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Abstract

Snap-off events are one of the most common and essential phenomena in two-phase flow in porous media. This paper uses
the scanning results of a siltstone slice to construct a two-dimensional heterogeneous pore network structure to visualise
microscopic snap-off phenomena and displacement processes accurately. The relationship between snap-off events and
the non-wetting phase saturation was studied using two-phase flow displacement experiments. Results show that although
the non-wetting phase snap-off events benefit freeing the trapped non-wetting phase in the microchannels, high-frequency
snap-off events are the main reason for trapping the non-wetting phase during the displacement process, eventually leading
to residuals. The frequency of non-wetting phase snap-off events in the pore network structure can be reduced to lower the
non-wetting phase saturation and reduce the non-wetting phase residuals by increasing the displacement fluid viscosity,
reducing the surface tension coefficient between the phases and increasing the flow rate.

Keywords Snap-off - Two-phase flow - Pore network - Viscosity ratio - Residuals mobilisation - Capillary number

1 Introduction

Porous media comprises interconnected three-dimensional
pore space networks with varying sizes and shapes with a
particular porosity and high specific surface area (Ghanbar-
ian et al. 2013). Crude oils are usually trapped in porous
geological media as oil droplets, films, and ganglions (Per-
azzo et al. 2018). On a microscopic scale, the development
of secondary oil recovery involves primarily multi-phase
flows in porous media, and water flooding creates an emul-
sion inside the reservoir, allowing oil to flow through the
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structure (Pak et al. 2015). Formation analyses and mobi-
lisation regimes of the residual oil remaining in the porous
media after water flooding are essential research subjects
for secondary oil recovery (Perazzo et al. 2018; Singh et al.
2019; Alhosani et al. 2020).

Water is usually injected into the reservoir during flood-
ing to drive oil from the pore spaces. However, because of
the small throat, pore sizes, and fluid with high viscosity,
the porous medium flow can be severely suppressed regard-
less of the injection pressure. In addition, high water—oil
interfacial tension and wettability (e.g., oil firmly attached
to rocks) inhibit oil displacement (Buchgraber et al. 2012;
Joekar-Niasar and Hassanizadeh 2012; Esmaeili et al. 2020).
Many residuals are distributed in the pores and throats after
water flooding, which may cause the non-wetting phase to
be trapped in the porous medium (Datta et al. 2014; Pak
et al. 2015). In the imbibition and drainage displacement
process, oil phase snap-off is one of the leading causes of
trapped residual oil, and the release of the remaining oil in
the microchannels is also closely related to this microscopic
event (Datta et al. 2014; Singh et al. 2019).

Pore-scale droplet snap-off phenomena exist widely in
various natural and industrial engineering flow processes,
such as crude oil exploitation (Yun and Kovscek 2015),
carbon dioxide geological storage (Riazi et al. 2011), and
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emulsification (Esmaeili et al. 2020). The droplet snap-off
process crucially influences the behavior of multi-phase
fluids in porous media (Singh et al. 2019). When the non-
wetting phase displaces the wetting phase in a microchan-
nel, the wetting phase forms a wetting film on the channel
wall (Roman et al. 2017). Snap-off occurs when the wetting
phase, under capillary pressure, accumulates in a pore throat
occupied by the non-wetting phase and then bridges across
the throat to block the flow (Rossen 2000). The non-wet-
ting phase breaks up and generates tiny non-wetting phase
droplets.

In the single pore-throat model, Li et al. (Li et al. 2021,
2022) explained the physical mechanism of the non-wetting
phase snap-off event, provided the criteria for judging its
occurrence, and analyzed the physical parameters affecting
it. Other researchers have revealed the flow mechanisms in
porous media by focusing on various topics, including fluids
displacement in capillary ducts (Lenormand et al. 1983),
oil-water interface changes (Ayirala et al. 2018; Li et al.
2019), oil-water pathway distribution (Chen et al. 2005;
Liang et al. 2020), the influence of pore geometry param-
eters (Buchgraber et al. 2012; Singh et al. 2016; Xu et al.
2017; Yun et al. 2017; Osei-Bonsu et al. 2018; Alhosani
et al. 2020), the effect of displacement fluid on oil recovery
(Mahdavi and James 2019), relative permeability (Berg et al.
2016), and 3D imaging of pore-scale processes (Pak et al.
2015; Singh et al. 2017). Blunt (Blunt 1998) proposed an
intermediate-wet porous media model to analyze the influ-
ence of wettability on residual oil saturation, showing that
residual oil saturation varies significantly with wettabil-
ity over a wide range for a model with a fixed pore and
throat size distribution. For example, residual oil satura-
tion varied between 5 and 50% as the oil-wet pore frac-
tion was altered. Snap-off was the dominant oil-trapping
mechanism in porous media. An increased contact angle
caused the snap-off event to become less favored, and the
residual oil saturation decreased. Ruspini et al. (Ruspini
et al. 2017) proposed a new cooperative pore-body filling
model to study the capillary trap phenomenon in water-wet
porous media. Their model demonstrated that the number
and distribution of non-wetting phase traps are determined
by the competition between snap-off and cooperative pore-
body filling trap mechanisms, which can be used to predict
residual non-wetting phase saturation and capillary capture
curves. The measured contact angle indicated the capillary
pressure scanning curve and the relative permeability of
sandstone, in good agreement with experimental results.
Alyafei et al. (Alyafei and Blunt 2016) studied capillary trap
events in cores with different wettabilities and the effects
of trap events on residual oil saturation with displacement
experiments. The capillary trap phenomenon under water-
wet conditions was principally caused at the pore scale by
snap-off, with little oil production after water breakthrough
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(Hammond 1983). Water filled the narrowest part of the
pore space during water flooding, while oil remained in
the larger pores, resulting in a sizeable residual oil satura-
tion. As the initial oil saturation increased, more oil could
be trapped, increasing residual oil saturation. In summary,
previous research on snap-off events in porous media has
mainly focused on capturing the snap-off phenomenon and
its effect on the capillary trap phenomenon rather than its
occurrence and influence on downstream fluids. There are
many microscopic phenomena in the porous media displace-
ment process, making it difficult to determine the effect of a
single phenomenon on the displacement process using tra-
ditional displacement experiments.

The rapid development of microfluidic technology per-
mits studying the microscopic snap-off process and its influ-
ence on the macroscopic flow field with greater visualiza-
tion capability and high fluid control precision. Changing
the displacement conditions and fluid properties can reveal
the influence of non-wetting phase fluid snap-off events on
the two-phase flow for different flow conditions. Based on
two-phase fluid displacement experimental results in porous
media, the change in non-wetting phase saturation caused by
the snap-off events may be quantified. To our knowledge,
few studies have quantified the non-wetting phase saturation
change caused by non-wetting phase fluid snap-off events
during two-phase flow.

In this paper, we obtained a pore structure network from
the scanning results of a siltstone slice and processed a sili-
con wafer mold using soft lithography (Rogers and Nuzzo
2005). We then fabricated a full PDMS (polydimethylsilox-
ane) microfluidic chip with a pore network structure that can
characterize the microchannel structure in real rock cores.
This microfluidic chip was used to conduct two-phase fluid
displacement experiments to study the influence of non-
wetting phase fluid snap-off events on the two-phase flow.
Analyzing the microscopic phenomena caused by snap-off
events, summarizing the non-wetting phase snap-off regime
in the pore network structure, and revealing the residual dis-
tribution of the non-wetting phase in the pore network struc-
ture was shown to be effective in reducing the saturation of
the pore network structure non-wetting phase.

2 Materials and methods
2.1 Pore network structure chips and reagents

As shown in Fig. 1, microfluidic chips with a two-dimen-
sional heterogeneous pore network structure were used in the
displacement experiment. Figure 1a shows the pore network
structure model derived from the siltstone slice scanning
results. C1 and C2 are the wetting and non-wetting phase
fluid inlets, respectively, and C3 is the mixture outlet. In
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Fig. 1 The microfluidic chip
used in experiments. a Two-
dimensional heterogeneous
pore network structure model.
C1 and C2 are the wetting and
non-wetting phase fluid inlets,
respectively. C3 is the mixture
outlet, and C4 and C5 are the
inlets for cleaning chips. b
PDMS chip saturated with wet
phase fluid. The red part shows
the microchannels saturated
with wetting phase fluid, and
the white part shows the PDMS
substrates

the displacement experiment, the central axis of the flow
direction is along the diagonal direction of the pore network
structure. C4 and CS5 are the cleaning chip inlets used for
cleaning processes and wetting phase saturation operations.

The PDMS base (SYLGARD 184 Silicone Elastomer Kit
Base, Dow Corning) was mixed with a curing agent at a 10:1
ratio and defoamed in a vacuum chamber. Then, the mixture
was coated on the silicon wafer mold and heated in an oven
at 85 °C for 30 min to cure the liquid PDMS. The same
operation was carried out to prepare the PDMS layer without
channels on a single polished wafer mold, which was used to
compose an entire PDMS chip. After cooling and demold-
ing, the PDMS samples were placed in a plasma cleaner
(Harrick. PDC-002 Plasma Cleaner, USA) and treated for
50 s with oxygen plasma for surface activation.

Finally, the two PDMS layers were bonded and baked
above 65 °C for 24 h to ensure the microchannels’ hydropho-
bicity (Jin et al. 2010). The contact angles between mineral
oil (with 3 wt% Span-80) and PDMS layer was 33.5°, the
contact angles between deionized water, 30 wt% glycerol
aqueous solution, 65 wt% glycerol aqueous solution, and 85
wt% glycerol aqueous solution with PDMS layer were 91°,
104.3°, 100°, and 103.8°, respectively. Figure 1b shows a
PDMS chip saturated with wetting phase fluid. The microflu-
idic chip was etched with a complex pore network structure,

Table 1 Physical properties of the experimental fluids (25 ‘C)

including micro-channel structures with different widths and
directions, complex micro-channel inlet and outlet struc-
tures, pore structures, and throat structures of various sizes.
The red part shows the microchannels filled with wet phase
fluid, and the white part shows the PDMS substrates.

Residual oil saturation is the volume percentage of crude
oil remaining in the rock pores that cannot be recovered after
several displacement processes (Mehmani et al. 2019; Hey-
dari-Farsani et al. 2020; Song and Hatzignatiou 2022). After
multiple displacement processes, the oil phase remains in
the water-wet porous media as non-wetting phase residuals.
In these displacement experiments, the non-wetting phase
saturation in the pore network structure characterized the
residual oil saturation. Mineral oil dyed with an oil-soluble
red was used as the wetting-phase fluid, and different mass
fraction aqueous glycerol solutions stained with methyl
blue were used as the non-wetting phase fluid. Fluid param-
eters are shown in Table 1. The two-phase viscosity ratio
k = pnw /1y was varied from 0.08 to 10.44 by adjusting the
glycerol solution viscosity.

In the displacement experiments, glycerol aqueous solu-
tions with different mass fractions and mineral oil simulated
the two-phase fluid with different viscosity ratios (Table 1).
The displacement process of the non-wetting phase liquid
group under different flow conditions and the change in

Materials Wetting phase Hy(mPa-s) Non-wetting phase Hyw(mPa-s) Interfacial ten-

number sion coefficient
(mN-m™")

Ml 3 wt% Span 80+ mineral oil 12.57 Deionised water 1 4.76

M2 3 wt% Span 80+ mineral oil 12.57 30 wt% glycerol aqueous solution 2.77 8.43

M3 3 wt% Span 80+ mineral oil 12.57 65 wt% glycerol aqueous solution 13.41 10.21

M4 3 wt% Span 80+ mineral oil 12.57 85 wt% glycerol aqueous solution 131.21 10.71
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non-wetting phase saturation caused by snap-off events were
then analyzed.

2.2 Experimental setup and procedures

Figure 2 shows the displacement experiment platform.
Syringe pumps (CETONI neMESYS Middle Pressure
Module,

Germany) injected fluids into the microfluidic chip. A
high-resolution camera matrix (Teledyne Dalsa Genie Nano-
CL M2420, Canada) recorded the flow phenomena, achiev-
ing a high frame rate (30 fps) and high-resolution image
recording (10% pixels per frame) to capture microscopic
phenomena and macroscopic flow trends occurring during
the flow process.

The non-wetting phase fluid displacement experimental
procedure is as follows. First, two-phase fluids are injected
into the pore network structure to expel the air in the tubes
between the syringe pump and the chip. Then, the non-wet-
ting phase fluid injection is stopped, and the wetting phase
fluid is continuously injected into the chip at a constant flow
rate until it saturates the entire pore network structure. Next,
the non-wetting phase fluid is injected into the chip at a
specified flow rate until it flows to the chip outlet to form
a non-wetting phase fluid pathway. The time ¢,,, from the
initial non-wetting phase fluid injection to the flow reaching
the chip outlet, is recorded.

The non-wetting phase fluid injection is then stopped, and
the wet-phase fluid is continuously injected into the chip at
the same flow rate (the sum of the wetting phase fluid rate

Fig.2 A microfluidic experi-
mental system for visualizing
flow phenomena

Camera matrix
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and non-wetting phase fluid rate at t;,) for a duration of 5
times #;,. At this time, the injection of two-phase fluids is
stopped. The non-wetting phase residual in the pore network
structure is considered the final residual after the displace-
ment process. The non-wetting phase saturation is calculated
from the two-phase distribution.

3 Results

Experimental results for a two-phase fluid displacement
experiment with material M2 at an inlet capillary number
Ca ~ 107 (Ca=uyU/c, where uy, is the wetting phase
viscosity, U is the inlet fluid velocity, and o is the interfacial
tension coefficient of the two phases. U=(Qy+ Onw)/ S,
where Sy is the inlet cross-section area, Qy, and Qyyy are
the injection flow rate of the wetting phase and non-wetting
phase, respectively.) are shown in Fig. 3. The pore network
structure reached the wetting phase saturation at an injection
flow rate of 20 pL/min. The flow direction was along the
microfluidic chip’s diagonal path.

As shown in Fig. 3a, the microfluidic chip was wetting-
phase-saturated at T=0 s, and the non-wetting phase fluid
injection into the chip started at a 10 pL/min flow rate. At
T=15 s, the non-wetting phase fluid integrally diffused
along the flow direction Fig. 3b. Because there was a pore-
throat structure with a large pore-throat ratio in the flow
direction, a considerable breakthrough pressure (Rezaei
et al. 2018; Cui et al. 2022; Zhang and Wang 2022) was
required to allow the non-wetting phase fluid to invade the

" CETONI

BASE 120

Syringe pump

|

Camera control

—)

Data record

Data analysis
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(a) T=0s (b) T=15s

(e) T=150s (f) T =65s

Fig.3 Diagram of two-phase fluid distribution in displacement
experiment. a—h are two-phase fluid distribution diagrams at differ-
ent times. The red part represents the wetting phase fluid, and the
blue region represents the non-wetting phase fluid. The injection flow

microchannel downstream of the pore-throat structure, and
the non-wetting phase fluid simultaneously diffused along
the flow’s axial direction.

At T=28 s, the non-wetting phase fluid reached the mix-
ture outlet along the flow direction, and a non-wetting phase
pathway was formed Fig. 3c. The non-wetting phase fluid
injection was stopped, and the wetting phase fluid contin-
ued to be injected into the chip at a 20 pL/min flow rate.
At T=35 s, while the wetting phase fluid was injected, the
non-wetting phase fluid snapped and formed discontinuous
liquid ganglions Fig. 3d.

When the snap-off events occurred, non-wetting phase
fluid accumulated within the pore structures along the direc-
tion with less flow resistance. Figure 3e—g shows that the
wetting phase fluid gradually formed a wetting phase path-
way along the flow direction with the wetting phase fluid
injection. During the wetting phase pathway formation, the
snapping frequency of the non-wetting phase fluids grad-
ually decreased, and the area farther from the axial flow
direction could no longer be affected by the injected wetting
phase fluid. The non-wetting phase liquid ganglions from the
axial direction gradually trapped upstream of the pore-throat
structure and within the pore structure, no longer moving
in the subsequent flow process. Meanwhile, the residual

(c) T=28s (d) T=35s

(2) T=100s (h) T = 150s

rate of the wetting phase and non-wetting phase were 20pL/min and
10pL/min, respectively. Material M2 was used in the experiment, and
the inlet capillary number was Ca=0.0018

non-wetting phase fluid ganglions along the flow direction
continued to snap off, generating smaller droplets that flow
to the microfluidic chip outlet.

At T=150 s, non-wetting phase fluid could not be
released and flowed to the outlet Fig. 3h. The non-wetting
phase fluid remaining in the pore network structure was con-
sidered the non-wetting phase residual.

Figure 4 describes the two-phase fluid saturation change
in the displacement experiment. The pore network struc-
ture was initially saturated with the wetting phase fluid. The
wetting phase saturation decreased with the injection of the
non-wetting phase fluid, and the non-wetting phase satura-
tion reached its maximum when it formed a pathway along
the flow direction. The non-wetting phase saturation was
about 21% at T=28s.

When the injection of non-wetting phase fluid stopped,
the saturation gradually decreased during the wetting
phase injection, reaching 10.8% at the end of the displace-
ment experiment and changing slightly from T=100 s to
T =150 s. The non-wetting phase liquid ganglions cannot
be moved in the subsequent flow process because they are
trapped during displacement.

This experiment simulated the residual oil release in the
water-wet reservoir core with high water saturation. It was

@ Springer



24 Page60of13

Microfluidics and Nanofluidics (2024) 28:24

100%}F &
A
A A
A
80% aa *
£60% | A Sy
§ Sy
F40%
20%F °o
[ ]
[ ] [ ]
[ ]
0%F o

0 20 40 60 80 100 120 140 160
Time(s)

Fig.4 Two-phase fluid saturation changes in displacement experi-
ments. The experiment was set up with materials M2 at Ca=0.0018,
and percolation started at T=0 s. The triangles and circles symbols
represent the saturation of wetting and non-wetting phases, respec-
tively

found that the non-wetting phase residuals snapped in the
pore throat structure and became trapped again in the pore
structure along the flow direction when migrating along that
direction. Non-wetting phase residuals formed, which are
difficult to move.

4 Discussion
4.1 Snap-off behavior in the pore throat structure

The non-wetting phase fluid ganglion displacement experi-
ment showed that the snap-off event was the main reason for
the trapped non-wetting phase fluid. As shown in Fig. 5, a
non-wetting phase droplet flowed upstream of a pore-throat
structure at T=40 s. The droplet broke to form two smaller,
non-wetting phase daughter droplets at T=48 s when it
flowed through a microchannel with a narrow constriction.
At T=150 s, after a long injection period, the non-wetting

Fig.5 Diagrams of non-wetting
phase droplet trapping process
in the pore throat structure.

a—c are the time series of the
trapping process. Material M2
was used in the experiment, and
the inlet capillary number was
Ca=0.0018. The red and blue
parts represent the wetting and
non-wetting phases of fluid,
respectively

T =40s
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phase droplets remained in the pore structure, forming
trapped non-wetting phase droplets.

Although the wetting phase fluid was still injected dur-
ing the droplet trapping process, the local flow field could
no longer reach the snap-off condition for the non-wetting
phase droplets, and the wetting phase fluid flowed to the
outlet along the formed pathway. The non-wetting phase
fluid snap-off event caused the non-wetting phase droplets
and ganglions to form and was the reason for the trapping of
non-wetting phase fluid. Figure 5c shows that non-wetting
phase daughter droplets generated by the snap-off event were
trapped in the pore throat structure. Daughter droplet 1 elon-
gated along the flow direction, but the driving force on the
daughter droplet at these flow conditions could not overcome
the capillary pressure at the front of the droplet, so it could
not enter the downstream pore throat structure. Daughter
droplet 2 was trapped in the pore structure, and the droplet’s
driving force could not overcome the capillary pressure of
the droplet, so this droplet could not be mobilised in the
flow process. Frequent snap-off events of the non-wetting
phase liquid ganglions during the flow process, while non-
wetting phase droplets separated from the liquid ganglions
were trapped in the pore throat structure during the flow
process. The trapped non-wetting phase liquid droplets and
ganglions increased the local flow resistance (Rossen 2000;
Beresnev et al. 2009; Pefia et al. 2009; Datta et al. 2014),
making it more difficult to release the trapped non-wetting
phase fluid in the pore throat structure, finally leading to
increased non-wetting phase saturation in the pore network.

Meanwhile, the snap-off event also caused the movement
of the trapped non-wetting phase in the pore throat struc-
ture. Figure 6 traces the direction of the trapped non-wetting
phase in the wetting phase fluid displacement experiment. At
T =24 s, the trapped non-wetting phase droplet in the pore
structure elongated along the flow direction and reached the
upstream part of the throat. At T=38 s, the non-wetting
phase droplet continuously snapped off at the throat to form
tiny daughter droplets that flow out of the pore throat struc-
ture along the flow direction. At T=47 s, the trapped non-
wetting phase in the pore structure was fully released, and
there was no remaining fluid in the pore structure.

T=150s
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Fig.6 Diagrams of the trapped
non-wetting phase droplet
mobilising process in pore
throat structure. a—c are the time
series of the trapping process.
Material M2 was used in the
experiment, and the inlet capil-
lary number was Ca=0.0018.
The red and blue parts represent
the wetting and non-wetting
phases of fluid, respectively

A comparison of the different phenomena in Figs. 5 and
6 shows that although the snap-off events are beneficial in
freeing the trapped non-wetting phase in the pore throat
structure, snap-off events are the main reason for the trap-
ping of the non-wetting phase during the displacement pro-
cess, eventually leading to the residuals. The non-wetting
phase snap-off events in a single pore affect only the local
flow field. Still, variations in the snap-off frequency change
the non-wetting phase distribution in the pore network, and
the aggregation of microscopic events eventually has a mac-
roscopic impact.

4.2 Non-wetting phase snap-off tendencies
in the pore network structure

One of the most common phenomena in oil recovery is
oil droplet snap-off, which occurs during water injection
in water-wet porous media (Garstecki et al. 2005; Cubaud
and Mason 2008; Beresnev et al. 2009; Andrew et al. 2015;
Singh et al. 2017). The oil droplets are eventually trapped
in the pores, creating a significant loss. The number of non-
wetting phase droplets representing the snap-off frequency
was continuously recorded during the displacement experi-
ment to compare the differences in the snap-off for different
flow rates and two-phase viscosity ratios.

As shown in Fig. 7, the non-wetting phase fluid in the
pore network structure exhibited different snap-off ten-
dencies at different inlet capillary numbers. At lower inlet
capillary numbers, the frequency of non-wetting phase
snap-off events was higher, and more non-wetting phase
droplets were formed. At an inlet capillary number Ca ~
103(Ca=0.0018), droplets formed by non-wetting phase
snap-off events increased with the injection of wetting phase
fluids, and more non-wetting phase droplets remained in the
pore network after the displacement process. The increasing
number of non-wetting phase droplets indicates that the non-
wetting phase snap-off event was the primary mechanism
of non-wetting phase trapping for this inlet flow condition.

With an increase in the flow rate, the inlet capillary
number reached Ca ~ 102(Ca=0.017), and the number

100}
80y —a— Ca=0.0018
g —e— Ca=0.0078
'560- —A— Ca=0.017
E —e— Ca=0.024
5
240t
a
20l
0 L

0 20 40 60 80 100 120 140
Time(s)

Fig.7 Diagram of non-wetting phase droplets number at different
inlet capillary numbers. The experiment was set up with materials
M9, and all percolation processes started at T=0s

of non-wetting droplets first increased and then decreased.
Non-wetting phase snap-off events can release the non-
wetting phase fluids trapped in the pore throat to a certain
degree, but they are the primary mechanism causing non-
wetting phase residuals in the pore network. For example,
non-wetting phase fluids snapped to form 75 droplets in the
pore network structure at inlet Ca=0.0078 at T=40 s. Sub-
sequently, the occurrence of the non-wetting phase snap-
off events and the number of droplets in the pore network
structure gradually decreased. Only 32 non-wetting phase
droplets remained in the pore network structure at the end
of the displacement process. The change in the number of
non-wetting phase droplets indicates that droplets generated
by non-wetting phase fluid snap-off events later reduce the
non-wetting phase residuals in the pore network structure.
The number of droplets generated by non-wetting phase
fluid snap-off events was further decreased as the inlet cap-
illary number increased, and the non-wetting phase residu-
als in the pore network structure were also reduced after

@ Springer



24 Page8of13

Microfluidics and Nanofluidics (2024) 28:24

the displacement process. When Ca > 1072, the changes
in the numbers of non-wetting phase droplets initially
increased, followed by a decreasing trend.

As shown in Fig. 8, non-wetting phase fluids had differ-
ent snap-off tendencies for different two-phase viscosity
ratios. In Fig. 8a, at inlet Ca = 10’3(Ca=0.0018), non-
wetting phase fluids snapped and generated droplets with
the injection of wetting phase fluids, gradually increasing
and remaining in the pore network structure after the dis-
placement process. The larger the viscosity ratio of the
two phases, the fewer non-wetting phase droplets were
generated during the displacement process. It was con-
sistent with the effect of viscosity on the droplet breakup
process obtained in single pore throat experiments (Pefia
et al. 2009; Li et al. 2021, 2022), i.e., high viscosity non-
wetting phase fluids were more challenging to snap off.

In Fig. 8b, non-wetting phase fluids showed the same
snap-off trends for different two-phase viscosity ratios at
inlet Ca ~ 107%(Ca=0.017). The number of droplets gen-
erated by non-wetting phase fluid snap-off events showed a
trend that first increased and then decreased. Non-wetting
phase fluids continuously snapped and generated dispersed
droplets that entered the microchannels and pore throat
structures along the minimum dynamic pressure drop
direction. Some droplets continued to break and flowed
out of the pore network structure along the flow direction.
The remaining droplets were trapped in the pore network
structure, resulting in non-wetting phase residuals.

100

IS
(=]

Droplet number

3]
(=]

4.3 Residual distributions of non-wetting phase
fluids in the pore network structure

The displacement experiments demonstrated that the non-
wetting phase snap-off tendencies were different for differ-
ent inlet capillary numbers and viscosity ratios of the two
phases, ultimately resulting in different non-wetting phase
residual distributions in the pore network structure. The
distribution tendencies of non-wetting phase residuals and
the influence of non-wetting phase snap-off events on non-
wetting phase saturation in the pore network structure were
studied by recording the final numbers and areas of non-
wetting phase droplets remaining in the pore network struc-
ture for different displacement conditions. This information
assists in finding an effective method to reduce non-wetting
phase saturation as much as possible by adjusting the snap-
off frequency.

Figure 9a shows the distribution of non-wetting phase
residuals for different inlet capillary numbers. Non-wetting
phase fluids snapped and generated more droplets at low
capillary numbers. More than half of the non-wetting phase
droplets had areas between 2 x 10° pm? and 4 x 10® pm?,
and the other non-wetting phase droplets had areas between
4% 10% pm? and 22 x 10°um?. As the inlet capillary number
increased, the number of droplets decreased, but the area
distribution of non-wetting phase droplets changed slightly.
More than half of the droplets are small-volume, non-wet-
ting phase droplets and the rest are dispersed with areas in
the range of 4 x 10° pm? to 22 x 10°um?.

0 20 40 60 80 100 120 140 160

Time(s)

(a)

Fig.8 Diagrams of non-wetting phase droplets number for different
two-phase viscosity ratios. The experiment was set up with materi-
als M1-M4, and all percolation processes started at T=0 s. a and b
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show the different non-wetting phase droplet numbers at inlet Ca ~
103(Ca=0.0018) and Ca = 107%(Ca=0.017), respectively
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Fig.9 Distribution diagrams of the non-wetting phase residuals in
the displacement experiment. a is a statistical diagram of the residual
droplets in the non-wetting phase at different inlet capillary numbers.
Experiments were set up with materials M2. b and ¢ are the experi-

Figure 9b shows the non-wetting phase residual distribu-
tion diagram for inlet Ca=0.0018. In the experiment, non-
wetting phase fluid injection was stopped after a non-wetting
phase pathway formed along the flow direction. During the
wetting phase fluid injection, non-wetting phase fluids con-
tinuously snapped to form droplets distributed along the
flow direction in the pore structure and microchannels. At
low inlet capillary numbers, non-wetting phase fluids were
more likely to have snap-off events (Tian et al. 2020; Li et al.
2021), resulting in more non-wetting phase droplets. These
droplets were mainly distributed in the pore structure and
at the microchannel entrance because the capillary force on
them acts as a resistance. The inertial force was insufficient
to overcome the capillary pressure to dislodge the droplets
remaining upstream of the pore structure and microchannel,
which later formed the non-wetting phase fluid residuals in
the pore network structure (Ning et al. 2021).

Figure 9c shows the non-wetting phase residual distribu-
tion diagram for inlet Ca =0.024. Non-wetting phase resid-
ual droplets were evenly distributed along the flow direction,
but the final residuals were significantly smaller than for
inlet Ca=0.0018. At high inlet capillary numbers, droplets
generated by non-wetting phase fluid snap-off events were
more likely to break up and flow out of the pore network
structure under the action of the local flow field. They were
eventually distributed in the small pores and distal structures
far from the flow direction. Increasing the inlet capillary
number could significantly reduce non-wetting phase residu-
als in the pore network structure.

Fluid viscosity is an essential factor in the droplet breakup
process and an important factor affecting the distribution of
non-wetting phase residuals in the pore network structure

al bW

e
©

t") -
oy 21}
‘l‘: "Q‘h
» »

-

mental diagram of the non-wetting phase residual distribution at inlet
Ca=0.0018 and Ca=0.024, respectively. The red, blue and white
parts represent the wetting phase fluid, non-wetting phase fluid and
the PDMS substrates, respectively

(Wang et al. 2014; Bai et al. 2016; Liu et al. 2019; Esmaeili
et al. 2020). Figure 10a shows that the distribution of non-
wetting phase residuals was analyzed for different two-phase
viscosity ratios. Low-viscosity non-wetting phase fluids eas-
ily broke up to form smaller droplets, while high-viscosity
non-wetting phase fluids were likely to form larger droplets
(Nie et al. 2008; Singh et al. 2019; Li et al. 2022). When
inlet Ca ~ 10~ and the two-phase viscosity ratio k=0.08,
more than 75% of the non-wetting phase droplets remaining
in the pore network structure occupied areas between 2 x 10°
pm? and 10 x 10° um? after the displacement process. About
12% of the residual non-wetting phase droplets occupied
areas larger than 12 x 10® pum?. For the same inlet capillary
number and a two-phase viscosity ratio k=10.4, more than
50% of non-wetting droplets remaining in the pore network
structure had areas between 12 x 10° yum? and 22 x 10 pm?,
and only about 30% of the total droplets were had areas
between 2 x 10° pm? and 10 x 10° pm? after the displace-
ment process.

Comparing the distribution of non-wetting phase resid-
uals in Fig. 10b and c shows that the high-viscosity non-
wetting phase fluids eventually produced more residuals.
Non-wetting phase fluids with high viscosity are more chal-
lenging to move. When the viscosity is high, the driving
force has difficulty overcoming the surface constraint under
the local flow field conditions. It wasn’t easy to reduce the
droplet size by initiating the snap-off events so that the drop-
let could flow out of the pore structure (Nie et al. 2008;
Singh et al. 2019; Li et al. 2022). The non-wetting phase
fluid residuals in the pore network structure were finally
formed in the subsequent wetting phase fluid displacement
process.
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Fig. 10 Distribution diagrams of the non-wetting phase residuals in
the displacement experiment. a is a statistical diagram of the residual
droplets in the non-wetting phase for different viscosity ratios. Exper-
iments were set up with materials M1-M4. b and c¢ are the experimen-
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Fig. 11 Statistical diagram of the residual droplets in the non-wetting
phase for different viscosity ratios. Experiments were set up with
materials M1-M4 for inlet capillary number Ca=0.024

Non-wetting phase residuals in the pore network structure
can be reduced by increasing the inlet capillary number and
reducing the viscosity ratio. As shown in Fig. 11 at inlet
Ca=0.024 and k=0.08, there were fewer non-wetting phase
residuals in the pore network structure, and the droplets were
mainly smaller than 10 x 10° um?, significantly reducing the
non-wetting phase saturation in the pore network structure
after the displacement process.

The non-wetting phase residuals can be reduced by
adjusting the non-wetting phase fluids’ snap-off events.
As shown in Fig. 12 for the two-phase fluid system with
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tal diagrams of the non-wetting phase residual distribution at the vis-
cosity ratio condition of k=10.4 and k=0.08, respectively. The red,
blue and white parts represent the wetting phase fluid, non-wetting
phase fluid and the PDMS substrates, respectively
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Fig. 12 Diagram of non-wetting phase saturation for different dis-
placement conditions. The abscissa and ordinate are the capillary
inlet number and non-wetting phase saturation, respectively

different viscosity ratios, as the inlet wetting phase flow rate
increased, the non-wetting phase fluid saturation decreased
with increasing inlet capillary number. As the inlet capillary
number rised, the capillary number of the local flow field
also increased, reducing the non-wetting phase fluid snap-
off events (Pak et al. 2015; Singh et al. 2017). For different
viscosity ratio fluids with the same inlet capillary number,
especially Ca < 1072, non-wetting phase fluid with higher
viscosity caused more residual saturation. Where Ca > 1072,
the difference in residual saturation caused by two-phase
fluids with different viscosity ratios was unclear. The driving
force generated by the increase of inlet velocity significantly
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reduced the non-wetting phase fluid residuals along the flow
direction, and the influence of viscosity on the non-wetting
phase residuals became smaller (Rezaei et al. 2018; Zhang
and Wang 2022).

For inlet Ca=0.031 and k=0.08, non-wetting phase satu-
ration in the pore network structure decreased to 2.4% after
displacement. Increasing the flow rate of two-phase fluids
with different viscosity ratios reduced the non-wetting phase
fluid saturation in the pore network. For a two-phase fluid
with a fixed inlet flow rate and high snap-off events at inlet
Ca =~ 107, a higher two-phase viscosity ratio corresponded
to a higher non-wetting phase saturation in the pore network.
For the low snap-off events at inlet Ca > 1072, the viscos-
ity ratio had little effect on non-wetting phase saturation
in the pore network, which is below 5% for different flow
conditions.

A comparison of the statistical diagrams of the residual
droplets in Figs. 9a, 10a, and 11 indicates that the non-wet-
ting phase fluid snap-off events could be reduced by increas-
ing the viscosity of the displacement fluids, reducing the
surface tension coefficient of the two phases, and increasing
the injection flow rate of the displacement fluids, thereby
reducing the non-wetting phase saturation. At the same time,
because of the complex structure of real rock cores, there
were small pore structures and terminal structures in porous
media conducive to trapping non-wetting phase fluids. It was
difficult to displace non-wetting phase fluids completely,
but the non-wetting phase saturation could be minimized
by adjusting the flow parameters.

5 Conclusions

This paper describes two-phase fluid displacement experi-
ments on a PDMS chip with a two-dimensional heterogene-
ous pore network structure. The influence of non-wetting
phase fluid snap-off events on the flow was analyzed based
on displacement experiment results for non-wetting phase
residuals. The results provide the details of the microscopic
phenomenon caused by snap-off events, the non-wetting
phase snap-off behavior in the pore network structure, and
the residual distribution. The main conclusions of this paper
are as follows:

(1) Non-wetting phase fluid snap-off events are the most
common microscopic phenomenon in porous media
two-phase flow processes. Although these snap-off
events help free the trapped non-wetting phase in the
microchannels, high-frequency snap-off events are the
main reason for trapping the non-wetting phase during
displacement, eventually leading to residuals.

(2) At an inlet capillary number Ca =~ 1073(Ca=0.0018),
more snap-off events occurred in the non-wetting

phase, and more non-wetting phase residuals were
formed. The snap-off events were the primary mecha-
nism for non-wetting phase trapping. As the inlet capil-
lary number reached Ca = 10‘2(Ca =0.017), the num-
ber of non-wetting phase droplets increased and then
decreased. At a certain flow rate, a larger two-phase
viscosity ratio resulted in fewer non-wetting phase
droplets generated during the displacement process.
Non-wetting phase fluids with high viscosity were more
difficult to snap.

(3) The influence of different viscosities on the non-wet-
ting phase residual distribution shows that non-wetting
phase fluids with low viscosity can easily form tiny
droplets, while non-wetting phase fluids with high vis-
cosity form large droplets more easily.

(4) Increasing the inlet capillary number reduces the non-
wetting phase fluid saturation in the pore network for
the two-phase fluid at different viscosity ratios. A
higher two-phase viscosity ratio causes higher non-
wetting phase saturation in the pore network at a cer-
tain inlet flow rate. Non-wetting phase fluids with high
viscosities are more challenging to move because the
driving force cannot easily overcome the surface con-
straint for the local flow field condition and because it
is difficult to start snap-off events to reduce the droplet
size to move some of the trapped droplets out of the
pore structure. The non-wetting phase fluid snap-off
frequency in the pore network structure can be reduced
to lower the non-wetting phase fluid saturation by
increasing the displacement fluid viscosity, reducing
the surface tension coefficient between the two phases,
and increasing the flow rate.
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