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Abstract: This study investigates the effect on varying flow rates and bubble sizes on gas–liquid flow
through porous media in a horizontal microchannel. A simple bubble generation system was set up
to generate bubbles with controllable sizes and frequencies, which directly flowed into microfluidic
channels packed with different sizes of glass beads. Bubble flow was visualized using a high-speed
camera and analyzed to obtain the change in liquid holdup. Pressure data were measured for
estimation of hydraulic conductivity. The bubble displacement pattern in the porous media was
viscous fingering based on capillary numbers and visual observation. Larger bubbles resulted in
lower normalized frequency of the bubble breakthrough by 20 to 60 percent. Increasing the flow
rate increased the change in apparent liquid holdup during bubble breakthrough. Larger bubbles
and lower flow rate reduced the relative permeability of each channel by 50 to 57 percent and 30 to
64 percent, respectively.

Keywords: bubble transport; grain size; pore scale; porous media

1. Introduction

Understanding bubble transport in porous media is important to many engineering
applications [1–3]. In the field of environmental engineering, bubble flow was used as a
tool to remove contaminants from soils and groundwater [4,5]. In situ caps for sediments
usually consist of multiple layers of porous media. Gas ebullition, or generation and
penetration of bubbles in sediment caps, may induce the failure of capping [6]. Foam
flooding, another form of bubble technique, is widely used for enhancing oil recovery in
petroleum engineering [7]. Recently, hydrogen storage in deep underground became an
important technique for energy storage. Understanding how hydrogen bubbles move in
porous media is essential to the success of such technology [8].

Bubble transport in porous media is influenced by various factors, such as flow
velocity [9], porous media property [10], composition of liquid in pores [11], and the sizes
of bubbles [12]. The majority of available experimental works focused on continuum
scale [11,13–15]. While studies on continuum scale can provide a lot of useful information,
the behavior of bubbles cannot be directly observed. A few studies reported the effect of
fundamental variables on air bubble transport in porous media using computational models
or microfluidic devices [16–18]. For instance, some studies demonstrated the mechanisms
of foam generation in microchannels [19,20]. Another work [21] found that the roughness
of pore can provide extra resistance when bubbles penetrate the pore-throats based on
direct observations in microfluidic flow channels. Tourvieille et al. studied the effects of
flow velocity and liquid viscosity on foam flow pattern in a microreactor packed with
spheres [22]. A subset of studies focused on bubble trapping and removal in porous media
using micromodels [23–25]. Phenomenological models have been proposed for bubble
mechanics in horizontal multiphase flow with ideal fluids in packed microchannels [26–28].

Although the sizes and bubble frequency are important to their transport, these
parameters were not typically considered in most studies. Bubble characteristics are well
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known to affect mass transfer and flow characteristics of multiphase flow [29,30]. However,
experimental results of these parameters through porous media at the microscale are rare.
Small bubble generation methods are not trivial. They typically involve microchannel
machining methods such as fabricating a polymethylmethacrylate (PMMA) device to
make T junctions for bubble formation [31–34] and need to use complex fluid flow control
equipment [35,36].

In this study, we evaluated the effect of varying flow rates and bubble sizes on gas–
liquid flow through porous media in a horizontal microchannel. For each experiment, we
used a simple syringe pump and commercially available microchannels to generate gas
bubbles, a novel method that requires no complex equipment. We controlled bubble size by
adjusting air and water flow rates. The bubble generation system can be easily connected
with another microfluidic channel to perform a series of bubble transport experiments.
Bubble breakthrough and bubble displacement pattern in porous media were visualized
across the entire channel, generating data not usually available in this type of study. We
also utilized measured pressure data in situ to analyze the effects of pore size, bubble size,
and flow rate on the bubble transport process.

2. Materials and Methods
2.1. Bubble Generation System

The scheme of the experimental set-up is shown in Figure 1. A bubble generation
system and a microfluidic device were built to conduct bubble transport experiments. The
bubble generation system was made with a dual rate syringe pump (Harvard Apparatus,
Holliston, MA, USA) and a µ-Slide ibidi 3-in-1 microslide (ibidi, Martinsreid, Germany)
with a height of 0.4 mm. Liquid solution was injected through the two outer input ports in
the 3-in-1 microslide, and air was injected through the middle port. A 10 mL syringe was
used for the liquid injection. A volume of 2 mL of toluidine blue dye was added to 80 mL of
DI water to help distinguish liquid phase from air phase. To increase bubble stability, 50 µL
of surfactant, cocamidopropyl betaine, was added in the injected solution. Air was used for
the gas phase. A syringe pump produces volumetric flow; therefore, a 1 mL syringe was
used for the air injection to reduce the effect of air compressibility on the bubble generation.
The syringe pump was used to control the injection rate of the two phases (liquid and gas).
Through this method, the liquid flow would “pinch off” air bubbles from the middle inlet.
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ibidi (ibidi, Martinsried, Germany). 

Figure 1. The bubble generation system and the experimental set-up for visualizing bubble flow in
a packed microchannel. Microslide images are µ-Slide III 3in1 (left) and µ-Slide I Luer (right) from
ibidi (ibidi, Martinsried, Germany).

The sizes and frequency of the bubbles were controlled by adjusting the injection
rates of two phases. To calibrate the frequency and the size of generated bubbles, multiple
combinations of liquid flow rate (ql) and air flow rate (qa) were tested for the bubble
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generation system. A ql to qa ratio in the range of 1 to 60 was applied to generate bubbles
of different sizes, as ql varies from 0.2 to 1 mL/min and qa varies from 0.01 to 0.2 mL/min.

2.2. Bubble Transport Experiments

The bubble generation system was connected to an ibidi Luer microchannel packed
with glass beads for the transport experiment. Three heights, 0.4, 0.6, and 0.8 mm, of ibidi
I-shape Luer microslides (length 50 mm, width 5 mm) were used, and packed with barium
titanate glass beads (Cospheric, Goleta, CA, USA) of three sizes, 300–355, 500–600, and
710–790 µm, respectively. A steel mesh was placed in the outlet of the packed microchannel
to prevent the glass beads from moving out of the channel. A pressure transducer (PX309-
100GV, OMEGA, Norwalk, CT, USA) was installed at the inlet of the packed microchannel
and connected to a Data Acquisition System (DAQ970A, Keysight, Colorado Springs,
CO, USA) for pressure monitoring in the microchannel. Bubble transport in the packed
microchannel was recorded by a Nikon D3300 camera.

Initially, the microchannel was flooded only with the liquid injection solution for 5 min,
and a baseline of pressure was established during this period. Once the microchannel
stabilized and reached saturation, the bubble generation system was placed at the inlet of
the microchannel. The desired flow combination was applied using the syringe pump to run
transport experiments for around 10 min. The pressure data were continuously monitored
with the pressure transducer every 0.5 s. Visual data of bubble transport were acquired
through the camera with a resolution of 1280 × 70 pixels and the speed of 60 frames per
second. This process avoids problems of limited view with in situ sensors in a small device
and allows us to observe the entire microchannel. Finally, the pressure and video data were
transmitted to a computer for analysis.

Hydraulic conductivity for each test was estimated using Darcy’s Law. For a horizontal
channel, it is given by

K =
Q · ρ · g · L

A · ∆p
(1)

where K is the hydraulic conductivity [m/s], Q [m3/s] is the water flow rate, ρ [kg/m3] is
the density of the fluid, g [m/s2] is the gravitational constant, L [m] is the channel length, A
[m2] is the cross-sectional area of the channel, and ∆p [Pa] is the pressure difference between
the inlet and outlet. For all channels, L, ρ, and g were constant. Q and A were varied for
each water flow rate and channel combination, and ∆p was determined experimentally
from the pressure data by averaging the measured pressure over time. Prior to the bubble
transport experiments, baseline experiments with saturated water flow were conducted
and saturated K was estimated based on those experiments.

2.3. Video Analysis

Visual data analysis was performed in MATLAB (2022a) (Natick, MA, USA). Pixels
were classified as air phase, liquid phase, and porous medium for each frame of a video
by RGB value distinction. The percentage of each phase was calculated based on the total
number of pixels. This analysis gives the area percentage of liquid in the channel from a top-
down perspective, or an apparent liquid holdup, instead of the actual volume percentage
of the whole channel over the time. The apparent liquid holdup is an underestimation
of the real liquid holdup due to a top-down observation for a three-dimensional porous
media. In this analysis, we focused on using the liquid phase data, because the liquid phase
was much easier to distinguish than the air phase from the porous medium by RGB value
distinction. The solid phase does not change over time; therefore, the air phase saturation
can be obtained based on the data from water phase and solid phase. Once each pixel was
classified, the raw video frame could also be converted to an RGB class video frame for
visual inspection representing either liquid, air, or porous media. An example of a raw
video frame and its corresponding RGB class representation is shown in Figure 2.
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large bubble sizes. Increasing the flow ratio rapidly decreases bubble sizes until a lower 
threshold is reached. Larger sized bubbles were generated when ql/qa is smaller than 10. 
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Figure 2. Visual data analysis. (a) An example frame from the 0.8 mm microchannel. (b) The
corresponding visual data RGB analysis result. Blue represents water, red represents air, and black
represents porous media.

3. Results and Discussion
3.1. Bubble Generation

The characteristics of generated bubbles were investigated using the bubble generation
system. Figure 3 provides the relationship between the sizes of generated bubble and the
liquid/air flow rate ratio. Bubble generation frequencies under these flow conditions were
determined experimentally, which are reported in Section S1 of the Supporting Information
(SI) document (Figure S1). As shown in Figure 3, a small ql/qa flow ratio results in large
bubble sizes. Increasing the flow ratio rapidly decreases bubble sizes until a lower threshold
is reached. Larger sized bubbles were generated when ql/qa is smaller than 10. When
ql/qa is larger than 20, the increase in air flow rate does not have an obvious impact on the
bubble size.

Water 2023, 15, x FOR PEER REVIEW 4 of 15 
 

 

class video frame for visual inspection representing either liquid, air, or porous media. An 
example of a raw video frame and its corresponding RGB class representation is shown 
in Figure 2. 

 
Figure 2. Visual data analysis. (a) An example frame from the 0.8 mm microchannel. (b) The corre-
sponding visual data RGB analysis result. Blue represents water, red represents air, and black rep-
resents porous media. 

3. Results and Discussion 
3.1. Bubble Generation 

The characteristics of generated bubbles were investigated using the bubble genera-
tion system. Figure 3 provides the relationship between the sizes of generated bubble and 
the liquid/air flow rate ratio. Bubble generation frequencies under these flow conditions 
were determined experimentally, which are reported in Section 1 of the Supporting Infor-
mation (SI) document (Figure S1). As shown in Figure 3, a small ql/qa flow ratio results in 
large bubble sizes. Increasing the flow ratio rapidly decreases bubble sizes until a lower 
threshold is reached. Larger sized bubbles were generated when ql/qa is smaller than 10. 
When ql/qa is larger than 20, the increase in air flow rate does not have an obvious impact 
on the bubble size. 

 

Figure 3. The relationship between bubble size and liquid/air flow rate ratio.



Water 2023, 15, 1033 5 of 15

We chose two flow conditions, i.e., ql/qa = 26.6 and 30, to generate similar bubbles
with the average size of 19 mm3 and investigate the influence of water flow rate on the
transport of bubbles of the same size. Another flow condition of ql/qa = 7.5 was chosen
to produce larger sized bubbles with the average size of 24 mm3. This ratio allows us to
maintain a flow rate like the two other conditions that generate smaller bubbles, so that
impact of bubble sizes on their transport can be studied. The selected bubble size (i.e.,
3.2 and 3.6 mm in equivalent diameter) in this work is within the range of bubble sizes
observed from gas ebullition in sediments of water reservoir and shallow aquifer [37–39],
which ranged from around 2 to 7 mm. Moreover, the bubbles generated in some types
of gas–liquid rector have similar size to what we selected, and they are used widely in
industrial applications [40,41]. The bubble generation frequency is about 5 bubbles per
minute for a bubble size of 19 mm3, and 15 bubbles per minute for a bubble size of 24 mm3

as the result of the higher air flow injection rate.

3.2. Flow Regime

Based on the bubble generation results, three sets of conditions were chosen to conduct
bubble transport experiments. The first set (i.e., experiments 1–3 in Table 1) has a water
flow rate ql of 0.4 mL/min and bubble sizes of 19 mm3. The second set (i.e., experiments
4–6 in Table 1) has a water flow rate of 0.6 mL/min and bubble sizes of 19 mm3. These
two experiments will provide information on how bubbles with similar sizes transport
differently under different flow rates. The third set (i.e., experiments 7–9 in Table 1) has a
water flow rate of 0.6 mL/min and bubble sizes of 24 mm3. Comparing the second and
third sets of experiments will provide insight on how bubble sizes impact their transport
under same flow conditions. These three combinations were then applied to three channel
heights, 0.4, 0.6, and 0.8 mm, packed with glass beads.

Table 1. Conditions applied during the experiments and their corresponding capillary numbers.

Exp.
No.

ql
1

(mL/min)
qa

2

(mL/min) ql/qa
H 3

(mm) ϕ 4
Bubble
Sizes

(mm3)

fg
5

(Bubbles
/min)

fb
6

(Bubbles
/min)

Log
(Nca) 7 K (m/s) kr

8
Average

Sw
9

(%)

1 0.4 0.015 26.6 0.4 0.48 19 5 3 −3.72 10.2 0.09 41.8
2 0.4 0.015 26.6 0.6 0.49 19 5 3 −3.90 18.5 0.18 49.7
3 0.4 0.015 26.6 0.8 0.48 19 5 2 −4.02 39.1 0.65 65.5

4 0.6 0.02 30.0 0.4 0.48 19 4 3 −3.54 28.9 0.27 53.3
5 0.6 0.02 30.0 0.6 0.49 19 4 3 −3.72 42.7 0.37 52.5
6 0.6 0.02 30.0 0.8 0.48 19 4 2 −3.84 66.3 0.91 60.3

7 0.6 0.08 7.5 0.4 0.48 24 15 5 −3.54 12.6 0.12 41.8
8 0.6 0.08 7.5 0.6 0.49 24 15 6 −3.72 20.1 0.18 39.1
9 0.6 0.08 7.5 0.8 0.48 24 15 6 −3.84 31.3 0.43 63.0

Note(s): 1, 2 ql and qa denote the flow rate of liquid solution and air, respectively. 3, 4 h stands for the height and
estimated porosity of each channel, respectively. 5, 6 fg and fb represent the generation frequency of injected bubble
and breakthrough frequency of flowing bubble, respectively. 7 It indicates the logarithm of capillary numbers for
each experiment. 8 kr represents the relative permeability of liquid phase. 9 Average Sw is defined as average
water saturation of the porous medium during the bubble transport experiment.

The displacement patterns of bubbles during experiments were analyzed by capillary
numbers. Regarding the two flow rates used in the experiments, the corresponding capillary
numbers, Nca, were calculated following the equation,

Nca =
U·µ

σ
(2)

where U is flow velocity [m/s], is given by U = ql/(h·w·ϕ). h and w are the height and
width of microchannel; µ is the wetting-phase (liquid) viscosity of liquid [Pa·s], which is
0.001 Pa·s in this work; and σ is the interfacial tension [N/m], whose value was estimated
to be 0.036 N/m by considering the effect of the surfactant [42]. The porosity (ϕ) was
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calculated to be around 0.5 from the visual data analysis. The calculated Nca for each
experiment are listed in Table 1.

Figure 4 shows the logNCa vs. logM phase diagram and the flow conditions correspond
to the reported experiments. M is the viscosity ratio of the invading fluid (air) to the
defending fluid (liquid), which is 1.8 × 10−2 in this work. The logNCa vs. logM phase
diagram shows that bubble flow conditions in all experiments are in the viscous fingering
regime for flow in micromodels. Viscous fingering is the formation of finger-like instabilities
at the interface of two fluids during the displacement of a high-viscosity resident fluid
by injecting low-viscosity fluid, particularly in a porous medium [43–46]. When a fluid
displaces another fluid with a higher viscosity, the displacing fluid moves more easily
than the displaced one and tends to penetrate the high-viscosity fluid, at last intruding
into it in the form of fingers. In our experiments, the displacing fluid air bubbles have
a viscosity of 1.8 × 10−5 Pa·s, which is much smaller than the viscosity of water (i.e.,
1 × 10−3 Pa·s). Viscous fingering is mainly caused by the local pressure difference created
by the perturbation at the interface of displacing fluid and displaced fluid [47]. With the
local increase in fluid speed and pressure gradients, it forces fingers to grow and expand.
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Figure 4. logNCa vs logM phase diagram shows the three flow regimes of viscous fingering, stable
displacement, and capillary fingering. The blue open circles locate experiments performed in this
work. The solid black line indicates the original proposed boundaries [48], and the dashed lines
represent the proposed boundaries for micromodel [49]. M is viscosity ratio of invading fluid (air) to
defending fluid (liquid), it is 1.8 × 10−2 in this work.
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3.3. Bubble Transport in Pore Spaces

The movement of bubble in porous media was investigated with visual data. Figure 5
presents five snap shots where the flow with bubbles transport through a 0.8 mm height
channel. As indicated, the bubble flow direction is from right to left. We focused on
examining a part of microchannel field close to the inlet, and the images were taken
every two seconds from 2:57 min to 3:05 min after the test started. Figure 5a presents
the distribution of several trapped bubbles in the field of view, which were previously
formed during the experiment. These trapped bubbles blocked the pore spaces and created
certain preferential pathways for air flow. Several bubbles had just entered the area of the
view from the right side. In Figure 5b, as new incoming bubbles entered the field of view
from right side, the expansion of areas with trapped bubbles was observed. Some small
bubble area was generated in situ around the area of air bubbles as the injected bubbles
flowed through. Examples of such bubbles are indicated by the yellow arrows in Figure 5.
Two areas marked by blue dashed squares showed some interesting patterns of bubble
displacement. As moving bubbles entered the area, they tended to follow the pathway as
previously trapped bubbles. Therefore, as time went on, trapped bubbles were expanded
in the direction of flow. After the moving bubble left the area, the trapped bubbles were
left behind (Figure 5d,e). The observation is consistent with viscous fingering: incoming
bubbles followed the pathway connecting those trapped bubbles and coalesced with them.
Finally, as some bubbles moved out of the field of view (Figure 5e), the large, trapped
bubbles (bubbles numbered with 1 and 2 in Figure 5) remained stationary and stayed at
their original place from before the bubble entered. This is due to the Jamin effect, which
is the presence of these bubbles blocking the flow pathway [50]; therefore, the driving
force provided by the syringe pump is not enough to reach the critical pressure that it is
necessary to push large bubbles through the pore throat.

Furthermore, we observed some bubbles generated in situ during the transport in
porous media. There are three main mechanisms of in-situ bubble generation induced
by the presence of a pore throat [51–53]: snap-off, lamella division, and leave-behind.
Snap-off occurs when gas flows through a pore-throat, the liquid phase forms collars in the
constriction that forces a forepart of the gas to separate into a bubble (Figure 6a). In bubble
transport, bubbles are separated by thin wetting liquid films, called lamella. The lamella
division mechanism (Figure 6b) occurs when a bubble approaches a branching point, and a
lamella must exist. The lamella and the front bubble flow into two pathways where one
bubble is divided into two bubbles as well as lamella. Leave-behind (Figure 6c) takes place
when gas enters a porous medium initially saturated with liquid, the gas front squeezes
out the liquid and wraps around the grains.

In ours work, two mechanisms of snap-off and leave-behind were observed locally
under the experimental condition. As shown in Figure 5, two white arrows indicate
the place where bubbles formed by snap-off mechanisms due to the existence of narrow
constriction. One in part (a) and the other one in part (e) are at the pore-throats. We also
noticed some small bubbles (indicated by the white dashed circle) exist at the gap between
the top of beads and top of channel formed by snap-off. During the period that injected
bubbles passed through, the leave-behind was found at the flow pathway as indicated
by green arrow in Figure 5. As it is possible to see, the air front approached a bead and
wrapped around it.



Water 2023, 15, 1033 8 of 15

Water 2023, 15, x FOR PEER REVIEW 7 of 15 
 

 

two seconds from 2:57 min to 3:05 min after the test started. Figure 5a presents the distri-
bution of several trapped bubbles in the field of view, which were previously formed dur-
ing the experiment. These trapped bubbles blocked the pore spaces and created certain 
preferential pathways for air flow. Several bubbles had just entered the area of the view 
from the right side. In Figure 5b, as new incoming bubbles entered the field of view from 
right side, the expansion of areas with trapped bubbles was observed. Some small bubble 
area was generated in situ around the area of air bubbles as the injected bubbles flowed 
through. Examples of such bubbles are indicated by the yellow arrows in Figure 5. Two 
areas marked by blue dashed squares showed some interesting patterns of bubble dis-
placement. As moving bubbles entered the area, they tended to follow the pathway as 
previously trapped bubbles. Therefore, as time went on, trapped bubbles were expanded 
in the direction of flow. After the moving bubble left the area, the trapped bubbles were 
left behind (Figure 5d,e). The observation is consistent with viscous fingering: incoming 
bubbles followed the pathway connecting those trapped bubbles and coalesced with 
them. Finally, as some bubbles moved out of the field of view (Figure 5e), the large, 
trapped bubbles (bubbles numbered with 1 and 2 in Figure 5) remained stationary and 
stayed at their original place from before the bubble entered. This is due to the Jamin ef-
fect, which is the presence of these bubbles blocking the flow pathway [50]; therefore, the 
driving force provided by the syringe pump is not enough to reach the critical pressure 
that it is necessary to push large bubbles through the pore throat. 

 
Figure 5. Images of porous medium microchannel taken during bubble transport experiment under
ql = 0.6 mL/min and qa = 0.08 mL/min in 0.8 mm height microchannel (Exp. No. 9). these five images
were taken at (a) t = 2:57 min, (b) t = 2:59 min, (c) t = 3:01 min, (d) t = 3:03 min, and (e) t = 3:05 min.
The bubble started to enter the channel at (b) time point. The black arrow at top indicates the flow
direction. The red outlines represent the air phase area. The white arrows and white dashed circle
indicate the bubble formed by snap-off; the green arrow indicate the bubble formed by leave-behind.
The yellow arrows indicate the small bubbles generated in situ where the incoming bubble moving
through. The area enclosed by light blue dashed squares indicates where the pattern of bubble
displacement can be observed.
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3.4. Bubble Breakthrough Frequency

By monitoring the liquid holdup over time, we quantify bubble breakthrough fre-
quency. As an example, Figure 7 shows the changes in apparent liquid holdup over time
under the three flow combinations for the 0.6 mm channel. Additional liquid holdup
change figures are provided in the Supporting information (Figure S3). The downward
spikes in these figures represent the rapid change in the apparent liquid holdup, which
indicates bubbles passing through the channel.

As shown in Figure 7, a higher water flow led to an increased size of the liquid
holdup change during bubble breakthrough. The change in apparent liquid holdup is
reflected by the size of spikes in Figure 7. A larger spike indicates a bigger change in
apparent liquid holdup. The flow rate of 0.6 mL/min has large spikes (i.e., change in liquid
holdup) in comparison to the 0.4 mL/min flow rate. At higher liquid flow rates, smaller,
trapped bubbles in porous media will be washed out of pores, which results in more liquid
holdup drop.

The number of spikes represents the frequency of bubble breakthrough within a
certain period. Table 1 shows quantitative results of bubble breakthrough frequency for
all channel heights. As noted in Table 1, the generation frequencies are different for
two bubble sizes, about 4–5 bubbles per minute for 19 mm3 bubbles and about 15 bubbles
per minute for the bubble size of 24 mm3. To be consistent, we normalized the bubble
breakthrough frequency by bubble generation frequency. Figure 8 presents normalized
bubble breakthrough frequencies for all three channels. For all channels, normalized
bubble breakthrough frequency is slightly higher at the higher flow rate. This is expected,
as the higher water flow rate may accelerate the movement of bubbles. In all channels,
larger bubbles have smaller normalized breakthrough frequency. This observation can
be explained by the Jamin effect, or resistance to liquid flow through pore throats. The
Jamin effect occurs when large bubbles pass through a pore space due to the difference
between bubble size and pore size [50]. At the same liquid flow rate, when a large bubble
transports in the porous medium, it blocks more area of liquid flow path than a small
bubble. Therefore, large bubbles take longer to break through as they need more driving
force to move through the pore throats. This is consistent with other results that have
demonstrated that larger bubbles increase flow resistance (thus decreasing the bubble
breakthrough frequency) [12,55]. Furthermore, for both bubble sizes, bubbles have smaller
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normalized breakthrough frequency in the 0.8 mm channel than the other two channels.
Filled with coarser glass beads, the 0.8 mm channel has the largest void space among
these channels and requires more volume of air to fill into pores; therefore, it lowers the
breakthrough frequency of air bubbles.
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3.5. Relative Permeability

Figure 9 shows the relative permeability for each channel and flow combination,
which is defined as the ratio of the hydraulic conductivity with a given saturation to
the hydraulic conductivity under the fully saturated condition. For each height size of
channel, the hydraulic conductivity for the saturated condition (or no air bubbles) was
obtained from the pressure baseline test, while the hydraulic conductivity for air-liquid
flow was determined from the bubble transport test. Multiphase pressure data is reported
in Figure S2. Relative permeability is a widely used parameter to define the ability of water
flow in unsaturated porous media [14,15].

In each case, the hydraulic conductivity for the bubble flow was lower than the
saturated hydraulic conductivity. Therefore, the relative permeability is smaller than 1 for
all experiments. As shown in Figure 5, the structure of pore spaces is highly heterogeneous
even though the channel was packed by relatively uniform glass beads. Water advancement
is non-uniform and air bubbles trapped at the flow front, and some remained trapped.
The overall ability of the porous media to allow water flow is smaller with the presence
of bubbles.

For each flow condition, the relative permeability is higher for larger channels. This
is because coarser glass beads were packed in the larger channel. Under the same flow
condition, impacts of bubbles in the coarser porous media are relatively smaller than that
in the finer porous media. In other words, the hydraulic permeability of finer porous media
was more easily impacted by bubble flow than coarser porous media.

Considering the effect of liquid flow rate, we compared the results from the experi-
ments with same injected bubble size but under different flow rates. First, for all channel
types, under the same ql condition, larger bubble flow caused lower relative permeabil-
ity. It is obvious that large bubbles occupy more pores than small bubbles when they
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move through porous media, which reduced the number of potential flow paths for the
liquid phase.
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For all channel types, relative permeability values are lower at the smaller flow rate for
the same bubble size. Theoretically, relative permeability should not be a function of water
flow rate. However, multiple previous experiments have also reported that the relative
permeability can depend on flow rate [47,56]. Some researchers [47] believe that, for an
intermediate wettability medium, aSt low flow rates, the non-wetting phase would stay in
the center of pores and block the water flow. At higher flow rates, water flow would be
forced through the throats, and push trapped bubbles out of porous media.

We further analyzed the trend of water saturation during transport experiments for
each channel height. As shown in Figure 9, relative permeability values highly depend on
the degree of average water saturation. For both the 0.6 mm and 0.4 mm channels, higher
water saturation led to higher relative permeability. This is consistent with the typical
water saturation and relative permeability relationship [57,58]. In the 0.8 mm channel with
19 mm3 bubble size, however, the two experiments with different water flow rates have
about the same water saturation close to 60%, but the experiment with higher water flow
rate (ql = 0.6 mL/min) has a larger relative permeability than the experiment with a lower
water flow rate (ql = 0.4 mL/min). This indicates that although relative permeability is
dependent on the water saturation, the relationship is not linear. Under a similarly high
saturation condition, higher water flow has a higher water relative permeability.

4. Conclusions

This study explored transport characteristics of bubbles in porous media using mi-
crofluidics to better understand the effects of varying bubble size and flow rate on bubble
transport behavior in porous media. Microfluidic channels packed with glass beads were
connected to a simple bubble generation system that is controllable for the size and fre-
quency of the bubbles. This work demonstrates the viability of a simplistic microfluidic
apparatus that is useful for modeling behavior of multiphase flow in porous systems of
natural and industrial importance, such as water infiltration or enhanced oil recovery. The
process of bubble transport was monitored by a camera. The visual data analysis was
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processed through MATLAB to obtain apparent liquid holdup data for each channel. The
relative permeability was evaluated from in situ pressure data. The results of the analysis
on bubble breakthrough and movement in porous media are summarized as follows:

1. The displacement pattern of bubbles under our experimental conditions is viscous
fingering based on the calculated capillary number. From the examination of bubble
transport, two main mechanisms of bubble in situ generation, leave-behind and snap-
off, were observed at pore scale. The Jamin effect played an important role in the
bubble movement;

2. The normalized frequency of bubble breakthrough at the channel is influenced by the
bubble size and flow rate. Large bubbles can result in low normalized frequency of
bubble breakthrough. Increasing the flow rate increases the apparent liquid holdup
drop during bubble breakthrough. Fine grains mitigate the bubble breakthrough
due to its narrow pore throats. Bubble flow can significantly lower the hydraulic
conductivity of porous media. Large bubble size and low flow rate can reduce the
relative permeability. The average water saturation is subject to the flow conditions,
and low permeability indicates low water saturation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15061033/s1.
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