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Bubble-particle dynamics in multiphase flow of capillary foams in
a porous micromodel

Omotola Okesanjo,}? Guillaume Aubry,1?, Sven Behrens*?*, Hang Lu*? and J. Carson Meredith*?

Surfactant-free capillary foams (CFs) are known to be remarkably tolerant to oil, and possess unique stability and flow
properties. These properties result from the presence of oil-and-particle-coated bubbles that are interconnected by a dense
particle-oil capillary network. In this work, we present a study of the dynamics of capillary foams flowing through a porous
micromodel. We determine that despite the presence of oil-particle networks, CFs can flow through a microporous
environment and that above a threshold flowrate, >80% of foam pumped through the micromodel can be recovered. In
addition, we highlight the absence of steady state in CF flow and identify the underlying phenomena including the increasing
apparent viscosity, reconfigurable flow paths, and intermittent clogging of the micromodel from oil-particle composite and
bubbles trapped in pores. We also characterize bubble dynamics and show that CFs surprisingly exhibit the same bubble
generation and destruction mechanisms as classical foams despite the absence of surfactants. Our observations suggest that
the porous medium plays a key role in generating uniformly sized bubbles and that capillary foams in a microporous
environment tend to reconfigure their flow paths in a manner that may provide opportunities for increased sweep efficiency

in enhanced oil recovery.

Keywords: Capillary foams, Porous media, Microfluidics, Bubbles, Multiphase flow

1. Introduction

Foams are the focus of intense research because their
remarkable properties find applications in a wide range of
fields, such as pharmaceutics, cosmetics, firefighting, froth
floatation and oil recovery.l2 For example, foams have the
potential to mitigate low sweep efficiency caused by gravity
override and viscous fingering in gas-injection enhanced oil
recovery (EOR).3 The high apparent viscosity and ability to
reduce gas mobility by trapping the gas within liquid barriers
make foams potentially better displacing fluids for EOR than
their single-phase counterparts.3-> Therefore, further studies of
foam behavior in microporous environments are essential to
improving oil recovery strategies.

Many studies have been devoted to probe the pore-scale
displacement dynamics of foams for EOR and other transport
applications in porous media.t-® These studies focus on foams
stabilized by surfactant or surfactant-nanoparticle blends and
were conducted in various microenvironments, such as
sandpack, glass, polydimethylsiloxane (PDMS) templated and
3D-printed micromodels.> 213 However, some limitations
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remain from the intrinsic properties of these foams. Only a
limited number of surfactant foams (SFs) show adequate
stability to oil, high temperature and saline reservoir
conditions.1* Nanoparticle stabilized foams have been found to
perform better than surfactant foams due to their ability to
reduce and delay the entrance and spreading of oil droplets that
destroy foam films.13 Further investigation of foams with
improved performance is necessary to bring new insights and
strategies in transport applications in porous media.

Foams of yet another type, the more recently discovered
capillary foams (CFs),> are very oil tolerant,® but their flow
through porous media has not yet been studied. CFs are
stabilized by the synergistic action of particles and a small
amount of an immiscible liquid (oil) that mediates capillary
interactions.” The gas bubbles in CFs are coated by a composite
layer of oil and particles, and they are interconnected via a
network of particles bridged by the oil (Fig.1a).1> 18 The
composition and architecture of CFs offer excellent foam
stability over days, even in the presence of oil, and exhibit
strong elasticity under stress.’®20 The fundamental flow
properties of CFs were previously probed in rheology and foam
flow experiments that revealed a non-zero yield stress and high
viscosities comparable to those of high-quality surfactant
foams.’® Foam flow studies suggest that the plug flow profile of
CFs could enable uniform fluid displacement in transport
applications and that the network strength and stability of an
existing foam can be increased through additional shearing.6
CF tunability and stability under stress and in the presence of oil
may be advantageous to enhanced oil recovery.19 21-22
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Fig. 1 Schematic of capillary foam and micromodel of porous environment. (a)
Capillary foam (CF) structure composed of a network of oil-coated bubbles and oil-
bridged particles. (b) PDMS-based micromodel used to study CF behavior in a
microenvironment. The foam propagates through the micropillar array (d = 200 pm,
| =300 um). Scalebar: 1 mm.

Although the dynamics of foams and their ability to displace
oil from porous media has been studied extensively,?3-25 to our
knowledge, the pore-scale dynamics of a quaternary-phase
colloidal system like CFs has not been reported. No study has
ever been carried out on the properties of CFs flowing through
a porous environment, and to our knowledge, there are only
few existing studies that detail the pore scale behavior of low-
quality foams or bubbly liquids as exemplified by colloidal gas
aphrons.?¢ The structural differences in CFs compared to SFs,
i.e., the presence of two types of fluid interfaces and a network
of particles, are likely to increase the complexity of the
dynamics and displacement characteristics of foams at the pore
scale. Thus, it is important to understand the benefits and
practicality of applying CFs through micromodel studies like
those conducted on SFs. Fundamental micromodel studies of
CFs will answer questions on how the particle network and
observed bubble rigidity in CFs influence clogging, foam
propagation, and bubble breakup frequency.

In this article, we study the dynamics of capillary foams
flowing through a PDMS-templated micromodel by using high
speed video microscopy to probe the mechanics of bubbles and
particles at the pore length scale. We discuss capillary foam
mobility and stability within the porous medium. Lastly, we
highlight and explain the observed bubble and particle
interactions, pore clogging remediation mechanisms, and
bubble dynamics.

2| J. Name., 2012, 00, 1-3

2. Materials and Methods
2.1 Reagents
Amorphous  fumed  silica particles modified  with

dichlorodimethylsilane and containing 50% residual SiOH on the
surface were provided by Wacker-Chemie AG (Germany).
Particle size and zeta potential were determined by dynamic
and electrophoretic light scattering using a Malvern Zetasizer
Nano ZS90. The hydrodynamic radius of the silica particles in 5
mM NaCl solution at pH 4.9 is 403 nm. Trimethylolpropane
trimethacrylate (TMPTMA) was obtained from Sigma-Aldrich.
Deionized water (DI water) was used as the primary aqueous
phase. Foams were prepared using a rotor-stator homogenizer
(IKA Ultra-Turrax T10, rotor diameter of 6.1 mm, stator
diameter 8 mm).

2.2 Capillary foam preparation

Silica particles were first dispersed in methanol. The particle
solution was centrifuged, and the methanol supernatant was
removed. The particle sediment was rinsed by re-suspending
the particles in DI-water, sonicating the solution to properly
disperse the particles and finally centrifuging the solution. The
silica particles were rinsed at least five times to ensure that
methanol is effectively removed from the suspension.

Silica particles were suspended at 1.5 wt. % in Dl-water
containing 5 mM NacCl salt. TMPTMA (oil-phase) was added to
silica suspension at 1 wt. %. This UV-curable oil was used in the
earlier studies of capillary foams, where confocal microscopy
and scanning electron microscopy were used to probe the foam
architecture and understand the location of the oil.1> 18 21
Although other oil-particles systems have been explored as
well, systems with TMPTMA as the oil phase are the most
studied example of CFs and were thus selected for this study.
Silica particles used in this study are hydrophilic (84, ~30° +
10°) and have previously been shown to stabilize oil-in-water
emulsions with equal volumes of TMPTMA and water.1® We
note that these particles are preferentially wetted by the
aqueous phase and connect the silica particles used here in a
capillary state network.2?” We have previously studied the effect
of particle wettability on the oil-particle network bridging in
capillary foams and summarize here that when the continuous
fluid (water) preferentially wets the particles, capillary bridges
are formed between the particle and the oil, however, when the
secondary fluid (oil) preferentially wets the particles, pendular
bridges are formed. We have also previously shown that the
strength of the capillary bridges in CFs are influenced by the
amount of oil in the foam.18 In this work, we have used 1wt. %
of TMPTMA oil because this system has been found to provide
a good balance of strong bridges without hindering foam
mobility during flow in a tube.16

Capillary foams were prepared by mechanically frothing the
oil-water-particle mixture in a 20 ml Vial or in the barrel of a 10
ml BD syringe (for foam flow experiments) with the IKA Ultra-
Turrax at 30,000 rom for 2 minutes. During frothing, the
position of the mixer head is alternated between the surface
and the bottom of the mixture at 20-30secs intervals. At the
onset of frothing, the mixer is placed at the surface of the

This journal is © The Royal Society of Chemistry 20xx
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mixture to introduce air into the system. Subsequently, the
mixer is submerged into the mixture to allow for high shear
mixing of the particle and fluids. The oil-particle composite
forms the basis of the CFs. During frothing, particles are first
connected by oil bridges. Following the formation of the oil-
particle network, particle-assisted spreading of oil around the
air-water interface stabilizes gas bubbles and the oil-particle
network helps to entrap the oil-coated bubbles thus completing
foam formation.

2.3 Design of the microporous environment

To mimic a soil environment, we created a 2D artificial porous
medium (Fig. 1b) composed of a periodic micro-structured
array. Circular pillars of 200 um in diameter were organized in a
centered rectangular lattice to obtain a pore size of 100 um
(Table 1). This 2D porous environment (height ~ 80 um) enabled
optical access of the entire micromodel and, with the use of
dyes, enabled quantitative analysis via image processing.

Table 1 Characterization of the microporous environment shown in Fig. 1. and for a

chamber height of 80 um.
Post Pore . o Pore -
Diameter Size Porosity Permeability Volume Wettability
(um) (um) *) (Darcy) (nh)
200 100 65 462 ‘ 4.7 Hydrophobic

2.4 Fabrication of the microfluidic device

Device fabrication was performed using conventional soft
lithography techniques.?8 The master was fabricated by spin
coating two SU8-photoresist layers on a silicon wafer. The first
layer (15 um, SU8-2015) was used as an adhesion layer. The
second layer (80 um, SU8-2050) was used for molding the
microfluidic channels via optical lithography. After
development, the master was coated overnight with an anti-
adhesive (tridecafluoro-1,1,2,2-tetrahydrooctyl-1-
trichlorosilane). A mixture of 10:1 PDMS/crosslinker was
poured on top of the master and left to cure for 2 h in a 90 °C
oven. Afterwards, PDMS slabs were cut off for each individual
device and access wells were punched using biopsy punchers
(1 mm diameter puncher for the inlet and 5 mm diameter
puncher for the outlet). Finally, each PDMS block was bonded
to a glass slide via plasma treatment.

2.5 Foam flow experiments

Capillary foams prepared in 10 ml BD syringe barrel and were
allowed to drain and settle for 20 min. The water at the bottom
of the foam was first removed and then the CFs were pumped
through polytetrafluoroethylene (PTFE) tubing (ID: 0.034”; OD:
0.52"”) or silicone tubing (ID: 0.031”; OD: 0.094”) into a PDMS
microfluidic device using a New Era (model 1010) syringe pump
as shown in Fig. S1. The effluent from the device was collected
downstream in a 20 ml vial. Multiple devices were used for each
experiment. The devices were degassed and filled with water
prior introducing the foam except otherwise stated.

This journal is © The Royal Society of Chemistry 20xx
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2.6 Imaging and pressure monitoring

Capillary foams flowing through the porous environment were
imaged using optical light microscopy on an upright stereo
microscope (Leica, Model MDG36, 3x magnification). A
Phantom V7 high-speed camera (4000 fps) was attached to the
microscope to record foam behavior at different conditions.

The pressure upstream and downstream of the micromodel
was monitored via 206 KPa (30 psi) serial sensors (Honeywell,
model: 24PCDFG6G). The sensors were connected to home-
made board circuits including two-operational amplifiers (Texas
Instrument, INA126) and various resistors to adjust the gain.
The read-out was performed via an Arduino system (chipKIT
uC32 Arduino — programmable PIC32 Microcontroller board,
Digilent) and a home-made LabVIEW interface.

2.7 Image processing

Microscopy images were processed and colored using Image)
and Adobe Photoshop software. Videos were analyzed using
home-made MATLAB programs. Briefly, bubble information
(number, size, position) was extracted from binary images
obtained via simple thresholding. Clogged areas were
determined by thresholding the variance of pixel intensity over
a 10-frame sliding window at 30 fps.

3. Results
3.1 Foam stability

To assess the suitability of capillary foams for transport through
porous media, we determined CF recovery after flow through
the PDMS micromodel. Given the intricate foam architecture
and network connectivity in CFs (Fig. 1a), the stability and
mobility of CFs in a porous environment is not obvious a priori;
the expectation is that the particle network may clog the pores
and prevent foam flow or that phase separation will occur due
to breakdown of the particle network as the foam is forced
through the medium. However, we show here that capillary
foams maintain relative foam stability and mobility over a range
of flow rates () when pumped through the micromodel. In
Fig. 2a, the image comparison between an unpumped CF (left)
and a CF recovered from the micromodel (right) highlights the
high recovery of foam after flowing through the micromodel
and demonstrates that, despite the network strength and
connectivity, CFs can flow through and retain their structures
after being pumped through a microporous environment.

CF recovery through the porous micromodel is dependent
on the flow rate. Image comparison in Fig. 2a shows that the
recovered foam head when CFs are pumped at v = 0.1 ml/min
is smaller than the foam head recovered when ¥ = 0.8 ml/min.
We quantified the percentage of foam volume recovered
relative to the foam volume pumped into the micromodel for
different flow rates in Fig.2b. Although CFs can progress
through the pore spaces, more CF is recovered at the high and
intermediate flow rates relative to the low flow rate
(0.1 ml/min).6 At low flow, the stress imposed hastens CF aging
and leads to CF loss over time due to phase separation as shown

J. Name., 2013, 00, 1-3 | 3
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(a) Unpumped CF pumped CF pumped 3.2 Foam flow behavior characterized by the absence of

Caplllary Foam  at 0.1 mL/min at 0.8 mL/min steady state

We observed 3 stages during CF flow through the micromodel,
regardless of the flow rate: 1) an initial stage that consists of
particle aggregates in suspension flowing through the pores, Il)
a middle stage where bubbles and particle aggregates co-flow
or alternate through the pores, lll) a final stage chiefly consisting

of gas slugs moving through the pores. Fig. 3 shows images of
‘b) . 1 y T v T v 1 the micromodel during CF flow at each stage; videos of foam
100 f. B flow during each stage can be found in the supporting file (see
" 1 Vid. S1). The 3 stages identified are due to both the foam
§ % ® e composition and experimental set-up. The CFs pumped through
‘E' 80 __ _ the micromodel in this work have low gas volume fractions
] i L i (~30-40vol. %) compared to typical surfactant foams
- L i (>80 vol. %) and are inherently wet foams. When the syringe
g . ° . piston is pushed downward, as shown in the experimental setup
3 60 - in Fig. S1, the water and particle suspension at the outlet of the
g i - 1 syringe are first displaced and move through the pore spaces in
™ . the micromodel. The foam head, containing small and medium
40 " 1 size bubbles, in the middle of the syringe follows afterwards and
- @ 7 the top portion of the CF containing gas slugs, closest to the
30 [ 2 | g | , | . 1 ] piston, enters the micromodel last.
0 02 04 06 08

Flow rate (mL/min)

(a

Fig. 2 Impact of flow rate on CF stability as CF is pumped through porous
micromodel. (a) Comparison of images of an unpumped capillary foam versus a
capillary foam collected after the foam flew through micromodel for different flow
rates. (b) Percentage of capillary foam recovered as a function of flow rate.

by the segregated regions of gas slugs, water, and foams in the
tube (see Fig. S2). In addition, clogging, which occurs more at
lower flow rates, also amplifies the loss of recoverable CF by
facilitating flow of water through the foam matrix in a process
reminiscent of drainage.

The observations in Fig 2 are well aligned with results of our
previous study on stability of CFs flowing through a millimeter
size tube where we observed that the CF volume recovered
after foam flow, in a tube, increases with flow rate.¢ That work
also showed that the stability of CFs is controlled by drainage
within the first hour of foam preparation and subsequently
controlled by coarsening in later hours. Drainage in CFs can
result in foam volume changes of up to 20% within the first
hour, however no significant volume changes are measured
afterwards. We note that foam volume changes were not
observed during coarsening. Drainage and coarsening can be
significantly limited by strengthening the particle network via
increasing the particle volume fraction within the foam.
However, the particle network strength needs to be moderated
so as not to inhibit CF flow. The recovery of CFs from the porous
environment underscores the robustness of the foam
stabilization mechanism in CFs. We will devote the rest of this
article to explaining the characteristic phenomena of CF flow
through porous environment.

Fig. 3 Optical micrographs showing different stages in capillary foam flow (a) initial
particle aggregate flow (stage 1), (b) co-flow of particles and bubbles (stage Il) and
(c) gas slug invasion of pores (stage IlI).

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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To further characterize the CF flow and differentiated behavior
with the flow rate, we monitored the pressure differential (AP)
across the micromodel. Fig. 4 shows the pressure differential
versus dimensionless time (7 = t/tf) measured when CFs are
pumped through the micromodel at different flow rates (where
tr is the total duration of the experiment corresponding to the
time required to pump the prepared CF volume through the
micromodel at each flow rate). The three regimes (I, I, and Ill)
of AP versus t shown in Fig. 4 correspond to the 3 different
stages highlighted in Fig. 3 above. At all flow rates explored, the
pressure drop across the micromodel increases with time. The
gaps in the recordings correspond to points where we had to
readjust the gain of the amplifier circuit of the pressure sensor
to expand the range of the sensor. The pressure differential for
the high and intermediate flow rates steadily increases
throughout the experiment and eventually exceeds the capacity
of the pressure sensor (~220 KPa). In contrast, the pressure
increase at the lowest flow rate is not as pronounced as that of
other flow rates.

At the onset of CF flow, i.e., stage |, suspended particles and
small particle aggregates flow easily through the porous
environment and maintain a steady 4P < 10 kPa. This occurs
because particles are reasonably well dispersed and do not
hinder foam flow by clogging the pores. As foam flow continues,
the particle aggregates entering the pores become larger and
some eventually get entrapped, likely because of the affinity of
the pore walls for the oil that bridges the particles. The flow of
particle aggregates in suspension occurs for a small portion of
the entire foam flow experiment, as bubbles start to invade the
pore shortly after the larger particle aggregates pass through
the micromodel.

In stage I, 0.2 < T < 0.65, the pressure starts to rise within
moments of entry of the first set of bubbles and dense particle
aggregates. Co-flow of bubbles and particle aggregates change
the flow dynamics within the pores as more pores entrap both
bubbles and particles and reduce the number of flow paths
available to the foam within the porous environment. The
increase in AP with dimensionless time (7 ~ 0.2) results from
the initial entrapment of bubbles and particle aggregates within
the pores, thus limiting the available pathway for foam flow.
The initial pressure increase enables the mobilization of CFs
through available paths while leaving dead zones (portions
without flow) in the micromodel. When foam flow is
continuous, 4P remains nearly constant as bubbles and particle
aggregates move through 1-2 available paths; however, this
typically lasts only for tens of seconds. Because the foam flow
pathways within the micromodel occasionally change as
existing paths clog and others are freed up, the overall foam
sweep of the micromodel volume is high with <20% permanent
dead zones.

In stage lll, when 7 = 0.65, sharp increases in AP are
observed as foam flow approaches the top region of the CF in
the syringe because gas slugs and fewer suspended particles or
aggregates flow through the pores. CF flow in this stage
becomes more discontinuous because of compressibility and
mobilization of gas slugs. The high AP in this regime causes
foam mobilization through the pores; the pressure significantly

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Pressure drop versus dimensionless time (t) required to mobilize capillary
foams through the micromodel at different pumping speeds during particle
aggregate flow (stage 1), co-flow of particles and bubbles (stage Il) and flow of large
gas slugs (stage Il1).

decreases when bursts of foam flow occur but increases again
as foam flow slows. CF flow in stage Ill is more discontinuous
than in stage | and Il as more clogging occurs because the foam
is drier and more compressible due to gas slugs.

The observed fluctuations and overall increase in AP show
that CF flow through the porous medium does not approach
steady state during the foam flow experiments. One potential
reason for the fluctuations in AP during CF flow through the
porous medium could be the multiphasic nature of CF (water,
particle aggregates and bubbles). Although the particle network
and bubbles in CFs are connected by oil bridges, some of the
connections are likely broken to form a simpler suspension of
bubbles and particle aggregates in water during flow.2° At low
flow rates, we observe that phase separation of the foam into
plugs of water, gas, and particle suspension can occur in the
piping before the foam approaches the micromodel. The
fluctuations in AP are obviously also related to the level of pore
clogging. We will explore, in the next sections, the influence of
foam viscosity and how varying levels of clogging with time
change the driving force required to mobilize the CFs through
the pores.

3.3 Impact of foam viscosity and clogging on flow resistance
and remediation mechanisms

To understand pressure increases during CF flow, we studied
the two major contributors to the flow resistance within the
system: the foam viscosity and channel clogging. We quantify
the flow resistance due to foam viscosity by estimating the
apparent viscosity (1) of the capillary foam in the micromodel
through Darcy’s law:

®

J. Name., 2013, 00, 1-3 | 5
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where v is the volumetric flow rate, k is the permeability, A is
the cross-sectional area, L is the length of the flow path, and AP
is the pressure drop. Considering only the flow segments where
AP is relatively stable and with the simplifying assumptions that
i) the CF flow through the micromodel is homogenous, and ii)
the absolute permeability of CFs can be approximated as that of
a single phase via the scaling argument of the Kozeny-Carman
equation,30-32 the apparent viscosity of CFs pumped at the
intermediate and high flow rates was found to range between
45 — 170 cP. This viscosity is significantly higher than the
viscosity of water and comparable to that of crude oils.33-3> At
the lowest flow rate (0.1 ml/min), the notion of apparent
viscosity loses meaning given the unsteady nature of flow and
the lack of a consistent velocity. The estimated high viscosity
suggests that CFs may prove as effective as high-quality
surfactant foams in inducing the high flow resistance in porous
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Fig. 5 Impact of flow rate and pressure on clogging during CF flow through the
micromodel. (a) Number of full/ complete clogging events with flow rates. (b)
Pressure required to mobilize CFs and percent of micromodel clogged at different
pressures.
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environments needed to restrict gas mobility and improve
sweep efficiency during oil recovery.b 25 36

The second main source of variation in pressure drop is pore
clogging. Particles and bubbles trapped within the micromodel
increase the overall flow resistance and lead to spikes in AP. We
observed that particle aggregates and bubbles can clog the pore
space either partially or completely when they are unable to
move through the pore constrictions (See Vid. S2). Partial
clogging is said to occur when the foam flows through only few
channels because bubbles and particles are trapped in some of
the pores while full (or complete) clogging when foam flow is
obstructed across the entire micromodel. Regardless of the
imposed flow rate, we observed that the preponderant regime
is the partial clogging for most of the CF flow duration. On the
other hand, the occurrence of temporary complete clogging
varies with flow rate and the duration of clogging is highly
variable. Fig. 5a, shows the number of complete clogging events
observed at different flow rates when ~7 ml of CF is pumped
through the micromodel. Complete clogging decreases with
increasing flow rate, which suggests that a higher rate of foam
propagation may preclude clogging in CF flow through porous
environments. The number of complete clogs correlates with
the spikes and fluctuations in AP seen at different flow rates in
Fig. 3; we observe more fluctuations in AP at the lowest flow
rate than at the intermediate and high flow rates.

Clogs occur when the local pressure is unable to overcome
the resistance of capillary forces from oil-coated bubbles and oil
bridges in particle aggregates. Foam flow in a porous
environment is influenced by viscous and capillary forces, both
of which are functions of the degree of capillary bridging in the
foam, the applied pressure from the pump and the interfacial
tensions in the flowing foam. When capillary forces dominate
viscous forces, as is the case when flow velocity is low, foam
flow can become clogged. The low and slow build-up of
pressure at low flow rates (Fig. 3) suggests that the capillary
forces resist the applied pressure and thus only a small portion
of the CF is mobilized at a given time interval when the foam
yields to the applied pressure. At higher flow rates, on the other
hand, the higher driving force helps to mobilize CFs through the
device with fewer clogs, because capillary forces are easily
overcome. Furthermore, as pressure builds in system, the
bubbles in CFs coarsen and contribute to the capillary pressure
that further resists the foam flow.

The number of clogs (complete clogging) in the micromodel
not only influences the free flow of CFs through the micromodel
but also prevents adequate reformation/ strengthening of the
foam. Previous studies on CF flow show that foam flow at high
shear results in foam preservation and can also lead to the
formation of stronger networks in CFs.16 Foam flow at low shear
however results in an increase in drainage, coarsening and
eventual phase separation within CFs. When clogging occurs,
the upstream force required to overcome the clog increases and
drives phase separation of fluids within the CFs. We can
therefore infer that there is a 1-to-1 correlation between the
number of complete clogs and the acceleration of drainage and
coarsening in CFs that leads to reduced foam stability and foam
recovery during CF flow in the micromodel.

This journal is © The Royal Society of Chemistry 20xx
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Clogging during CF flow is temporary and is resolved through
multiple mechanisms such as pressurization, erosion, and path
switching explained below. We observe that pressurization at
the inlet of the micromodel remediates clogging by forcing the
CFs through the micromodel pores at high pressures; the inlet
pressure drops significantly when foam flow continues, and the
clog has been cleared (See Vid. S2). In erosion, a current of
water sweeps away particles and bubbles trapped in the pores
of the micromodel and opens new channels for foam flow (See
Vid. S3). Erosion can occur through the process of viscous
fingering, where water flows through the porous CF matrix that
is higher in viscosity. Finally, path switching occurs when new
flow paths open as the existing paths close (See Vid. S4).
Because the foam flow takes the path of least resistance, path
switches take place when the clogging of another path in the
micromodel is weak. One or more of these processes can take
place at the same time; for example, path switching can occur
during erosion. Partial mobilization, where one or two paths
open after a complete clog, can occur via all the above-
mentioned processes; we note, however, that erosion and
pressurization typically lead to full mobilization that alleviates
clogs in multiple pores in the micromodel.

The clogged volume of the micromodel during CF flow
correlates with the pressure drop. In Fig. 5b, we plot the clogged
fraction of the micromodel as a function of the measured
pressure drop when CFs flow through the pores. The plot shows
that at low pressures (4P < 34.4 KPa), except for the blue
circle at (AP = 17.2 KPa), at least 70% of the pore volume is

Time

Pinch off

Lamelia division
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clogged. At intermediate pressures, 34 < AP < 124 KPa,
roughly half of the pores are clogged, and above 138 KPa, 35%
or less of the pores are clogged. The low pressures and high
clogged volume points (black squares) in Fig. 5b correspond to
flow through only 1 or 2 channels in the micromodel. The
higher-pressure data points, with lower clogged volumes,
capture situations of pressurization and clogging remediation
where mobilization occurs in multiple channels within the
micromodel.

3.4 Bubble dynamics/Behavior of flowing bubbles

While pore scale mechanisms of bubble formation and
destruction are well characterized for surfactant foams,® CF
bubble dynamics at the pore scale has not previously been
explored. Nor is it intuitive that the behavior of CF bubbles
should closely resemble bubble behavior in classical foams: the
added rigidity imparted on the CF bubbles by their particle-
stabilized oil-coat and especially the absence of fast-diffusing
surfactants capable of quickly covering any freshly created
interface might be expected to prevent CFs from mimicking the
self-regenerating behavior of surfactant foams traveling
through porous media. Yet we surprisingly observed that CF
bubbles flowing through pores interact with one another and
with constrictions in the way familiar from surfactant foams,
and that they exhibit well-known bubble generation and
destruction mechanisms. We show, in Fig. 6a-c, lamella division,
pinch off and snap off bubble division and generation

Snap off Coalescence

Fig. 6 Optical micrographs showing bubble division and generation mechanisms in CF flowing through microporous environment: (a) lamella division, (b) pinch
off, (c) snap off and (d) coalescence. Bubbles are fake colored for illustration purpose. (a-c) blue bubble is split in two, while in (d) blue bubble merges

successively with yellow and green bubbles.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Spatial characterization of bubble generation and destruction as the foam in the microporous environment. (a) Number of bubbles entering versus number
of bubbles exiting the micromodel. Inset shows net bubble generation (out/in ratio) for multiple samples explored. (b) Average bubble sizes as a function of

position in the micromodel.

mechanisms observed in CFs. Lamella division in CFs, as shown
in Fig.6a, occurs when a mobile bubble encounters a
constriction that causes the flow to branch in two directions.
The bubble stretches around the constriction, flows in both
directions and divides into two separate bubbles that continue
translating downstream.37-38 |n Fig. 6b we highlight the recently
discovered pinch off mechanism that involves the interaction of
two or more bubbles flowing through a constriction.3° During
pinch off, the bubble passing through a constriction is broken
into separate pieces by a neighboring bubble attempting to pass
through the same constriction. We also observe the more
common snap off mechanism as shown in Fig. 6¢c. As described
by Radke and Kovscek,® snap off is a mechanical process that
repeatedly occurs in multiphase flow. Snap off occurs when a
bubble enters a pore constriction and the liquid around the pore
neck causes instability and leads to the “snap-off” of a new
bubble.40-41 Snap off is the dominant mechanism observed
when gas and surfactant solution are co-injected to form high
quality surfactant foams in porous media.® 42 In contrast, we
observe that lamella division is the dominant bubble division
mechanism in CFs flowing through the micromodel. Lastly, we
note that the leave behind mechanism, where lenses are
formed by the downstream convergence of bubbles that invade
adjacent liquid filled pores, was not observed, likely because the
degree of clogging in the pores and the low gas volume fraction
in CFs preclude either gas flooding of adjacent pores and (or)
downstream convergence of bubbles in the micromodel.5 43
Lamella division depends on the bubble size and occupancy
of the surrounding pores. We observe that bubble division
typically occurs when the size of the approaching bubble
exceeds the pore constriction size. However, we observed in a

8| J. Name., 2012, 00, 1-3

few cases that bubbles smaller than the constriction can also
divide rather than flowing through one of the pores unaltered.
Lamella division can also be prevented when bubbles or
particles are trapped in neighboring pores. The stationary
bubbles or particles prevent the bubble from dividing and force
the approaching bubble to squeeze through the pore in one
direction. Medium size bubbles can divide as many as 2-3 times
before reaching the pore size and we observed that the number
of divisions increases with bubble size.

In addition to the division and generation mechanisms
highlighted, we observed that CF bubbles flowing through the
micromodel also combine with one another in coalescence
events and that large bubbles can flow through the pores
unperturbed. As shown in Fig. 6d, coalescence of gas bubbles
occurs when one bubble encounters another bubble flowing
through the same channel or path. Coalescence in foams
typically involves rupturing of thin films around bubbles. Large
bubbles, that are created by coalescence or enter the
micromodel as gas slugs, often span multiple pores and can
translate through the micromodel without undergoing any
division (see Fig. 4c). These gas slugs tend to invade multiple
pores but only advance through one major channel. On exiting
the micromodel, the branched gas fronts recede from the side
paths and rejoin the flow through the primary path. To
determine whether bubble generation or destruction
dominates during flow through the micromodel, we estimated
the net bubble generation rate by comparing the number of
bubbles entering to the number of bubbles leaving the
micromodel. Fig. 7a highlights the dispersity of the number of
bubbles that entered the micromodel compared to the number
of bubbles that left during a period of 0.25 s for three different

This journal is © The Royal Society of Chemistry 20xx
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samples. The inset plot shows the net bubble generation (Ry;:
ratio of the number of bubbles exiting versus entering the
micromodel) for all the samples explored; the ratio of colored
samples corresponds to the samples in the main plot. The main
plot in Fig. 7a shows that most of the scatter points are above
the x =y line, indicating net positive bubble generation, i.e.,
there are more generation than destruction events in general.
The ratio in the inset plot measures the degree to which division
and generation events dominate destruction events and further
shows that, in some cases, the generation events can exceed
destruction events by up to 7 times. We observed that the
samples with higher net bubble generation (Ry/; = 3)
correlate to flow of CF bubbles during a full or partial
mobilization of the micromodel due to pressure bursts and that
samples with Ry, = 1 or slightly higher correlate to steady
flow of CFs at relatively constant AP. The main plot in Fig. 7a
shows that the ratio of bubbles entering and exiting the
micromodel can vary significantly depending on the flow
behavior observed. For steady flow (blue circles and green
triangles), the scatter can be small or large with the bubble
numbers varying based on the Ry,,; magnitude within the
period. In contrast, for a full or partial mobilization (red
diamonds), the scatter is very large with a higher bubble sample
and Ry/;. In all cases sampled, Ry, rarely goes below 1 (see
sample #4 in Fig. 7a) and the dominant process observed is
bubble division.

To further characterize the effect of bubble division on CFs
as they propagate through the porous medium, we investigated
the changes in bubble sizes across the micromodel. The number
of bubbles generally increases while the sizes of bubbles are
observed to decrease with increasing position by length in the
micromodel. Fig. 7b shows the plot of the average bubble sizes
(in equivalent diameters of a sphere) measured as a function of
position within the micromodel. The plot shows that the
bubbles entering the micromodel are polydisperse with an
average size that is ~1.4x larger than the constriction spacing in
the micromodel (100 um). We also observed that the average
size of CF bubbles prior to entering the micromodel increases
between the beginning and end of stage Il of CF flow. The
average bubble diameter at the beginning of stage Il was
measured to be ~150 microns compared to ~170 microns
toward the end of stage Il. As the bubbles move through the
first set of constrictions and pores, the average bubble size and
its variability decrease. We observe in Fig. 7b that there are no
significant changes to the bubble sizes and variations in the
middle of the micromodel at positions 0.4 < x /! < 0.7 and
that the bubble sizes further decrease towards the exit/end of
the micromodel. The average size of bubbles exiting the
micromodel (90 um) is slightly lower than and comparable to
the constriction length. The plot shows that the bubble size
does not sharply decrease through the entire length of the
micromodel as would be expected if bubble division alone
occurred. The consistency in the average bubble sizes and
variations, observed at the middle positions of the micromodel,
results from a balance of bubble generation and destruction
events where bubble sizes decrease because of bubble

This journal is © The Royal Society of Chemistry 20xx
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generation events and bubble sizes increase because of
coalescence.

Overall, the porous environment favors bubble division
which not only leads to more uniform bubble sizes but also
contributes to the overall stability of capillary foams on a pore
scale level. The higher bubbles count in conjunction with the
particle network rigidity in CFs would favor pore blockage and
fluid diversion across a microporous environment which in turn
benefit sweep efficiency in fluid displacement operation like
EOR.

4. Conclusions

We have investigated the flow behavior of capillary foams
(CFs) at the pore length scale using a PDMS micromodel. CFs
flow through porous environments and one can achieve
recovery rates of 90 % above a threshold flow rate. CF flow is
not homogenous and three different regimes were identified
through the micromodel: particle flow, bubble and particle co-
flow, and flow of large gas slugs. The measured pressure drop
required to mobilize the CF in these regimes increases with the
gas volume fraction and depends on clogging within the
micromodel. These phenomena directly lead to the absence of
steady state foam flow. Moreover, analysis of bubble dynamics
surprisingly shows that CFs share many bubble generation and
destruction mechanisms with surfactant foams — lamella
division, snap off, pinch off, and coalescence — and that bubble
generation exceeds bubble loss during CF propagation in porous
media. However, contrary to surfactant foams, the main
mechanism of bubble generation is lamella division. The work
in this study serves as a starting point to understand CF flow in
porous media. The observed pore clogging, by bubbles and
particles in CFs, may enable fluid diversion that improves sweep
efficiency during oil displacement from underground pores.
Combined with the inherent tunability of capillary foams and
their stability under stress and in the presence of oil, our results
on flow in porous media point to promise of capillary foams for
oil recovery.
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