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Abstract: The passage of a bubble and the required energy for its motion through a confining pore can
potentially be affected by the surface roughness and geometry of the pore. The motion of an isolated
bubble passing through four different pore geometries (three circular pores, a smooth pore and 2 with
different roughness, and a sharp triangular pore) is investigated. The shape of the deformed bubble
passing these geometries was evaluated to determine the pressure drop across the bubble and hence
the driving force to cause motion. The results of investigating the motion of the bubbles and the
change in the pressure and velocity of the bubbles showed that the pore shape and surface roughness
have a significant effect on the passage of the isolated phase. The motion of the bubble entering the
entrance of the circular pores was similar for all circular cases. On exiting, however, a clear difference
between the cases due to the presence of the peaks of the roughness was observed. These results
indicate that, in addition to the critical pressure at the entrance of the pore, extra resistance will be
introduced due to bubble phase pinning at the exit caused by roughness of the pore.

Keywords: PIV; laplace pressure; critical pressure; phase trapping; phase pinning; confined geometry;
bubble; multi-phase flow; surface roughness; transit time

1. Introduction

Multi-phase flow motion in a porous media is broadly observed in different applica-
tions such as oil recovery [1], food processing [2], and macromolecular delivery [3]. The
motion of an immiscible phase having different motility in the pore space will lead to the
trapping of the dispersed phase caused by the snap-off or the bypass of the phases within
the pore structures [4,5]. The mobilization of the trapped phase is important for many
applications such as trap oxygen gas bubbles in contaminated groundwater or residual oil
in the recovery of oil reserves [5–9]. Having a better understanding of the motion of the
phases and their interaction with the surrounding fluid and solid geometry is beneficial to
predict the required energy needed to mobilize the isolated phase.

Over the past two decades, the motion of multi-phase flows in porous media has
been studied by groups of researchers at a macro and micro scale [10–19]. The comparison
between the motion of single-phase and multi-phase flow indicates that higher resistance to
the flow is observed for multi-phase flows [20–25]. The resistance is introduced due to the
deformation of the dispersed phase which arises from the interfacial interaction between
the phases and the flow passage [26–28]. Phase trapping in the pore geometry occurs due
to the critical pressure introduced by the interaction of the dispersed phase and the solid
interface at the entrance of the confined geometry [29]. To mobilize the trapped phase in
the pore geometry, a critical driving force is needed to overcome the entrance pressure [8].

Various factors have an impact on the motion of the isolated dispersed phase in a pore
structure such as the velocity [30–34] and rheology of the carrying fluid [35–37] the pressure
of the system [38], the relative size of the dispersed phase compared to the pore [39–41] and
the capillary number [39–43]. Studies on the interaction of the solid surface and the trapped
isolated phase has shown that pore structure [44], grain morphology, and wettability of

Fluids 2022, 7, 333. https://doi.org/10.3390/fluids7100333 https://www.mdpi.com/journal/fluids

https://doi.org/10.3390/fluids7100333
https://doi.org/10.3390/fluids7100333
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fluids
https://www.mdpi.com
https://orcid.org/0000-0002-9391-9563
https://doi.org/10.3390/fluids7100333
https://www.mdpi.com/journal/fluids
https://www.mdpi.com/article/10.3390/fluids7100333?type=check_update&version=2


Fluids 2022, 7, 333 2 of 20

the surface play important roles in the motion of isolated dispersed phases in the pore
structure [44–47]. Other studies [22,41] on the effect of the pore structure on the motion of
multi-phase flow have mainly focused on the overall phase trapping in the pore space and
phase residual. Overall, these studies did not focus on the fundamentals of the interaction
of an isolated dispersed phase and solid geometry and the effect of the grain morphology
on the motion of the dispersed phase through a pore geometry.

Research work focusing on the pore-scale interaction of an isolated dispersed phase
and pore geometry [38,39] showed that in addition to the entrance critical pressure, the
strong interaction of the solid interface and the pore geometry can lead to an extra critical
pressure at the exit of the pore geometry [48]. The introduced flow restrictions will lead
to different flow motions within the geometry and the calculation of the critical entrance
pressure is not sufficient to predict the required driving force for the mobilization of
the trapped phase in the solid geometry [49,50]. The surface properties of the confined
geometry are an important component for emulsion flows in porous media [14–23].

The main objective of this study is to investigate the pore-scale effects of shape and
surface roughness of a confined geometry on pressure distribution within the multi-phase
flow and the required transit time for the phase to pass the confined geometry. To achieve
this goal, an isolated bubble is considered as a dispersed phase to pass through a pore
space and its deformation and velocity will be monitored using a shadowgraph imaging
method. The interaction of the bubble and the interface is visualized by the deformation
of the phase at different stages and velocity and pressure distribution were selected as
representative parameters for the flow properties. The pressure in this study is calculated
using an indirect method proposed in our previous studies [33,51]. The results of this
study will aim to provide a better understanding of the effect of pore surface properties on
pore-scale capillary pressure and fluid motion within a porous media.

2. Pressure Calculation from Shape Analysis

The pressure changes across a dispersed phase passing through a confined geometry
or its driving pressure, can be determined using the theory introduced by Jamin (1860) [52]
which was derived from the Young–Laplace equation. According to this theory, the pressure
changes within the deformed dispersed phase (∆P∗) is inversely proportional to the change
in the radii of curvature of the trailing (RT) and leading-edge (RL) as defined in Figure 1a
and proportional to the interfacial tension (γcd) as:

∆P∗ = γcd

(
1

RL
− 1

RT

)
, (1)

The change in the pressure within the phase (∆P∗) showed that a different local
pressure change along the phase can be expected depending on the location of the dispersed
phase within the pore geometry. A sample of the different stages of bubble deformation
and their corresponding change in the pressure of the phase is shown in Figure 1b. The
deformation of bubble can be monitored by the relative location of the centroid of the
projected area of the bubble (yc) with respect to the pore throat (yp). Where the bubble will
have similar RL = RT at yc − yp = 0 leading to ∆P∗ = 0.

The pressure gradient generated within the dispersed phase is positive as the droplet
enters the pore in the stage seen in Figure 1b (RL < RT) leading to an extra resistance to
the droplet passage [21,35]. Negative ∆P∗ occurs when the dispersed phase exists the pore
which results in the acceleration of the dispersed phase (Figure 1b (RL > RT). Zero ∆P∗

occurs when the pressure distribution is uniform between the leading and trailing edge
of the bubble RL = RT. To monitor the instantaneous change in the motion of isolated
bubbles passing through a pore geometry, an image processing technique developed in
our previous studies [41,53] can be utilized. As reported in our previous study [49], the
maximum uncertainty for detection will result to a 5.5% error in calculation of the change
in the radius of curvature. The proposed methodology to evaluate the motion of the phase
can detect the critical pressure required for mobilization of the phase in the pore geometry
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(∆Pc). The critical pressure can be determined from the first peak detected in the motion of
the dispersed phase on entrance into the confined geometry.
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Figure 1. (a) Schematic of bubble deformation and (b) an example of the determined pressure
difference across an isolated bubble passing through a pore and its corresponding locations.

3. Experimental Setup and Image Processing

An optical setup was used to measure and track the motion and deformation of a
bubble passing through a pore geometry is shown in Figure 2. The setup consists of two
main sections of an imaging system containing a camera (4M180, IO Industries Inc., London,
UK), a light source (BX0404-520 nm; Advanced Illumination Inc., Rochester, VT, USA), and
data acquisition (DVR Express Core 2, IO Industries Inc., London, UK) [54–56]. The second
section, the flow loop, consisted of two syringe pumps for each phase (PHD 2000, Harvard
Apparatus, Holliston, MA, USA) and a flow channel, as highlighted in the figure.
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The designs of the flow channels used to study different pore geometries are shown in
Figure 3. The flow channels consisted of two assembled layers of an optical access window
and the main flow channel. The window access is made of acrylic sheet and manufactured
using a laser cutter (VersaLaser VLS Version 3.50; Universal Laser Systems, Scottsdale, AZ,
USA). The design main flow channels with the desired features were manufactured from a
photo-reactive resin using the stereolithography (SLA) additive manufacturing technique
(Form 2, Formlabs Inc., Somerville, MA, USA). The flow channels are manufactured with
resolution of 25 µm for each layer.
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Figure 3. Design of flow channels containing different shapes of pore space (a) circular pore (b) cir-
cular pore with 0.2 mm surface roughness, (c) circular pore with 0.4 mm surface roughness, and
(d) pore with a sharp corner. In the current study, w = 1 mm and Rp = 2 mm.

Two separate inlets for the continuous and the dispersed phase were designed at the
bottom of the flow channel as highlighted in Figure 3. Glycerol (100% Pure Glycerol (Molec-
ular Biology), Fisher BioReagents™, Pittsburgh, PA, USA) was used as the continuous
flow and air was used as the dispersed phase. The glycerol had a viscosity of 1.412 Pa.s,
density of 1.26 g/cm and surface tension of 64 mN/m [57,58]. The continuous phase in
each experiment was injected with different flow rates of 0.1, 0.2, and 0.3 mL/min. Air,
as a dispersed phase, was injected at time intervals to generate an isolated bubble. The
content angle measurement between the phases was obtained using a SLA sample piece
manufactured with the same setting as the flow channel. The contact angle between a
glycerol droplet and the solid interface is 130◦.

The motion of the multi-phase flow in the pore space was studied by modeling the
pore space of two adjacent particles in the flow channels. Four different pore geometries
were designed as shown in the detailed views of Figure 3. These pore geometries are a
smooth circular pore, circular pore with two different roughness (0.2 and 0.4 mm), and a
sharp pore. In these channels, two cylindrical pillars were used to mimic the geometry of
two adjacent particles in the pore space with smooth surfaces. The diameter pillars (Rp)
were 2 mm and they were separated by w = 1 mm at the pore throat. The detail view (a)
of Figure 3 represents the design of the smooth circular pore. Two different roughness of
0.2 and 0.4 mm, shown in the detail view (b) and (c), were used to compare the effect of
roughness. A sharp pore geometry with the same aperture was also considered to account
for the effect of the change of the convergence of the pore on the pressure distribution. In
this case, two adjacent rectangles were considered as shown in the detail view (d). For
all cases, the depth of the channel was 3 mm. Figure 4 shows the pictures of the pore
geometries after manufacturing on the left for each pore geometry and their corresponding
original designs are shown on the right.
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A sample of a raw image of a bubble and the surrounding fluid passing through a
circular pore is shown in Figure 5a. The images are collected in the mid-plane of channel to
evaluate the deformation of the bubble in the symmetry plane. The bubble is reflected as a
black hollow region as shown in the picture due to the difference between the refractive
indexes of glycerol and air. To have better detection of the deformation of the bubble
and remove noise of the background, the images need to be pre-processed. The details of
these procedures can be seen in [33,41,53]. The deformation of the dispersed phase in the
pore geometry will be then detected by the radius of the leading and trailing edge at each
location as shown in Figure 5c. Having the curvature of the leading and trailing edges, the
pressure change across the bubble can be evaluated using Equation (1).
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4. Results
4.1. Flow Visualization of Bubbles Deformation Passing Different Pore Geometries

A series of images showing the passage of the bubble and its deformation for bubbles
having a similar equivalent radius (radius of bubble, Rb ∼3 mm) passing through the
different pore geometries are shown in Figure 6. The images were selected based on the
location of the centroid of the projected area of the bubble from the pore throat to highlight
the bubble shape at these locations for the different surface conditions. As shown in location
(a) for all pore geometries, the bubbles are symmetric and have a similar radius of the
curvature of leading and trailing edges. They are slightly oval at this position due to
the presence of a confining wall effect on the bubble’s interface as was reported in [59].
The results of the pressure calculation for the bubble passage are unique for the current
experiment due to the presence of the confining wall. As the size of the bubble considered
in this study is same, the results of the trend of the change in the pressure and the radius of
curvature is general and can be applied for any confining geometry condition.

As the bubbles approach the pore geometry, their leading-edge deforms slightly as
shown in location (b) in Figure 6. The deformation in this location leads to the decrease
in the radius of curvature of the leading edge compared to the trailing edge of the bubble.
The decrease in the leading edge continues until it passes the pore throat as shown in
Figure 6c. After this location, the leading-edge radius of curvature increases and reaches an
equilibrium condition after the bubble has passed through the pore geometry.

As shown in Figure 6, there is a significant difference between the motion of bubbles
exiting the pore geometries with different roughness. The effect of the surface condition
of the pore geometry on the motion of the bubble can be observed by the deformation of
the trailing edge at different locations along the pore. In the case of a smooth circular pore,
shown in Figure 6I, the bubbles trailing edge decreases as it enters the pore geometry. The
trailing edge maintains its convex curvature during its passage in the pore. As it reaches the
exit of the pore, in location (h) of case (I), the interaction between the pore solid interface
and the bubble leads to the development of phase pinning. Change in the detachment
of the bubble exiting a circular pore geometry is highly affected by the relative size of
the bubble with the pore and the continuous phase flow rate. A sample of the effect of
the continuous phase flow rate is shown in Figure 7. The bubble’s trailing edge interface
becomes flat for lower flow rates and as the flow rate increases, the bubbles trailing interface
becomes concave.

The motion of a bubble passing through a circular pore with roughness is shown in
Figure 6II,III. Having a closer look at the interaction of the bubble and pore geometry shows
that the bubble deforms to fill the pore roughness. It does not block the valleys of the pore
roughness and the phases are mostly in contact at the peak of the roughness of the pore.
The higher contact area between the bubble and the solid surface in this condition results
in more interaction between the surface and the trailing region of the bubble. Therefore,
phase pinning occurs at each peak of the roughness of the pore interface shown in locations
(g) and (h) for cases (II), and (III).

For rough pores, the interface of the trailing edge of the bubble goes through different
steps due to pinning at each peak of the pore. The details of the change in the curvature of
the bubble passing a 0.4 mm roughness are shown in Figure 8. As shown in the detailed
view of Figure 8a, the bubble has a convex curvature before its trailing edge reaches the
peak of the roughness. As the bubble moves further into the pore, the bubble’s trailing
edge and reaches the same elevation of the pore the roughness in Figure 8b, the bubble
has a flat trailing edge due to the pinning of the phase. On breaking of the pinning, in
Figure 8c the trailing edge curvature has become concave. As the bubble is not in contact
with the valleys of the pore, the trailing edge becomes unstable, and the bubbles’ trailing
edge moves to the next pore peak as shown in Figure 8d. The same deformation steps for
the trailing edge were observed at each peak of the roughness. Similar interaction of the
phase was observed in the case of a bubble moving through a pore with a roughness of
0.2 mm.
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For the case of the flow in the sharp pore geometry shown in Figure 6IV, the bubble
has a smooth transition in the pore geometry. Due to the lower gradient of the change in
the available cross-sectional area of the pore geometry, the curvature of the leading and
trailing edges has more variation. The bubble has the same trend of change in the leading
and trailing edge. Pinning of the phase was observed after the bubble passes the pore
throat as shown in location (g) of Figure 6IV.
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4.2. Change in the Bubble’s Pressure and Velocity While Passing through Smooth Circular Pore

The instantaneous change of the absolute value of the radius of curvature of the
leading and trailing edges of a bubble passing through a circular pore (geometry shown
in Figure 4a) is represented in Figure 9a. The location of the bubble, symbolized by y∗, is
the normalized location of the centroid of the projected area (yc) along the pore geometry
by the width of the channel (w). The location was also offset by the pore throat (yp) so
the location y∗ = 0 represents the condition when the bubbles centroid is aligned with the
pore throat.

As indicated in Figure 9a the bubble has the same radius of curvature of the leading
and trailing edge before it enters the pore geometry (y∗ < −4). This condition is also
shown in location (a) of Figure 6I. As the bubble enters the pore, indicated in location
(b) in Figure 6I, the bubbles leading edge decreases due to the decrease in the available
cross-sectional area. The minimum radius occurs at y∗ ∼ −3 where the leading edge is
aligned with the pore throat. The deformation of the leading edge continues until location
(g) of Figure 6I when the bubbles leading edge passes through the pore geometry, and it
regains its original radius of curvature for y∗ > 4.
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It can be seen that the deformation of the bubble’s trailing face occurs further into
the pore ( y∗ ∼ −3) compared to the leading edge. The bubbles trailing edge reaches
its minimum value as it aligns with the pore throat ( y∗ ∼ 2.5). At y∗ ∼ 3.5 the radius
increases to infinity and decreases to a constant value. The increase in the radius is caused
by the pinning of the bubbles trailing edge before it exits the pore. In this condition, the
bubbles trailing edge becomes flat and again regains its convex shape. After y∗ > 5, the
bubble detaches from the surface, and its radius of curvature of leading and trailing edge
becomes equivalent.

The change in the pressure of the bubble at different locations along the pore was
determined by the change in the radius of curvature shown in Figure 9a and Equation (1).
The pressure is plotted as the ratio of the pressure and the interfacial tension that shows the
pressure drop is only function of radii of the change in the trailing and the leading edge.
In this study the ∆P∗

γcd
has the unit of mm−1. As shown in Figure 9b, the pressure across

the bubble was similar at the entrance and exit when the bubble is well away from the
pore. As it enters the pore, the pressure across the bubble increases to a maximum value at
( y∗ ∼ −3). This positive pressure is known as the critical pressure required for the bubble
to enter the pore. This pressure is highly affected by the relative size of the dispersed phase
and pore geometry, flow rate, and interfacial tension of the phases. In the current study, the
bubble can pass this region in the pore as the driving force of the carrying fluid overcomes
the introduced pressure and the phase can deform further to pass the pore geometry.

As the bubble passes the stages corresponding to the critical pressure, the pressure
drop across the bubble decreases and it reaches a minimum value. This negative value
of the pressure represents the direction of the pressure gradient across the bubble and
corresponds to the high velocity observed when the bubble passes through the pore throat.
The pinning of the phase at the exit of the pore results in another positive pressure. The
introduced pressure due to the pinning of the bubble, in this case, is lower than the critical
pressure at the entrance. The driving force also can again overcome this pressure and the
bubble can exit the pore geometry.

The change in the pressure across the bubble results in a variation in the velocity of
the of the projected area of the bubble (U) as depicted in Figure 9c. The bubble reaches
the pore geometry with a constant velocity corresponding to its terminal velocity (UT). A
slight decrease in the velocity is detected as the bubble gets closer to the pore geometry.
The deceleration is caused by the development of the critical pressure needed to deform
the bubble, allowing it to enter the pore. As the bubble passes this location it accelerates as
it enters the pore throat. The introduced pinning pressure will result in a decrease of the
velocity at the exit of the pore. The bubble accelerates as it detaches from the surface of the
pore, returning to its terminal velocity.

4.3. Change in the Bubble’s Pressure and Velocity while Passing through Circular Pore with
0.2 mm Roughness

The variation in the radius of curvature, pressure, and velocity of a bubble passing
through a circular pore with 0.2 mm roughness are shown in Figure 10. The leading edge
experiences the same deformation as discussed for the smooth circular pore. The trailing
edge, however, has a different set of deformation characteristics as the bubble’s centroid
passes through the pore throat (y* > 0). The interaction of the moving interface of the bubble
and the peak of the solid interface leads to pinning of the phase at different locations after
the pore throat. The bubble interface shape changes at each peak of the pore roughness
which results in an increase in the radius of curvature. These conditions are represented by
the peaks detected in Figure 10a.
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The effect of pinning of the phase in this pore geometry on the instantaneous change
in the pressure of the bubble at different locations is shown in Figure 10b. The overall trend
of the change in the pressure is similar to the circular pore discussed in the previous section.
A similar critical pressure is detected in this case as shown for the smooth surface pore.
The phase pinning of the bubble trailing edge at different locations along the pore results
in multiple positive pressure peaks as the bubble passes the pore throat.

The velocity of the of the projected area of the bubble passing through the rough pore
is shown in Figure 10c. The velocity of the bubble is constant before it reaches the pore
and as it enters the pore, the bubble accelerates due to the decrease in the available area.
The bubble decelerates as its centroid passes the pore throat as the area available for the
flow increases. At each pinning location, there is an acceleration and deceleration of the
bubble. In these locations, the bubble decelerates as the pinning occurs and it accelerates
as it detaches from the surface. The acceleration occurs due to the instability between the
roughness peaks which results in a rapid motion of the trailing edge toward the next peak
of the surface roughness. These phenomena can be seen for all cases of pinning and motion
of the bubble as it exits the pore.

4.4. Change in the Bubble’s Pressure and Velocity While Passing through Circular Pore with
0.4 mm Roughness

The effect of the pore roughness identified by the change in the radius of curvature of
a bubble passing through a circular pore with 0.4 mm roughness is shown in Figure 11a.
A similar trend of the change in the radius of curvature detected for the case of 0.2 mm
roughness. The number of the detected peaks of the change in curvature is lower due to the
lower number of the pore roughness objects. The variation of the radius is higher due to the
stronger interaction of the bubble and solid interface. The bubble interface shape changes
from convex to concave which results in discontinuities in the instantaneous change of the
radius of curvature.

For clarity of the discussion, the details of the stages of the change in the curvature
highlighted by the blue box in Figure 11a, are represented in Figure 12a. The bubble passes
through the different stages of deformation and these stages are numbered and displayed
in Figure 12b. The bubble has a convex trailing interface before the pinning of the phase.
There is a slight increase in curvature of the trailing edge at location (1). This is due to the
pinning of the bubble that occurs at this condition leading to a higher curvature for the
bubble’s interface. As the bubble moves further into the pore, the bubble moves to the
next peak of the pore roughness. The smaller cross-sectional area available for the bubble’s
trailing edge in location (2) leads to a decrease in curvature of the bubble which can be seen
by the local minimum at y∗ ∼ 1.9. The bubbles interface becomes a flat surface at location
(3) which leads to RT → ∞ at location y∗ ∼2.25 in Figures 11a and 12a. The driving force
of the continuous phase moves the bubble forward leading to the change in curvature of
the bubble to be concave as shown in location (4). This phenomenon can be also observed
at different locations along the pore geometry as shown in locations (6), (8), (10) and (12).

The effect of pinning of the phase in this pore geometry on the instantaneous change
in the pressure of the bubble at different locations is shown in Figure 11b. The overall trend
of the change in the pressure is similar to the circular pore discussed in the previous section.
A similar critical pressure is detected in this case as shown for the smooth surface as the
bubble enters the pore. The phase pinning pressure, however, is different in this condition
due to the multiple locations of pinning in the flow passage. The pressure of the pinning
occurs at different locations as the bubble passes the pore throat resulting in a region with
a variation in the pressure drop. At the location where the pinning occurs, a series of peaks
are detected. The lowest pressure difference across the bubble occurs when the bubble has
the smallest value of curvature of the trailing edge at location (6) and the largest pressure is
detected for the location of phase pinning at the pore throat having the smallest negative
curvature of the bubble at location (8) as shown in Figure 12a.
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The effect of the phase pinning on the velocity the projected area of a bubble passing
through the rough pore can be seen in Figure 11c. As shown in the case of 0.2 mm of
roughness, at each pinning location, there is an acceleration and deceleration of the bubble.
In these locations, the bubble decelerates as the pinning occurs and it accelerates as it
detaches from the surface. The number of the peaks in this case (0.4 mm) is less than the
smaller roughness (0.2 mm) due to a lower number of peaks along the pore interface. The
velocity of the bubble increases to 1.5 of its terminal velocity for both cases of the pore
roughness (0.2 and 0.4 mm). The increase in the velocity of the bubble at each peak of
the surface roughness is higher for the case of 0.4 mm. This is due to the stronger phase
pinning phenomena at these locations. These phenomena can be seen for all cases of the
pinning and the motion of the bubble as it passes through the pore.
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4.5. Change in the Bubble’s Pressure and Velocity While Passing through a Sharp Pore

The variation in the radius of curvature of the leading and trailing edge of a bubble
passing through a sharp pore is shown in Figure 13. The bubbles leading, and trailing
edge have a similar trend as observed for the bubble flow in a circular pore. Only one
phase pinning location can be observed as the bubble passes through the sharp geometry.
Comparing the location of the pinning of the bubble in this case and the smooth round
pore, shown in Figures 12a and 13a, the pinning in the case of the sharp pore occurs further
into the pore (y* ~ 4 for circular pore and y* ~ 3 for the sharp pore). This is due to the
difference in the structure of the pore throat. In a sharp pore, the bubble detaches from
the solid geometry right after it passes through the pore throat. For the case of the circular
pore, however, the bubble is in contact with the pore further in the axial direction due to
the gradual change in the pore geometry.

The critical pressure and the pinning pressure of the sharp pore can also be seen in the
peaks shown in Figure 13b. The phase pinning pressure in this condition is slightly larger
than the one detected for a circular pore. This is because the pinning in the sharp pore
occurs closer to the pore throat where the available cross-sectional area is smaller compared
to the phase pinning locations of other pore structures. The smaller gap between the pore
results in more deformation and a higher-pressure gradient. The effect of the change in the
pressure on the velocity is shown in Figure 13c. A lower acceleration is observed in this
case due to the difference in the available cross-sectional area at different locations along
the pore.
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4.6. Bubble’s Transit Time in Different Pore Geometries

The variation of the transit time required for bubbles of different sizes passing through
different pore geometries is represented in Figure 14. The transit time in this study is the
measured time required for the bubble leading edge to enter the pore structure and the
trailing edge to exit the pore structure determined from image analysis obtained using the
optical setup. The overall trend of the change in the transit time at the same flow rate in the
confined geometry is represented by the fitted line for each collected data set.
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For all conditions, the bubble’s transit time increases linearly as the size of the bubble
increases. This is due to the higher Volume of the larger bubbles which results in lower
mobility of the bubble in the pore geometry. From the figure, the highest transit time
corresponds to the motion of a bubble carried with a lower flow rate of the continuous
phase. The lower flow rate provides a lower driving force for the bubble passage which
leads to a slower bubble motion in the pore geometry.

Figure 14 also shows that there is a significant difference between the transit times of
bubbles moving through different geometries. The transit time for the bubble flow in the
sharp pore is mostly the highest among the tested pore geometries. The higher required
time for the bubble passage through pore space in this condition is due to the difference
between the decreases in the available cross-sectional area to the flow. In the sharp pore,
the available cross-sectional area decreases at a smaller rate compared to the round pore.
The higher available cross-sectional area for the flow for each stage along the pore results
in lower acceleration of the bubble and slower motion of the phase in this geometry. The
lower acceleration of the bubble’s velocity in the sharp pore can be observed by comparing
the velocities reported in Figures 9 and 13.

At the same flow rate, the lowest transit time occurs in the case of a bubble flow in the
smooth circular surface. This condition occurs since the only resistance, in this case, arises
due to the critical pressure at the entrance and the phase pinning at the exit of the pore
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geometry. The transit time increases as the roughness on the wall of the pore geometry
increases. The increase in the transit time is due to the multiple phase pinning events that
occur for the bubble passage after the pore throat. For the case of a bubble flow in the
smooth circular pore, as shown in Figure 9, the bubble only pins on the exit of the channel
and the reduction in the velocity occurs only in this location. For the bubble passing
through the 0.4 mm roughness pore the pinning is a more severe result in the change in the
direction of the curvature (concave to convex and vice versa). The change in the trailing
interface results in more delay in the motion of the bubble.

5. Conclusions

The main goal of the current study was to determine the effect of pore geometry on
the motion and mobilization of an isolated bubble passing through a pore. The effect of the
pore structure was studied by the tracking of bubble deformation, pressure, the velocity of
the of the projected area, and the required transit time for the phase passage. Four different
pore geometries of a circular with a smooth surface, circular with 0.2 mm and 0.4 mm
roughness, and a sharp pore were considered for this study. The evidence from this study
suggests that the motion of the bubble passing through a pore space is highly affected by
the geometry of the pore solid interface.

Investigation of the deformation of the bubble has shown that the different pore
structures considered in this study all have a similar effect on the leading edge. However,
significant differences were observed for the deformation of the bubble’s trailing edge.
For the smooth circular pore structure and sharp pore, only one phase pinning event was
observed before the bubble detached from the pore surface. For a bubble passing through a
rough pore, the bubble has many pinning events for each peak of the roughness after the
pore throat. The number of pinning events increases by the number of roughness structures
on the pore surface. The strength of the interaction also increases by the height of each peak
of the pore roughness.

The results of the pressure change across the bubble showed that in addition to the
critical pressure introduced by the entrance of the pore, a phase pinning pressure is also
introduced during the phase passage in the pore. For all cases, a similar critical pressure
at the entrance was observed. The pinning pressure was highly affected by the properties
of the pore structure. The change in the pressure due to phase pinning was observed
with a higher number of peaks and a wider range of pressure effects for pores having a
rough surface structure. The applied pinning pressure at each pore roughness resulted
in the positive pressure difference along the bubble and ultimately, deceleration of the
phase motion.

This study has found that generally, the transit time of the bubble through the pore
structure increases with an increase in the pore surface roughness and the size of the
dispersed phase. A shorter transit time was observed for the case of the smooth pore due
to the minor effect of the phase pinning at the exit of the pore. Phase pinning in the rough
structures leads to the delayed passage of the bubble in these pore geometries.

This research extends our knowledge of the pore-scale interactions of pore structure
and multi-phase flow on the mobilization of the pore. The values obtained for the pressure
in this study is unique due to the presence of the confined walls of the flow channel. The
results of the trend of the change in the pressure in this research support the bulk flow
studies that a higher driving force is required for the mobilization of a trapped phase in
a rough and unstructured pore geometries. The findings from this study suggest that
the critical pressure for mobilization of trapped isolated phase in a pore geometry can be
predicted by the study of the motion of an individual isolated phase. The current study
was also able to detect the phase pinning introduced pressure which results in the delayed
passage of multi-phase flows in the pore structure.
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