molecules could have created a strong repulsive
energy barrier, which prevented droplet capture. This suggests that
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Fig. 4. Number of retained droplets in zone 1 and zone 2 for droplets of 30 um and
42 um size at 1500 ppm dispersed phase concentration and 4 ul/min flow rate.
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the interception mechanism had little to no role in the process of
droplet capture for the tested systems. On the other hand, it is
important to highlight that the surface of the used network is very
smooth. This could have played a role in the absence of retention
events for 15 um droplets, as it was shown in the literature that
surface roughness can also influence colloid retention by altering
streamlines (Auset and Keller, 2006). Many reports in the literature
used surfactant stabilized emulsion for the study of droplet trans-
port through porous media and considered interception mecha-
nism as one of the contributors to droplet capture (Btaszczyk
et al., 2016; Moradi et al., 2014; Romero et al., 2011; Yu et al,,
2018). The stabilization of emulsions gives a better control over
experiments and prevents coalescence of droplets, which allows
comparison of droplet size distribution at the inlet and outlet of
a sample. However, the findings in this paper point out that the
influence of surfactant on droplet-pore surface interaction might
be significant and should be taken into account when planning this
type of experiments.

On the other hand, flooding the micromodel with 42 um dro-
plets demonstrated severe impairment (Fig. 5¢ and Fig. 5d). The
droplets were captured at the entrance into pore throats by strain-
ing mechanisms as suggested in the literature (Soo and Radke,
1986; Yu et al., 2018). The retained droplets experienced flow re-
entry by two mechanisms: 1) squeezing through a pore throat
due to the pressure difference across a pore; and 2) by being
pushed through a pore due to the momentum gained from collision
with a subsequent droplet. However, every single droplet that
entered the network was eventually retained. Fig. 6 depicts the
evolution of droplet retention over pore volumes injected. One
can see that initially the droplets are retained only in zone 1. After
16 PV of flooding the number of retained droplets in zone 1
reached a plateau and started to fluctuate around the same value
until the end of the experiment. Once zone 1 reached the plateau,
droplet retention began in zone 2. After 34 PVs injected the num-
ber of retained droplets in zone 2 started to converge with the pla-
teau of zone 1. This observation suggests that there was a droplet
retention equilibrium, which once reached moves the retention
front deeper into the network. This reasoning is substantiated by
the simulation and experimental data reported in the literature
(Buret et al., 2010; Jin and Wojtanowicz, 2017).

3.2. Flow rate

The results show that injection rate played a significant role on
droplet retention both for 30 um droplets and 42 um droplets. For
30 um the effect was on the retention rate, while for 42 um the
flow rate affected the retention equilibrium.

Fig. 7a shows that for 30 um droplets at the concentration of
1500 ppm the retention is significantly lower at higher injection
rates. This is associated with larger velocities at the stagnation
point upstream the pillars, which reduced the probability of dro-
plets being captured there. Another explanation is that subsequent
droplets entering the pore had a larger velocity at the moment of
collision with the already retained droplet; thus, the droplet gained
enough momentum to re-enter the flow, which prevented the
forming of bridges. Interestingly, for all injection rates, the number
of retained droplets decreased from zone 1 to zone 2.

Fig. 8a compares the effect of flow rate on retention of large dro-
plets at the oil concentration of 1500 ppm. The number of retained
droplets in zone 1 at 4 pl/min is lower than at 2 ul/min. The differ-
ence arises from the flow re-entry mechanisms discussed in Sec-
tion 3.1. The squeezing mechanism was dominant at 4 pl/min
since the pressure drop across a clogged pore was higher than at
2 pl/min. The collision mechanism was more dominant at 2 pl/
min; therefore, droplets percolated as they collided and pushed
each other deeper into the network. The consequence of this differ-
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Fig. 5. Droplet retention instances for monodisperse emulsions: (a) typical configurations of 30 um size droplets plugging the pores; (b) multi-pore scale view of the network
during the flow of 30 um droplets; (c) multi-pore scale view of the network during the transport of 42 um droplets at the flow rate of 2 ul/min; and (d) multi-pore scale view

of the network during the transport of 42 um droplets at the flow rate of 4 pl/min.
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ence can be visually inspected in Fig. 5c¢ and Fig. 5d. At the lower
injection rate, the local saturation of the network with droplets
was larger than at the higher rate, which contributes to greater

retardation of the flow and the blockage of streamlines. At 4 pl/
min, the droplets percolated through the network quicker than at
2 pl/min filling about 50% of the pores in each zone; however,
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1500 ppm; (b) 500 ppm.

the connectivity of pores was higher due to a less dense arrange-
ment of the droplets, which maintained streamlines across the net-
work. The flow velocities are important to consider in the context
of the radial flow around a well bore since they decrease as the dis-
tance from the well increases (Jin and Wojtanowicz, 2017). This
suggests that as the distance from the well bore increases the flow
re-entry mechanisms would change. Closer to the well bore the
squeezing mechanism would play the main role, while farther
from the well the collision mechanism would dominate, and the
packing of droplets become denser creating a ring of high oil satu-
ration. Therefore, we hypothesize that an increase in the injection
rate in order to push droplets through the pores would distance the
ring from the wellbore delaying the injectivity decline; however,
the decline is inevitable.

3.3. Dispersed phase concentration

The dispersed phase concentration played noticeable role in the
size of obtained statistical sample and the possibility to draw con-
clusions from the results. Although the tested concentrations
(500 ppm and 1500 ppm) are significantly higher than what is typ-
ically encountered during produced water re-injection (Mainguy
et al., 2020; Martins et al., 1995; Rossini et al., 2020; Tipura
et al., 2013), it was important to keep the concentrations high from
the experimental point of view. Since the experiments were per-
formed only up to 40 PVs to mitigate potential droplet coalescence
or phase separation, emulsions with a low dispersed phase concen-
tration would not provide large enough effect to reveal the trends
as there were not enough droplets transported to the network. This
can be distinctly seen in Fig. 8, where the results for 500 ppm and
1500 ppm of dispersed phase concentrations are compared. While
the result depicted in Fig. 8a reflects the difference in the flow re-
entry mechanisms at two different rates (by showing that there
were more droplets retained in zone 1 than in zone 2 after 40
PVs), Fig. 8b does not allow to make this observation. Otherwise,
if lower concentrations were used, experiments would have been
performed for significantly more PVs, which could lead to changes
in the emulsion properties during flooding. It is important to note
that for both 500 ppm and 1500 ppm tests in total there are less
droplets retained in the network at 2 pl/min flow rate than at
4 ul/min. This result is a consequence of a slightly larger velocity
loss in the inlet channels at 2 pl/min flow rate in comparison with
4 pl/min (Figure S5); however, this drawback of the system still
allows to perform a reasonable comparison. When it comes to
the overall effect of the concentration on the number of retentions,
for 42 um droplets, it can be seen from the comparison of Fig. 6a
and Fig. 6b that at lower concentration droplet deposition rate is

lower, which is expected. Thus, the deposition equilibrium was
reached later in the PVs injected. This observation points out that
as long as the drop-to-pore size ratio is larger than one the network
would be filled by droplets regardless of the dispersed phase con-
centration. This in turn highlights the importance of considering
droplet size- and pore size distributions in conjunction when set-
ting re-injection water specifications, which has been discussed
in the literature (Evans, 1994; Rossini et al., 2020), but still not
always taken into account during PWRI (Azizov et al., 2021).

An interesting observation was made in the experiments where
30 um droplets were tested (Fig. 7a and b). It can be seen that at
500 ppm there are more droplets retained in zone 1 than zone 2,
which is similar to 1500 ppm tests. However, unlike higher con-
centration experiments, there were no distinguishable trends
observed within a specific zone at 500 ppm concentration. It can
be seen from Fig. 7b that in zone 2 there is approximately the same
number of droplets retained at each tested flow rate. There were
more droplets retained in zone 1 at 1 pl/min rate than at 2 pl/
min and 4 pl/min rate; however, 2 pl/min injection rate showed
least retention events. This again can be associated with a very
low number of retention events due to fewer droplets being
injected.

3.4. Polydispersity

In this section the flow of polydisperse emulsion comprising
droplets of three size classes, 15 um, 30 pm and 42 pm, was inves-
tigated to examine the effect of polydispersity on the transport of
droplets. The dispersed phase concentration was kept at
1500 ppm for all experiments while flow rates were 2 ul/min and
4 pl/min. The number of droplets in each size class was approxi-
mately the same. Fig. 9a and b visualize the retention of droplets
at the external filter cake and deeper in the network respectively.

The number of retained droplets for each size class over 40 PVs
of flooding are compared in Fig. 10. It can be seen from the figure
that the droplets of all size classes experienced retention, which is
in contrast to the experiments with monodisperse emulsions
where droplets of 15 um size showed no retention. There was sig-
nificantly more of 15 pm droplets retained in zone 1 at 2 ul/min
rate than at 4 ul/min. This can be explained by the fact that the
external filter cake was more pronounced at the former rate, which
caused the capture of a large number of 15 um droplets at the cake
as illustrated in Fig. 9a. At the latter flow rate, the filter cake was
limited allowing more droplets to pass into the network. Moreover,
42 pm droplets demonstrated similar behavior as observed in
monodisperse experiments. The squeezing mechanism dominated
at 4 pl/min, while at 2 pl/min droplets percolated due to collisions,



I. Azizov, M. Dudek and G. @ye

\/

b

Fig. 9. Droplet retention instances for polydisperse emulsion at: (a) the filter cake;
(b) deep in the network.

which resulted in a larger number of droplets retained in zone 1 at
2 ul/min rate than at 4 ul/min. However, similar to the experiments
with monodisperse emulsions, very few droplets were trapped in
zone 2 at the flow rate of 2 pl/min (Fig. 10b), while there were
more droplets trapped in zone 1 at 2 ul/min than at 4 pl/min due
to a denser packing. When it comes to 30 pm droplets, there were
significantly more droplets retained in comparison with the
monodisperse emulsion tests, although the number of droplets
injected per PV was smaller in the polydisperse emulsion system.
Fig. 10a shows that 15 pm and 30 pm droplets started to become
trapped in zone 2 only after 42 um droplets infiltrated into the
zone. Moreover, as discussed in Section 3.2, the streamlines are
not significantly blocked by 42 um droplets at 4 ul/min rate, which
would allow smaller droplets to pass to zone 2 from the beginning
of the experiments. Therefore, it was hypothesized that 42 um dro-
plets was the facilitating factor for the capture of smaller droplets.

To scrutinize this idea every single retained droplet was exam-
ined for having a neighboring droplet within the same pore.
Fig. 11a shows the share of retained droplets of each class that
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did not have a neighbor droplet, also referred to as independent
retention. The figure illustrates that half of the captured 42 pm
droplets at all examined flow rates belong to independent reten-
tion, while there were no such instances for the droplets of
15 pm, and only a small percentage of 30 um droplets could be
classified as such. Additionally, the droplets of 15 pm and 30 pm
size were inspected for the size of their neighbors. Fig. 11b displays
the percentage of 15 pm that had a neighbor droplet of 42 um and/
or 30 um (droplets that had neighbors from only one or two size
classes), and 42 uym & 30 um at the same time (only droplets that
had neighbors from two size classes). A similar graph for 30 pm
can be found in the Supplementary Information (Fig. S6), with a
comparable trend. It is seen from Fig. 11b that the majority of
15 pum droplets had an adjacent droplet of 42 um, while the share
of droplets that had 30 um or 42 uym & 30 um at the same time is
comparable. This indicates that only a small share of 15 pm dro-
plets had a single neighbor droplet that was of 30 um size. These
observations suggest that the retention of droplets smaller than
the pore size was governed by their capture in the pores clogged
by 42 pm droplets.

3.5. Evaluation of the approach

The presented method demonstrated feasibility of microfluidic
approach for the investigation of emulsion transport in porous
media, specifically considering dilute oil-in-water emulsions. In
this paper, we established a systematic study of droplet retention
at various conditions by controlling all the variables, including dro-
plet sizes. Additionally, a pipeline for detecting captured droplets
in flow was presented.

The method demonstrated several advantages and improve-
ments compared to the reports in the literature. Firstly, the small
fluid volumes needed to perform the microfluidic experiments
allowed on-chip generation of emulsions, which in turn enabled
usage of monodisperse and tailored polydisperse emulsions. More-
over, the usage of the glass funnel as the emulsion dispenser and
on-chip generation of droplets enabled straightforward dilution
of tailored emulsions to very low concentrations at a reasonable
degree of repeatability. Previously, oil-in-water emulsions with a
wide size distribution and high dispersed phase concentration
were used to investigate emulsion propagation through micro-
models (Liu et al., 2019b). When it comes to visualization, the
method provided meticulous optical imaging and analysis of
droplet retention at the pore-scale. Transparent cells, packed with
beads or sand, provide reasonable macroscale visualization
(Guillen et al., 2012a); however, pore-level visualization lacked
systematic approach and allowed only qualitative analysis. More-
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Fig. 10. The number of retained droplets for each size class (15 um, 30 um and 42 pm) over 40 PVs of injection at the flow rate of (a) 4 pl/min; and (b) 2 pl/min.
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over, in comparison with micro-computed tomography, the
method presents a “plug and play” experimental procedure at a
relatively low cost.

On the other hand, there are some drawbacks that leave space
for improvement of the method. First of all, the micromodels
lacked minerology and surface roughness of pore walls, which
are characteristic of a reservoir rock. The absence of the former
eliminated pore wall-droplet interactions that would normally be
present during core or sand pack flooding, while the latter could
have influenced retention of 15 um droplets as discussed in Sec-
tion 3.1. Additionally, pore geometry was not representative of a
rock, although this was done deliberately in order to obtain a
benchmark for future studies (same holds for mineralogy). How-
ever, as discussed in Section 1, micromodels give a lot of possibil-
ities in terms of altering their properties, which creates a great
potential for future work with more realistic micromodels. When
it comes to the issues associated specifically with the micromodel
used here, the depth of the channels posed a great challenge and
limited the conditions that could be tested, due to the squeezing
of droplets. Another challenge that was identified during the devel-
opment of the method is the potential influence of the inlet chan-
nels of the micromodel on the experiments. Although these
channels provide uniform flow of fluids to the network, they could
pose a problem if droplets are captured in these channels. This is a
prospective problem for hydrophobic or functionalized micromod-
els when the surface of the channels is more favorable for droplet
capture than in hydrophilic glass micromodels. Therefore, this
should be taken into account when designing future experiments.

4. Conclusions

A microfluidic method to investigate the retention of droplets
during the transport of dilute oil-in-water emulsions through por-
ous media was presented. The use of micromodels allowed both
qualitative and quantitative image-based analysis of retention
events at pore-scale, which provided insights into the mechanisms
and spatial distribution of the captured droplets. The experiments
were performed using monodisperse emulsions of three droplet
sizes (larger-, slightly smaller-, and significantly smaller than pore
throats) and a polydisperse emulsion comprising the mentioned
sizes. Moreover, various flow rates and two dispersed phase concen-
trations were tested. The experiments with monodisperse emul-
sions demonstrated that droplet size played a major role in the
droplet retention process. It was observed that droplets slightly
smaller than the pore throats showed very limited retention, while

droplets that are significantly smaller demonstrated no capture at
all. On the other hand, larger droplets experienced almost complete
retention in the network. Furthermore, the flow rate tests revealed
that the larger droplets percolated through pores by two mecha-
nisms: collision and squeezing. The latter dominated at larger flow
rate in the tested range, while the former at lower flow rate. The spa-
tial analysis revealed that there is a retention equilibrium for the lar-
ger droplets, which causes the advancement of the retention front
when it is reached. Additionally, data for the smaller droplets
showed that at lower flow rates the droplets are more likely to be
retained. Importantly, the dispersed phase concentration influenced
the interpretation of the results. At lower concentration, the
obtained statistical sample was not sufficiently significant to
uncover any trends or differences between the tested conditions
due to the limited number of pore volumes injected. The experi-
ments with polydisperse emulsions demonstrated that droplets of
all sizes were retained, as droplets larger than the pore throats facil-
itated retention of smaller droplets. The paper aimed to provide a
microfluidic methodology for a systematic study of retention phe-
nomenon. We believe that the presented method provides a solid
ground for the future studies and provides flexibility for testing var-
ious emulsion systems in porous media for a range of applications,
although some challenges were also identified.
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