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ABSTRACT

Breaking the gas-water interfacial equilibrium of water-sealed residual gas is critical for improving
recovery in water-invaded gas reservoirs. Given the limitations of existing energy-enhancement and
displacement technologies, low-frequency pulsating waves can effectively disrupt this mechanical
equilibrium through energy superposition and inertial interfacial effects, thus offering an innovative
approach for the efficient mobilization of water-sealed residual gas. To elucidate the pore-scale
mechanisms by which low-frequency pulsation mobilizes water-sealed residual gas, a customized
micro-visualization apparatus was used in combination with pixel-based analysis. This approach
enabled high-resolution tracking of the dynamic evolution of the gas-water interface under pulsating
conditions, thereby revealing the efficacy and governing mechanisms of pulsation-driven recovery for
various residual gas types. Experimental results demonstrate that low-frequency pulsating waves
effectively disrupt the gas-water interfacial equilibrium, mobilizing water-sealed residual gas. Under
optimal conditions (frequency: 0.1 Hz, amplitude: 12.7 kPa), an overall recovery ratio of 41.98% was
achieved, with the recovery ratios for edge band gas and water-blocked gas reaching 69.59% and 35.79%,
respectively. Mechanistic analysis indicates that pulsation frequency governs the superposition effect of
inertial vibrations at the gas-water interface by modulating the energy supply timing. An optimal
frequency range allows subsequent pressure disturbances to intervene prior to the completion of
interfacial deformation recovery, inducing net displacement or fragmentation of the isolated gas clus-
ters. Cumulative effects over multiple cycles thereby lead to a marked increase in ultimate recovery. In
contrast, pulsation amplitude primarily determines the energy input per cycle, directly controlling the
instantaneous degree of interfacial deformation. A higher amplitude is preferable, as it substantially
increases deformation within a single cycle, destabilizes the gas-water interface more effectively, and
thus elevates the per-cycle recovery efficiency. These findings provide a scientific basis for optimizing
process parameters in low-frequency pulsation techniques aimed at enhancing the mobilization of
water-sealed residual gas resources.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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1. Introduction

Natural gas plays a vital role in the national energy mix, and its
efficient exploitation is the key to ensuring stable and growing
production of clean energy. Currently, the proven geological re-
serves of water-drive gas reservoirs in China amount to
5.9 x 10 m3. Among these, sandstone gas reservoirs in edge/
bottom-water drive systems account for 33.3% of the total, yet
their recovery factor is only 16.2%. Such reservoirs therefore
represent a primary target for increasing gas reserves and pro-
duction (He et al., 2023; Hu et al., 2022; Jiang, 2023; Yang et al.,
2024). For instance, in the Sebei gas field, continuous gas extrac-
tion coupled with strong aquifer influx has led to a sustained
decline in reservoir energy and a rapid drop in gas production.
Furthermore, long-term water invasion and drainage production
measures have led to water-sealed residual gas—primarily in the
forms of water-blocked gas, trapped gas, blind-end residual gas,
edge water-blocked gas, and edge band gas—reaching a relatively
stable gas-water interfacial equilibrium within enriched zones.
This stability severely constrains any further enhancement of the
recovery factor (Dong et al., 2019; Hu et al., 2014; Liu et al., 2017,
Liu et al,, 2024; Peng et al., 2021; Tan et al., 2016). Consequently,
the key technical challenge in water-invaded zones lies in effec-
tively disrupting this gas—water interfacial equilibrium while
replenishing formation energy. Addressing this challenge is
imperative to liberate the water-sealed residual gas in fully water-
invaded zones of aquifer-driven gas reservoirs and to improve
ultimate recovery.

In response to this challenge, research efforts have primarily
focused on two approaches: replenishing formation energy and
disrupting the gas-water interfacial equilibrium. For replenishing
formation energy, various methods have been piloted. For
example, in Russia, nitrogen injection has been applied in flooded
gas fields such as Medvezhye, utilizing the density difference be-
tween nitrogen and methane to create a water barrier and displace
residual gas (Adler and Crawford, 1983). In the United States, water
injection in the nearly depleted, water-flooded Duck Lake gas
reservoir improved the recovery factor by 3.6% (Cason, 1989). In
China, water injection tests in the lower aquifer of the Banqiao
central condensate gas reservoir yielded certain positive results
(Guo et al.,, 2003). In the study of the Sorrel water-invaded gas field
in Tobago, reservoir parameters were determined using the ma-
terial balance method, and the advantages of water injection
versus gas compression were compared (Rambaran et al., 2018).
Several scholars have investigated CO; injection technology, with
the aim of controlling water invasion and enhancing recovery in
water-invaded formations (Al-Obaidi et al., 2024; Li et al., 2026;
Wei et al,, 2025). The successful pilot tests and related studies
described above demonstrate that supplementing formation en-
ergy can enlarge the macroscopic sweep area and improve gas
recovery. However, the established gas-water interfacial equilib-
rium of water-sealed residual gas cannot be altered, and this type
of residual gas cannot be further mobilized. To investigate the
gas-water interfacial equilibrium, microfluidic experiments have
been widely used to simulate two-phase flow during water inva-
sion. These studies have elucidated the dynamic migration of the
interface, the entrapment mechanisms of various water-sealed
residual gas types, and factors influencing water invasion. By
analyzing pore-scale processes such as spreading, expansion, and
coalescence, the key mechanisms leading to interfacial instability
have been identified. It is established that the formation of residual
gas is governed by the combined effects of hydration forces at the
solid-liquid interface, the driving force of invading water, and
capillary forces at the gas—water interface. Collectively, this body
of work lays the groundwork for disrupting the equilibrium
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through physicochemical means (Aghaeifar et al., 2019; Huang
et al., 2021; Liu et al., 2025; Maaref et al.,, 2017; Wang et al,,
2018; Wang et al., 2021; Wu et al., 2022b; Xu et al., 2021; Yang
et al,, 2022; Zhang R.H. et al., 2024; Zhang T. et al., 2024). There-
fore, exploring a new method that can both supplement formation
energy and expand the macroscopic sweep volume, while also
disrupting the gas-water interfacial equilibrium to enhance
microscopic sweep efficiency, is of great importance for further
improving recovery in water-invaded gas reservoirs.

Low-frequency hydraulic pulsation technology converts steady
water injection into unsteady injection and establishes an un-
steady pressure field within the reservoir, thereby enhancing re-
covery. In this study, low-frequency hydraulic pulsating waves
were investigated with emphasis on the deep superposition effect
of pulsation-induced energy and on the progressive inertial
deformation and breakthrough of fluid interfaces. This technology
is intended to achieve two objectives. On the one hand, formation
energy is replenished and macroscopic sweep efficiency is
improved. On the other hand, the original mechanical equilibrium
of residual gas is disrupted, pore-scale microscopic sweep is
enhanced, and the efficient mobilization of water-sealed residual
gas is promoted. Owing to these mechanisms, low-frequency
pulsating waves have achieved relatively successful field applica-
tions in high-water-cut sandstone reservoirs in the Shengli Oilfield
(Wu et al., 2022b, 2025). This background leads to a key scientific
question: How can such physical waves, under conditions of for-
mation energy replenishment, disrupt the microscopic equilib-
rium at the gas-water interface and mobilize different types of
residual gas. Therefore, based on the mechanism of pulsating
water injection, this study investigates the dynamic migration
mechanisms that disrupt the gas-water interfacial equilibrium
and evaluates the mobilization efficacy for various types of re-
sidual gas. To isolate the core microscale physics, experiments
were designed by preserving the similarity of key pore-scale
forces, such as capillary and interfacial forces, while setting aside
complex macroscopic geological structures and high-pressure
conditions. A locally heterogeneous glass-etched model was con-
structed to match the pore-throat characteristics of the target
Sebei gas reservoir. Utilizing a micro-visualization setup, we
designed and conducted low-frequency pulsation experiments to
visualize the mobilization of water-sealed residual gas. The study
investigated the migration process under different pulsation pa-
rameters, elucidated how these parameters disrupt the gas—water
interfacial equilibrium and control its dynamic migration, and
deciphered the influence and underlying mechanisms of pulsation
frequency and amplitude on the recovery efficiency of various gas
types. Furthermore, the recovery ratios of different water-sealed
residual gas types under varying pulsation parameters were
quantitatively characterized. This work provides key insights and a
quantitative basis for assessing the feasibility of this technology
and for designing field implementation plans aimed at tapping
into water-sealed residual gas resources.

2. Experimental design and methodology
2.1. Experimental apparatus and materials

2.1.1. Experimental device

The microscopic visualization apparatus consisted of four
parts: a liquid supply unit, a controllable pulsation generator, a
microscopic displacement unit, and an image acquisition unit. The
liquid supply unit consisted of adjustable supports and hanging
buckets. At the inlet, the pulsation amplitude was adjusted by
changing the height of the hanging-bucket support. At the outlet,
the pore pressure of the model was controlled in the same manner.
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The height control accuracy of the liquid supply unit was 0.1 mm,
corresponding to a liquid-column pressure of 9.81 Pa. The
controllable pulsation generator consisted of a pulsation switch, a
solenoid valve, and hoses. The pulsation frequency was regulated
through the solenoid valve, with a control accuracy of 0.001 Hz.
The microscopic displacement unit consisted of a glass-etched
model and an LED light source. The image acquisition unit con-
sisted of a 928D microscope and an image and data acquisition
system. The image acquisition frame rate was 60 fps.

2.1.2. Experimental materials

The exterior size of the microscopic glass etching model used in
the experiment was 76 mm x 76 mm (customized in accordance
with the pore-throat characteristics of the Sebei gas reservoir), and
its effective size was 40 mm x 40 mm. The overall thickness of the
model amounted to 5 mm, and its wettability was water-wet (with
a wetting angle of 32.5°). The pore diameter range was 10-50 pm.
The model exhibited certain local heterogeneity (the pore-throat
diameter at the margin of the model was relatively small,
ranging from 10 to 30 um), and the average porosity was 0.3. The
experimental water was based on the simulated formation water
of the Sebei gas reservoir (NaHCO3 water type, with a salinity of
166658.24 mg-L~1). The gas used in the experiment was methane,
and the staining agent used was methyl blue.

2.1.3. Other experimental devices

The experimental setup also included a methane gas cylinder, a
vacuum pump, a measuring cylinder, check valves, three-way
valves, a pressure gauge, a heating jacket, and a high-
temperature and high-pressure clamper.

2.2. Experimental procedures and protocol

2.2.1. Experimental procedure

The experimental process of disturbance by low-frequency
pulsating waves: (1) Link up the experimental equipment as
shown in Fig. 1 and examine the sealing performance of the
experimental device. (2) Use the high-temperature and high-
pressure clamper to set the confining pressure at 1 MPa, set the
temperature at 50 °C, and adopt the vacuum pump to vacuum and

\
Formation water
N

Heating jacket

Pulsation controllable
generator

\@

Hanging bucket /

Adjustable support
Three-way valves

Pressure gauge

Methane gas cylinder

Glass etching model
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saturate the formation water. (3) Open the methane gas cylinder
and inject the gas phase at 0.2 MPa until no more water emerges
from the outlet end to create irreducible water saturation. (4) Close
the outlet end, and then continue to inject gas into the model.
After monitoring that the model pressure stabilizes at 0.2 MPa,
stop the gas injection and close the inlet end. (5) Adjust the water-
column height at the outlet to 0.1 m, which corresponds to the
pore-pressure level of the model. Open the valve switch con-
necting the outlet end and the check valve until no more gas
emerges from the hanging bucket at the outlet end. At this point,
the pressure inside the model is the height of the 0.1 m water
column +0.1 MPa atmospheric pressure. (6) Open the inlet end of
the model connected to the liquid column, turn off the pulsation
controller, and conduct stable water flooding at a liquid surface
height of 0.7 m (5.9 kPa pressure) until no more gas is discharged
from the outlet end to form water-sealed residual gas. Use the
image acquisition device to record the static image of the micro-
scopic etched model after water invasion. (7) Turn on the pulsation
controller, set the relevant pulsation parameters (adjust the pul-
sation frequency by regulating the pulsation controller, and set the
pulsation amplitude by adjusting the water column height at the
pulsation input end), conduct the low-frequency pulsation wave
disturbance experiment, and simultaneously use the image
acquisition device for real-time video recording until no more gas
is discharged from the outlet end. (8) Use the image acquisition
device to record the static image at the end of the low-frequency
pulsation wave mobilizing the water-sealed residual gas. Process
the static images using SAIVER2 and Image-Pro software to obtain
the pixels of different types of water-sealed residual gas, and
thereby evaluate the effect of the low-frequency pulsation wave
mobilizing the water-sealed residual gas. (9) The microscopic
glass-etched model was cleaned, and steps (1)-(8) were repeated.
At least three experiments were conducted for each parameter
condition, and the experimental error was controlled within 5%.
The pulsation parameters were then changed, and the experiment
was continued.

2.2.2. Experimental protocol
Based on a pulse-wave propagation and attenuation model, the
initial pulse amplitude under Sebei reservoir conditions was

Formation water

Microscope

Three-way valves

Image and data
collector
Measuring
cylinder

High-temperature and
high-pressure clamper

Fig. 1. Flowchart of the low-frequency pulsating wave disturbance experiment.
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Table 1
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Experimental parameter settings for low-frequency pulsation in mobilizing water-sealed residual gas.

No.  Effect of pulsation frequency

No. Effect of pulsation amplitude

Frequency, Hz Amplitude, kPa Inlet height, m Outlet height, m Frequency, Hz Amplitude, kPa Inlet height, m Outlet height, m
1 0.01 5.9 0.7 0.1 5 0.1 3.9 0.5 0.1
2 0.05 5.9 0.7 0.1 6 0.1 5.9 0.7 0.1
3 0.1 5.9 0.7 0.1 7 0.1 8.8 1 0.1
4 1 59 0.7 0.1 8 0.1 12.7 14 0.1

estimated to range from 1 to 5 MPa. At propagation distances of
60-150 m, the pressure amplitude was expected to attenuate to
approximately 1-15 kPa (Wu et al., 2022a). Previous evaluations of
reservoir tolerance to pulsation further indicated that pressure
fluctuations within this range would not damage the reservoir.
Therefore, different pulsation frequencies and amplitudes were
designed within this range to investigate the effectiveness and
mechanisms of low-frequency pulsating waves for the mobiliza-
tion of water-sealed residual gas. The specific experimental design
is detailed in Table 1.

3. Experimental results and discussion

3.1. Occurrence characteristics of water-sealed residual gas after
water invasion

In this study, the SAIVER2 software was employed to color-code
different types of water-sealed residual gas after water invasion.
The pixel counts of each residual gas type before and after pulsa-
tion were statistically analyzed using Image-Pro software to
characterize their respective proportions. This approach enabled a
systematic evaluation of the effectiveness and underlying mech-
anisms of different low-frequency pulsation parameters on various
residual gas types.

Based on the microscopic occurrence states of water-sealed
residual gas shown in Fig. 2 and the classification criteria listed
in Table 2, water-sealed residual gas can be subdivided into five
occurrence types: trapped gas, water-blocked gas, edge water-
blocked gas, edge band gas, and blind-end residual gas (Liu et al.,
2024). Specifically, trapped gas is mainly located in the throats of
strongly swept zones; water-blocked gas resides in the pores of
strongly swept zones; edge water-blocked gas occurs within pores

The occurrence state of water-sealed residual gas

Water-
gas blocked gas

Trapped Edge water-

blocked gas

Blind-end Edge band
residual gas gas

Fig. 2. Microscopic occurrence states and classification of water-sealed residual gas.

of weakly swept zones; edge band gas refers to large clusters of
water-sealed residual gas distributed across weakly swept zones;
while blind-end residual gas is found in blind-end pores along the
model boundaries. The proportions of different water-sealed re-
sidual gas types after water invasion are shown in Fig. 3. The re-
sults indicate that under the given energy conditions, the
dominant forms after complete water invasion are water-blocked
gas, edge water-blocked gas, and edge band gas, accounting for
32.33%, 33.51%, and 22.81% respectively. In contrast, trapped gas
and blind-end residual gas constitute smaller fractions, at 9.65%
and 1.71% respectively.

3.2. Impact of pulsation frequency on water-sealed residual gas
potential tapping

3.2.1. Effect of pulsation frequency on mobilizing water-sealed
residual gas

With the pulsation amplitude fixed at 5.9 kPa, a series of micro-
visualization experiments were conducted to examine how
different frequencies of low-frequency pulsating waves affect the
mobilization of water-sealed residual gas. As shown in Fig. 4, the
overall recovery ratio initially increases as the pulsation frequency
rises from 0.01 to 0.1 Hz, but then gradually declines as the fre-
quency further increases to 1 Hz. Thus, under the given experi-
mental conditions, 0.1 Hz is identified as the optimal frequency,
yielding an overall recovery ratio of 18.59%. This analysis suggests
that pulsation at 0.1 Hz maximizes the mobilization of water-sealed
residual gas, ensuring the most efficient use of the injected energy.

As shown in Fig. 5, both water-blocked gas and edge band gas
could be effectively mobilized across the entire tested frequency
range (0.01-1 Hz), with their recovery ratios peaking at 0.1 Hz
(29.54% and 19.05%, respectively). Trapped gas exhibited only a
minor negative recovery (a 2.39% increase in residual saturation) at
0.01 Hz, while it was effectively mobilized within the 0.05-1 Hz
range, achieving a recovery ratio of 13.49% at 0.1 Hz. In contrast,
blind-end residual gas was mobilized effectively only at 0.1 Hz, with
arecoveryratio of 12.66%. At lower frequencies (0.01 and 0.05 Hz), it
exhibited substantial negative recovery ratios (—26.83%
and —3.44%, respectively). At the higher frequency of 1 Hz, its re-
covery ratio was merely 0.94%. For edge water-blocked gas, a rela-
tively favorable recovery ratio of 6.51% was obtained at 0.01 Hz,
which dropped to 0.51% at 0.1 Hz. Negative recovery occurred at
0.05 and 1 Hz, corresponding to increases in residual saturation of
2.74% and 0.93%, respectively. In summary, a comprehensive anal-
ysis of the data indicates that, under the experimental conditions of
this study, a frequency of 0.1 Hz enables the efficient mobilization of
all types of water-sealed residual gas, thereby maximizing the
overall recovery of these trapped resources.

3.2.2. Influence mechanism of pulsation frequency on water-sealed
residual gas potential tapping

Pulsation frequency controls the energy-supply timing and
thus governs the superposition effect of inertial vibrations at the
gas—-water interface. As shown in Fig. 5, water-blocked gas and
blind-end residual gas exhibit particular sensitivity to pulsation
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Table 2

Diagnostic features used to identify five types of water-sealed residual gas.

Petroleum Science 23 (2026) 7216-7229

Type

Geometric location

Dominant trapping mechanism

Diagnostic features

Trapped gas

Water-blocked gas

Edge water-blocked gas

Edge band gas

Blind-end residual gas

Narrow throats in strongly
swept zones

Pores in strongly swept
zones

Marginal pores in weakly
swept zones

Multiple connected pores
and throats along the
model edge/weakly swept
zones

Blind-end pores near the
model boundary

During water invasion, the continuous
gas phase is snapped-off or constricted
in narrow throats and becomes isolated
there

Surrounding throats are occupied by
the aqueous phase, so the gas is
blocked within the pore and cannot be
displaced further

Similar to water-blocked gas, but
formed in weakly swept marginal
regions where water action is weaker
and connected throats are fewer and
narrower

Due to marginal fine throats, high
seepage resistance, and ineffective flow
paths, the aqueous phase cannot
effectively sweep these regions, leaving
connected gas bands behind

Because of the blind-end geometry and
very small local displacement pressure
difference, the aqueous phase cannot
effectively invade and displace the
trapped gas

Mainly occurs in throats; commonly
appears as bead-like, elongated, or
hammer-shaped gas clusters

Mainly resides inside pores as gas
clusters enclosed or surrounded by
water

Mainly distributed in marginal pores;
gas clusters have a relatively small
contact area with the aqueous phase

Appears as continuous band-like or
patchy gas accumulations extending
across multiple pores and throats along
the model edge

Located deep in blind-end pores;
typically appears as isolated gas
trapped in one-end-connected dead-
end spaces

50
40 4
xR
g 3233 33.51
8
S 30
I
g 22.81
c
Ke]
= 20 1
N
=
[¢)
= 9.65
10 4
1.71
Water- Trapped Blind-end Edge band  Edge water-
blocked gas gas residual gas gas blocked gas

Fig. 3. Proportions of different types of water-sealed residual gas after water invasion.

frequency. We therefore analyze the mechanisms through which
pulsation frequency mobilizes these two gas types.

(1) Water-blocked gas

The effective mobilization of water-blocked gas requires over-
coming the water-blocking effect to enable its entry into the
throat. At 0.01 Hz, the gas initially undergoes repeated “defor-
mation-recovery” cycles (Fig. 6(a-c)). The long pulsation period
prevents energy superposition, as subsequent pressure distur-
bances intervene only after complete deformation recovery, thus
failing to mobilize the gas efficiently. After approximately 1000 s of
pulsation (Fig. 6(d)), prolonged exposure to the unstable pressure
field gradually drives the gas into the throat (Fig. 6(e)), but this
process is time-consuming and inefficient. At 0.05 Hz (initial state,
Fig. 6(f)), after 60 s of pulsation (Fig. 6(g)), the gas overcomes the
water-blocking effect and invades the throat during the high-
pressure phase, but noticeably retracts in the subsequent low-
pressure phase (Fig. 6(h)). With continued pulsation, it gradually
advances into the throat (Fig. 6(i) and (j)). At the optimal frequency
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Fig. 4. Effect of frequency on the overall recovery of water-sealed residual gas.

of 0.1 Hz, the gas effectively accumulates pulsation energy, un-
dergoing repeated expansion and contraction before entering the
throat (Fig. 6(k-0)). The required migration time is markedly
shorter than at 0.01 and 0.05 Hz. At 1 Hz, rapid pressure alterna-
tions disrupt the interfacial force equilibrium, splitting larger
bubbles into smaller ones under compression (Fig. 6(p-r)). Some
bubbles later coalesce (Fig. 6(s)). However, the high frequency
prevents full compression or substantial deformation within a
cycle, inhibiting effective energy superposition and resulting in
negligible displacement. Larger bubbles become lodged at the
throat entrance (Fig. 6(t)), increasing flow resistance. Conse-
quently, water-blocked gas cannot be effectively mobilized at this
high frequency.

Force analysis under static equilibrium:

Fig. 7 schematically illustrates the mobilization mechanism of
water-blocked gas under pulsating waves. The gas cluster is
simplified as a bubble of radius R, surrounded by n throats. Water
flows in through some throats and out through others, establishing
a static equilibrium (Fig. 7(a)).
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Fig. 5. Effect of frequency on the recovery of different water-sealed residual gas types.

Force analysis of water-blocked gas under static equilibrium:
Pg —Pw = Pc (1)

where pg, pw and p. represent gas phase pressure, water pressure,
and capillary pressure (Pa), respectively.
The capillary pressure is given by:

Petroleum Science 23 (2026) 7216-7229

_ 20cC0s6

Dc = R (2)

where ¢ is the surface tension (N/m); @ is the contact angle; R is the
bubble radius (m).

Dynamic pressure field under pulsation:

The phase difference ¢ caused by wave propagation between
two throats separated by distance L is:

o2 (3)

Uw

where vy, is the wave propagation velocity in the water phase (m/
S).

Under pulsation, the water pressures at throat A and B become
time-dependent:

{pr(t) = Po + Aps_in(Wt) (4)
Pwa(t) = po + Apsin(wt + ¢)

where pg is the initial pressure (Pa), Ap is the pulsation amplitude
(Pa), and @ = 2xf is the angular frequency (rad/s).

As shown in Fig. 7(b), when sin(wt) = 1 (high-pressure phase),
the phase difference ¢ creates a pressure differential across the

0.01 Hz

(a)120's

0.05 Hz

Invading
the throat

Initial

Invading Q
.. the throat

(i) 360 s

i aQ
s

(a)5s

Expansion
w_ .

(0) 340 s

%

(t)20s

Fig. 6. Mobilization process of water-blocked gas under different pulsation frequencies.
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Static
equilibrium

Expansion Compression

(a) 360's (b) 540 s

0.05 Hz

0.1 Hz

1Hz

(q) 18

(n21s

(e) 720 s

(t)45s

Fig. 8. Mobilization process of blind-end residual gas under different pulsation frequencies.

bubble. This compresses the bubble, causing concave deformation
on the high-pressure side and convex deformation on the low-
pressure side, initiating throat invasion. When sin(wt) = -1
(low-pressure phase, Fig. 7(c)), the bubble expands. At the optimal
frequency of 0.1 Hz, the bubble does not fully recover before the
next high-pressure phase arrives. This prevents complete retrac-
tion and results in a net forward displacement over multiple cy-
cles, enabling the gas to gradually overcome the water-blocking
effect and be mobilized.

7222

Meanwhile, taking this water-blocked gas as an example, video
recordings obtained at a frequency of 0.1 Hz and an amplitude of
5.9 kPa showed that the contact angle ranged from 158° to 165°
after water invasion, whereas under low-frequency pulsation it
ranged from 110° to 170°. With an interfacial tension of 55.8 mN/m
and a pore-throat diameter range of 10-50 um for the model, Eq.
(2) for capillary force was used for calculation. The capillary
resistance after water invasion was calculated to range from 3.79
to 21.56 kPa, whereas under low-frequency pulsation it varied
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Fig. 9. Mobilization mechanism diagram for blind-end residual gas.

from 1.53 to 21.98 kPa. These results indicate that low-frequency
pulsating waves can alter the interfacial configuration of water-
sealed residual gas through inertial disturbance and reduce the
capillary-resistance threshold required for its breakthrough,
thereby promoting the release and migration of water-sealed re-
sidual gas.

(2) Blind-end residual gas

The mobilization mechanism of blind-end residual gas relies on
the transient accumulation and subsequent release of pulsation
energy within large pores. Flow disturbances generated in the
main channel create alternating high-pressure and low-pressure
zones near blind-end pores. This pressure oscillation drives the
aqueous phase from the main channel to gradually invade the
blind-end pores, thereby displacing the blind-end residual gas and
mobilizing it into the main flow.

At 0.01 and 0.05 Hz, the aqueous phase can displace the
blind-end residual gas toward the pore mouth. However, the
narrow pore entrance, combined with the delayed replenish-
ment of pulsation energy, causes each subsequent pressure
wave to act only after the interfacial deformation from the
previous cycle has fully recovered. As a result, the gas remains
trapped in a repeated “deformation-recovery” cycle and fails to
be mobilized even after prolonged pulsation (Fig. 8(a—e)). Under
these low-frequency conditions, blind-end residual gas there-
fore cannot be effectively mobilized. Moreover, other types of
water-sealed residual gas, once disturbed, may migrate into the
blind-end pores, thereby increasing the saturation of blind-end
residual gas. At the optimal frequency of 0.1 Hz, the gas clus-
ter initially remains stable (Fig. 8(k)). After 267 s of pulsation, it
breaks up (Fig. 8(1)) and undergoes cyclic deformation until the
aqueous phase invades the blind-end pore and gradually trans-
ports the gas toward the outlet. Compared with the lower fre-
quencies, the mobilization efficiency is significantly improved at
0.1 Hz. At 1 Hz, the gas cluster initially present (Fig. 8(p)) breaks
up under high-frequency pulsation (Fig. 8(q)). The resulting
smaller bubbles can more easily enter the throat and be mobi-
lized (Fig. 8(r)). The remaining larger bubbles are gradually
displaced out of the blind-end pore through the “deforma-
tion-recovery” cycle, enter the main flow channel, and are
subsequently split into multiple smaller bubbles by the aqueous
phase (Fig. 8(s) and (t)).

The mobilization mechanism of blind-end residual gas is
illustrated in Fig. 9. Under stable waterflooding, the aqueous
phase preferentially flows through interconnected pore networks
(main flow channels), bypassing blind-end pores. Due to their
typical “bottleneck” geometry—narrow entrance and wider
interior—a high capillary pressure develops at the throat
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entrance, inhibiting aqueous phase invasion. Consequently, the
gas remains in mechanical equilibrium, as described by Eq. (1),
and is effectively trapped within blind-end pores under steady-
state conditions.

Under pulsation, the water-phase pressure becomes time-
dependent:

(5)

This induces periodic pressure oscillations at the blind-end
pore entrance.

The capillary pressure differs during bubble advancement and
recession:

pw(t) = po + Apsin(wt)

26C0S0;
ca = rf
' (6)
26C0S0;
cIr —
' I

where pc, and pr are the advancing and receding capillary pres-
sures (Pa), respectively; 6, and g; are the advancing and receding
contact angles; and r¢ is the radius of the throat (m).

The critical condition for aqueous-phase invasion into the
blind-end pore is:
pw(t) > pg(t) +DPca (7)

Substituting Eq. (5) yields:

Po + Apsin(wt) > pg(t) + Pca (8)
Defining the dimensionless invasion threshold 7 =

[Pe(t) + Dca — Pol/Ap, Eq. (9) simplifies to:

sin(wt) >y 9)

The time interval satisfying the invasion condition within each
cycle is:

arcsing; = — arcsing,
1
te( 2f ° 2af ) (10)
The corresponding time proportion is:
n — 2arcsin
py =" (11)

2r

Thus, the total time satisfying the invasion condition over n cycles is:

n & — 2arcsing,

T 2n

Conversely, the critical condition for bubble migration out of
the pore is:

taZTITﬂl = (12)
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Pg(t) > pw(t) + per (13)

Similarly, defining 1 = [pgt) — Pca — Pol/Ap, the total time
satisfying the release condition over n cycles is:

n m — 2arcsing,

_T' 2r

During the pressure-rise phase (Fig. 9(a)), when Eq. (8) is
satisfied, the aqueous phase invades the blind-end pore, com-
pressing the gas bubble and raising its pressure. In the subsequent
pressure-drop phase (Fig. 9(b)), the water pressure decreases
while the gas pressure remains elevated, satisfying Eq. (13) and
driving bubble displacement. At the optimal frequency of 0.1 Hz,
the bubble curvature can respond promptly to the pressure
changes, effectively storing and releasing pulsation energy. Driven
by the cyclic pressure differential, the gas undergoes displacement
and, after multiple cycles, is mobilized out of the blind-end pore,
subsequently split by the aqueous phase, and transported away.
Egs. (12) and (14) show that higher frequencies increase the cu-
mulative time available for displacement, thereby theoretically
providing more opportunities for invasion and migration. How-
ever, at excessively high frequencies (e.g., 1 Hz), the pressure-
change rate becomes too rapid for the gas-water interface to
respond fully. This leads to incomplete deformation recovery,
bubble rupture, and potential re-trapping at the pore mouth,
which ultimately reduces mobilization efficiency.

tr :nTﬁz = (14)

3.3. Impact of pulsation amplitude on water-sealed residual gas
potential tapping

3.3.1. Effect of pulsation amplitude on mobilizing water-sealed
residual gas

Microscopic visualization experiments were conducted at a
fixed pulsation frequency of 0.1 Hz to investigate the mobilization
of water-sealed residual gas by applying low-frequency pulsating
waves with varying pressure amplitudes. As shown in Fig. 10, the
overall recovery ratio of water-sealed residual gas exhibits a pos-
itive correlation with the amplitude. A maximum recovery ratio of
41.98% was achieved at an amplitude of 12.7 kPa, demonstrating
that higher amplitude significantly enhances the release of water-
sealed residual gas.

As shown in Fig. 11, at a fixed pulsation frequency of 0.1 Hz and
an amplitude of 3.9 kPa, all types of water-sealed residual gas were
mobilized to varying degrees, except for trapped gas and edge
water-blocked gas, which exhibited a negative recovery (i.e., an
increase in residual saturation). At higher amplitudes, all gas types
were effectively mobilized, with their recovery ratios increasing
with amplitude. At the maximum experimental amplitude of
12.7 kPa, the recovery ratios for edge band gas, water-blocked gas,
blind-end residual gas, edge water-blocked gas, and trapped gas
reached 69.59%, 35.79%, 23.51%, 20.86%, and 20.05%, respectively.

3.3.2. Influence mechanism of pulsation amplitude on water-sealed
residual gas potential tapping

Pulsation amplitude primarily controls the degree of defor-
mation at the gas-water interface within a single pulse cycle.
Greater deformation more effectively disrupts the interfacial
equilibrium. Moreover, a high amplitude generates a strong pres-
sure gradient, which drives the migration of water-sealed residual
gas. The impact of amplitude is especially significant for trapped
gas and edge band gas (Fig. 11). The mechanism by which ampli-
tude enhances the recovery of these two gas types is analyzed
below.

(1) Trapped gas
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Fig. 11. Effect of amplitude on the recovery of different water-sealed residual gas
types.

The mobilization of trapped gas requires overcoming the
capillary pressure within pore-throats. At 3.9 kPa, the pulsation
energy is markedly insufficient. The gas-water interface experi-
ences only slight disturbance—insufficient to overcome the Jamin
effect or to redistribute the pressure field inside and around the
bubble. Consequently, the bubble morphology remains largely
unchanged (Fig. 12(a-e)). In contrast, other types of water-sealed
residual gas undergo limited migration under this weak pulsa-
tion; some re-enter throats and become re-trapped, leading to a
net increase in trapped gas volume. Therefore, at this amplitude,
pulsation has no effective mobilizing effect on trapped gas. At
5.9 kPa, trapped gas exhibits cyclic expansion-compression during
pulsation. While bubble geometry gradually couples with the
throat boundaries—enabling partial mobilization—the amplitude
remains too low to generate sufficient disturbance or local pres-
sure gradient, resulting in low mobilization efficiency (Fig. 12(f-j)).
At higher amplitudes of 8.8 and 12.7 kPa, complete mobilization
required only 140 and 80 s, respectively. These times are signifi-
cantly shorter than those at lower amplitudes (>1000 s at 3.9 kPa
and 223 s at 5.9 kPa), confirming a positive correlation between
displacement efficiency and amplitude. In this high-energy field,
bubbles efficiently couple with pulsation energy within few cycles,
adapting their shape to the throat curvature. Once the pressure
gradient becomes sufficient, the Jamin effect is overcome instan-
taneously, enabling rapid mobilization from the throat
(Fig. 12(k-t)).
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Fig. 12. Mobilization process of trapped gas under different pulsation amplitudes.

In the mobilization mechanism of trapped gas illustrated in
Fig. 13, bubble migration is governed by the coupling between
periodic pressure fluctuations and contact-angle hysteresis. Spe-
cifically, during the pressurization phase, if the local pressure
meets Eq. (16), the bubble overcomes capillary resistance and
migrates forward; conversely, if the pressure satisfies Eq. (17), the
bubble retreats. However, due to contact-angle hysteresis, the
difference between the advancing and receding angles introduces
asymmetry in bubble migration, which in turn creates a critical
pressure wWindow [pcr + Pg; Pca + Pgl. Within this window, the
bubble advances during pressurization; during depressurization,
the hysteresis effect suppresses its retreat, preventing a return to
the initial position and thereby generating net forward displace-
ment. This asymmetric migration behavior accumulates over
multiple pulsation cycles, ultimately driving the progressive
release of the bubble from the throat and enabling effective
mobilization. Further analysis shows that increasing pulsation
amplitude enhances the net displacement per cycle, thereby
improving mobilization efficiency. Consequently, optimizing pul-
sation amplitude is a key operational strategy for enhancing
trapped-gas recovery.

The forward-migration criterion for water-blocked gas is:
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Pw > Pca + Dg (15)
The backward-migration criterion for water-blocked gas is:
Pw < Pcr + Dg (16)

(2) Edge band gas

The poor mobility of edge band gas stems from the widespread
micro-throats and inefficient throat networks at the model pe-
riphery, which greatly increase water-phase flow resistance and
maintain the gas—water system in capillary equilibrium under low-
pressure gradients. At a low amplitude of 3.9 kPa, the transient
pressure gradient was far below the capillary resistance at the
gas-water interface. The interface thus remained in a metastable
equilibrium, and the gas morphology showed almost no change
(Fig. 14(a) and (b)). With prolonged pulsation, the gas underwent
shear-induced destabilization and rupture. However, the low
driving-pressure differential remained insufficient to overcome
capillary forces. The ruptured bubbles, now with higher curvature,
tended to restabilize and remained stranded, preventing effective
mobilization (Fig. 14(c-e)). When the amplitude was raised to
5.9 KkPa, the local transient pressure gradient first exceeded the
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Fig. 13. Mobilization mechanism diagram for trapped gas.

capillary force in one throat, allowing water phase to invade and
fragment the gas into multiple bubbles. Bubbles smaller than the
throat radius—whose capillary resistance was below a critical
threshold—were carried away. The larger bubbles, however, still
showed little morphological change under the low-pressure
gradient (Fig. 14(f-j)). At 8.8 kPa, the enhanced water-phase
pressure differential instantly triggered bubble destabilization,
causing rupture within only 5 s. Nevertheless, because the edge
band gas is distributed widely across the model periphery,

12.7 kPa

pulsation-wave energy dissipates significantly. The resulting
pressure gradient at the edges remained below the displacement
threshold, requiring about 1500 s of cumulative pulsation cycles to
progressively overcome capillary resistance and produce notice-
able macroscopic migration. At the highest amplitude of 12.7 kPa,
the pulsation wave instantly breaches the capillary barrier at a
throat (Fig. 14(p)). This is accompanied by destabilization and
rupture of the gas-water interface (Fig. 14(q)) and water invasion
driven by the high displacement pressure differential,

(n) 1020 s (o) 1500 s

(r)35s (s)45s

(t)60s

Fig. 14. Mobilization process of edge band gas under different pulsation amplitudes.
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Fig. 15. Mobilization mechanism diagram for edge band gas.

disconnecting the gas phase and ultimately fragmenting the edge
band gas into numerous microbubbles (Fig. 14(r) and (s)). More-
over, owing to the elevated pressure gradient, these bubbles
exhibit significant displacement within just a few pulsation cycles
(Fig. 14(t)).

Under stable waterflooding conditions (Fig. 15(a)), edge band
gas—located at the periphery of the model and occupying multiple
pore-throats within low-permeability zones—is difficult to be
swept. As shown in Fig. 15, edge band gas is trapped by n throats,
with the capillary pressure in each throat expressed as:

2 .
acos@,.nrt%i = 276COSO;T (17)

Foi=pcixA= .

t,i
where F; is the capillary force (N); A; is the cross-sectional area

(m?); r; is the throat radius (m).
The total capillary resistance is:

n
FC:ZFC,I' (18)
i=1

Under stable flooding, the driving force is lower than F¢, so the
gas remains immobilized.

Due to the extensive area occupied by the edge band gas,
pulsation-wave propagation requires finite time, leading to a
phase lag ¢; in water pressure between throats. The time-
dependent water pressure at the i-th throat is:

Pw,i(t) = po + Apsin(wt + ¢;) (19)

Under the action of pulsation waves, if a certain throat satisfies
the condition pw; > pg + Pc; water phase invades, leading to
compression of the local gas and a consequent rise in gas pressure.
This elevated pressure then drives the adjacent edge band gas,
thereby breaking the overall force equilibrium of the edge band gas
(Fig. 15(b)). Subsequently, other throats experience rupture due to
interfacial instability or water-phase disconnection under continued
pulsation. Driven by the pulsation wave, the gas gradually overcomes
capillary resistance, detaches from the model periphery, enters the
main flow channels, and is thus effectively mobilized (Fig. 15(c)). A
higher pulsation amplitude increases the peak water-phase pressure.
This higher pressure facilitates meeting the water invasion criterion,
induces interfacial instability and rupture, and creates a stronger
pressure gradient to drive bubble migration.

3.4. From experiment to field application: conceptual analysis

The foregoing results demonstrate that low-frequency pulsat-
ing waves can disrupt the gas—water interfacial equilibrium at the

pore-throat scale and effectively mobilize water-sealed residual
gas. Under the experimental conditions, the highest recovery of
water-sealed residual gas was achieved at an appropriate fre-
quency and a relatively high amplitude. At present, field equip-
ment for hydraulic pulsation tests includes both surface-
controlled and downhole-controlled systems. Among them,
surface-controlled systems can effectively achieve precise control
of both amplitude and frequency. The controllable frequency range
is 0.01-35 Hz, and the amplitude range is 0-6 MPa. This technology
has already been successfully applied in the Shengli Oilfield for the
mobilization of residual oil in high-water-cut waterflooded res-
ervoirs (Wu et al., 2026; Yao et al., 2019). Therefore, for uncon-
solidated sandstone water-drive gas reservoirs, precise frequency
control can already be achieved with current equipment. Accord-
ing to the experimental results, a higher amplitude is generally
more favorable. However, in field applications, the amplitude
should be determined comprehensively according to the actual
operating limits of the equipment, the wellhead pressure toler-
ance, and the reservoir tolerance. Reservoir tolerance, in particular,
is closely related to the long-term effects of pulsating operations
on the reservoir skeleton and pore structure, and must be carefully
evaluated (Li et al., 2021; Zhang et al., 2026). Therefore, before field
application, numerical simulation tools such as ABAQUS should be
used to analyze the effects of pulsation parameters on reservoir
Young’s modulus and Poisson’s ratio. These results should then be
combined with evaluation indicators such as the degree of sand
production and the weakening index of sand production to define
the safe ranges of pulsation frequency and amplitude (Liu et al.,
2025; Zhai et al., 2023). Based on the above optimization criteria
for hydraulic pulsation parameters, a pulsation frequency of 0.1 Hz
and an amplitude of 5 MPa are considered suitable for the Sebei
gas reservoir.

4. Conclusions

(1) Stable waterflooding at a liquid column height of 0.7 m
(5.9 kPa) generated five types of water-sealed residual gas:
water-blocked gas (32.33%), trapped gas (9.65%), blind-end
residual gas (1.71%), edge water-blocked gas (33.51%), and
edge band gas (22.81%). Low-frequency pulsating waves
effectively disrupt the gas—water interfacial equilibrium and
mobilize these gases. Under optimal conditions (0.1 Hz,
12.7 kPa), the overall recovery ratio reached 41.98%, with
individual recoveries of 69.59% (edge band gas), 35.79%
(water-blocked gas), 23.51% (blind-end residual gas), 20.86%
(edge water-blocked gas), and 20.05% (trapped gas).

(2) Pulsation frequency governs the energy supply timing and
thus the superposition effect of inertial vibrations at the
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gas—water interface. Water-blocked gas and blind-end re-
sidual gas are particularly frequency sensitive. At 0.01 and
0.05 Hz, the long pulsation period prevents energy super-
position because subsequent pressure disturbances inter-
vene only after complete interfacial recovery, resulting in
limited net displacement and low mobilization efficiency. At
0.1 Hz, pressure disturbances arrive before full recovery,
synchronizing and amplifying deformation and displace-
ment to achieve peak energy utilization—an optimal fre-
quency window. At 1 Hz, the disturbance interval (1 s) is
shorter than the interface response time. Bubbles experi-
ence reverse loading before sufficient deformation, leading
to instability or rupture as curvature cannot adjust rapidly.
Although some sub throat sized bubbles may be released,
most become lodged at throat entrances, hindering further
mobilization.

(3) Pulsation amplitude controls the instantaneous degree of
interfacial deformation per cycle. Greater deformation more
effectively disrupts equilibrium, improving per-cycle effi-
ciency. Trapped gas and edge band gas show strong ampli-
tude sensitivity. At 3.9 and 5.9 kPa, interfacial disturbance is
too weak to overcome the Jamin effect. At 8.8 kPa, observ-
able migration begins. At 12.7 kPa, peak water pressure
instantly breaches the capillary barrier, destabilizing and
fragmenting larger  bubbles.  Through repeated
compression-expansion cycles, bubbles efficiently couple
with pulsation energy, adapt their geometry to throat cur-
vature, and are mobilized in a significantly shorter time,
substantially enhancing recovery efficiency.

(4) For field implementation of low-frequency pulsating waves
to mobilize water-sealed residual gas, both the pore-throat
characteristics of the gas reservoir and the occurrence
state of water-sealed residual gas should be comprehen-
sively considered, and the pulsation frequency should be
determined according to laboratory experimental results.
Meanwhile, based on the experimental findings, equipment
tolerance, wellhead pressure-bearing capacity, and reservoir
protection requirements, the pulsation amplitude should be
selected to effectively cover the required pressure window.
In this way, the recovery of water-sealed residual gas can be
maximized while ensuring economic feasibility, environ-
mental friendliness, and operational safety.
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