lk

| Fluid Dynamics & T .

e & Tech Science Press
) | Materials Processing ]

Doi:10.32604/fdmp.2025.073859 R

Check for
updates

ARTICLE

Sand Production in Unconsolidated Sandstone: Experimental Analysis of
Multiphase Flow During Cyclic Injection and Production

Tianen Liu’?, Kun Dai'2, Shiju Ren'?, Chuanxiang Zhang'?, Xiaoling Tang>*, Jinghong Hu>*,
Yidong Cai? and Jun Lu?

ICNPC Engineering Technology R&D Company Limited, Beijing, 102206, China

*National Engineering Research Center of Oil & Gas Drilling and Completion Technology, Beijing, 102206, China
3School of Energy Resources, China University of Geoscience (Beijing), Beijing, 100083, China

*Corresponding Authors: Xiaoling Tang. Email: tangxf9040@gmail.com; Jinghong Hu. Email: hjhwhat@163.com

Received: 27 September 2025; Accepted: 12 December 2025; Published: 31 December 2025

ABSTRACT: Many mature onshore oilfields have entered a high-water-cut stage, with reservoir recovery approaching
economic limits. Converting these depleted or nearly depleted reservoirs into underground gas storage (UGS) facilities
offers an efficient way to leverage their substantial storage potential. During cyclic gas injection and withdrawal,
however, the reservoir experiences complex three-phase flow and repeated stress fluctuations, which can induce rock
fatigue, inelastic deformation, and ultimately sand production. This study uses controlled physical experiments to
simulate sand production in reservoir rocks subjected to alternating gas injection and production under three-phase
conditions. After preparing oil-water-saturated cores through waterflooding, gas is introduced to perform repeated
displacement cycles. Polynomial models relating core mass loss to water-oil ratio and cycle number are developed
using the Newton interpolation method, enabling prediction of sand production under various operating conditions.
Results show that, within the critical pressure-difference range for sand onset, permeability increases with water-oil
ratio. When the water-oil ratio lies between 0.3 and 1, sand production decreases progressively; beyond a ratio of
1, sand production increases with further increases in water-oil ratio. The number of displacement cycles exerts a
dominant influence: sand production remains relatively stable between 25 and 55 cycles but rises sharply thereafter.
Average sand production during cycles 55-100 is 5.27 times higher than during cycles 5-55. These findings indicate
that cumulative structural damage to the rock framework intensifies significantly with repeated cycling, making cycle
number a critical factor governing sand production in UGS operations.
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1 Introduction

Natural gas is a high-quality, efficient, green and clean low-carbon energy. To address the imbalance
between the supply and demand of natural gas, a widely adopted solution is the construction of underground
gas storage facilities. Such storage systems are artificial gas reservoirs created by injecting natural gas into
suitable subsurface formations—such as depleted oil and gas fields, salt caverns, aquifers, or abandoned
mines-which function as large-scale containment structures for gas storage. Compared with other types of
gas storage, depleted reservoir gas storage has significant economic advantages. It can not only realize gas
storage and peak shaving, but also improve oil recovery [1-4]. Most of the reservoirs consist of poorly
consolidated or loose sandstone. Under high-intensity cyclic injection and production, this type of formation
is highly prone to formation damage and sand production. At present, many mature oilfields have entered
the ultra-high water-cut stage, with reservoir recovery rates approaching the economic limit. Converting
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them into underground gas storage facilities represents a feasible strategy for repurposing the subsurface
space resources of such depleted reservoirs [5,6].

After depleted oil and gas reservoirs are repurposed into underground gas storage facilities, their core
operational process involves cyclic injection and withdrawal of natural gas. A defining characteristic of
this process is the high-intensity alternation between injection and production phases, which continuously
alters the reservoir’s physical properties—such as porosity and permeability. These repeated fluctuations in
pressure and fluid flow pose significant challenges to the mechanical stability of the reservoir rock, often
leading to rock deformation and sand production [7-9]. The periodic injection-production characteristics
of gas storage introduce new complex factors. Periodic pressure fluctuations and fluid displacement can
induce elastic-plastic deformation of rock and lead to fatigue damage accumulation, thereby reducing
the compressive strength and elastic modulus of rock [10]. At present, a large number of scholars have
studied the damage mechanism of gas storage rock. Pijnenburg et al. [11] found that the decrease of
pore pressure leads to elastic/plastic compaction of sandstone, which provides a theoretical basis for the
study of alternating injection-production damage. Yang et al. [12] emphasized that rock mechanics is the
core foundation for ensuring wellbore stability and sand control. Lu et al. [13] simulates and evaluates
the impact of geological parameters such as permeability and porosity on hydrogen recovery and purity
during hydrogen storage in depleted oil and gas reservoirs. Ayal et al. [14] analyzes the critical drawdown
pressure in cased holes under different reservoir pressure depletion rates through a formation model to
evaluate its impact on sand production. Tang et al. [15] clarified the influence mechanism of multi-cycle
injection-production on gas storage capacity through displacement experiments. These studies have clarified
the mechanism of reservoir rock damage and sand production under the action of three-phase fluid. It is
believed that controlling rock damage is very important to ensure the long-term safe and efficient operation
of gas storages reconstructed from water-depleted oil and gas reservoirs.

Beyond the mechanical response of the rock skeleton, the cyclic injection and production also induce
complex multiphysical interactions between the resident fluids and the rock formation. After a depleted
oil and gas reservoir is converted into an underground gas storage facility, its operation entails complex
multiphase flow, phase changes, chemical reactions, and stress-field fluctuations—all resulting from the cyclic
injection and production of a three-phase mixture of natural gas, residual oil, and formation water [16,17]. On
the one hand, multiphase fluid flow can cause reservoir damage through various mechanisms. Song et al. [18]
demonstrated that repeated injection-production cycles result in a gradual degradation of storage capacity.
Geng et al. [19] simulated the multi-cycle injection and production processes in underground gas storage
facilities reconstructed from depleted reservoirs under high-temperature and high-pressure conditions.
Their study qualitatively investigated the impact of reservoir heterogeneity under multi-phase (gas, water,
oil) seepage flow, which was shown to exacerbate the loss of storage capacity. Jiang et al. [20] studied
the effects of long-term water flooding and multiple rounds of gas flooding on the storage capacity of
gas storage through core displacement experiments and overburden pressure porosity and permeability
experiments. He et al. [21] confirmed that the interaction between CO,, H,O and rock will lead to the
decrease of rock mechanical properties and the damage of reservoir stability. Zhang et al. [22] pointed out
that the increase of production pressure difference will aggravate the dissolution of tight sandstone.

On the other hand, the dynamic distribution and wettability alteration of the three-phase fluid influence
effective stress transfer and the contact behavior between rock particles [23,24]. These factors govern both
the distribution and flow dynamics of the multiphase fluid, ultimately leading to hydrodynamic damage
within the reservoir rock. Omirbekov et al. [25] revealed the significant effect of fluid rheology on sand
production, and proved that the scouring force of high viscosity fluid significantly induced sand production.
Eyitayo et al. [26] found that the alternating injection of CO;-brine increased the porosity of the core
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by 7.8%, indicating that the microstructure of the reservoir rock changed. Cartagena-Pérez et al. [27]
proposed that CO; injection can re-activate reservoirs and inhibit sand production, providing new ideas for
controlling reservoir rock damage and solving sand production problems. Rasmussen et al. [28] revealed
that the reservoir wettability has dynamic evolution characteristics, and its change directly controls
the fluid distribution in the pores, and significantly affects the sand production risk by changing the
fluid-particle force. The interplay between three-phase fluid behavior and rock damage exhibits significant
coupling, wherein fluid phase change, chemical reactions, and mechanical damage act in synergy, thereby
jeopardizing the long-term operational safety of the gas storage. Previous research has summarized
several key mechanisms under alternating injection-production conditions in three-phase systems, covering
reservoir rock damage, the effects of cyclic injection and production, as well as multiphase fluid flow and
sand production [29-31]. It is widely acknowledged that within a three-phase (gas, oil, water) system,
chemical fluid-rock interactions significantly weaken the mechanical integrity of the rock, thereby elevating
the risk of sand production [32,33]. Since most underground gas storage facilities currently in operation are
repurposed from depleted reservoirs with high water cuts, their operation involves complex three-phase
(oil-gas-water) flow.

Previous research has investigated the relationship between three-phase fluid behavior and rock
damage. Nevertheless, how this relationship evolves systematically under cyclic injection-production
conditions remains poorly understood. A more specific limitation is that existing research provides an
insufficient explanation of how cyclic injection-production affects the evolutionary laws of rock damage
under fluid phase change scenarios. This knowledge gap limits the applicability of existing models to
practical scenarios, particularly in predicting sand production during cyclic injection-production operations
in gas storage facilities converted from high-water-cut reservoirs. To address this, our study systematically
investigates the impact of alternating injection and production under varying water-oil ratios through
dedicated physical simulation experiments. We replicated the three-phase flow environment of a nearly
depleted, high-water-cut reservoir and conducted a series of cyclic injection-production tests. Based on the
experimental data, a polynomial model was established via regression analysis to quantify sand production
in relation to key influencing factors. This work aims to provide a theoretical foundation and technical
support for sand control strategies, ensuring the long-term safety and operational stability of underground
gas storage facilities.

2 Displacement Experiment

2.1 Experimental Materials

The experimental core was obtained from a gas storage layer characterized by a relatively simple
broken-nose structure. The target layer consists of a braided-river delta front deposit, forming a sandstone
reservoir with medium porosity and medium permeability. The average porosity of the core is 22.7%, the
permeability is 167.7 x 10> um?, and the buried depth of the reservoir is —2310~—2620 m. The specific data
of the core are shown in Table 1.

Table 1: Core basic data.

Well Number Core Depth (m) Number of Cores Permeability Range before Experiment (107> um?)

2698.74 4 1.72~3.38
2839.06 5 102.54~139.19
13- 2700.92 5 80.76~89.63
2824.87 5 120.38~197.79
2832.37 4 30.00~39.26
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Distilled water, kerosene, and nitrogen were employed in the experiment due to their highly stable
properties. These substances were used to simulate the alternating injection and production processes in gas
storage facilities. This approach was adopted to minimize interference from extraneous physicochemical
properties and thus prevent reservoir damage or blockage caused by such factors. The experimental
methodology involved altering only one parameter at a time to systematically assess its impact on the
reservoir’s geological structure and physical properties. Key factors examined were the core water-oil ratio
and the number of alternating injection-production cycles.

2.2 Experimental Apparatus

Fig. 1 is an experimental device for rock damage of gas storage, which can simulate the alternating
injection and production process of gas storage under multiphase conditions. The experimental device can
simulate the experimental conditions of single-phase, two-phase and three-phase. It can directly perform
alternating gas displacement on the core in the oil-water mixed state without replacing the displacement
equipment. The sensor is connected to the computer system to record the changes of key parameters
such as core gas flow, pressure difference and flow rate at both ends in real time. Real-time monitoring of
reservoir damage and sand production caused by actual alternating injection and production of gas storage
with different water-oil ratios is realized. The experimental device includes a gas-liquid switching device, a
pressurization device, a formation simulation device, a sensor acquisition device and a sampling device.
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Figure 1: The figures of experiment installing.

(1) The booster pump provides the inlet pressure required for the experiment by compressing the supply
gas of the gas cylinder.

(2) The constant flow constant pressure pump provides alternating pressure for the core fixing device to
simulate the alternating injection and production situation.

(3) The core holder is a core fixing device. After measuring the permeability of the core used in the
experiment, it is placed in the core holder. The simulated formation temperature and pressure are loaded
with confining pressure on the core and the core is heated to the simulated formation temperature.
After setting the pressure difference at both ends of the core, the fluid is injected into the holder for
the experiment.
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(4) The sensor acquisition device collects the data of inlet pressure, outlet pressure, confining pressure,
inlet temperature, formation temperature and gas flowmeter, and transmits them to the computer for
data processing, and generates a change curve to observe the core damage.

(5) The collection device includes a liquid flowmeter and an effluent collection device, which is used to
measure the flow rate of the fluid and collect the sand produced by the experiment. After filtration,
the sand quality is obtained by weighing it with an electronic balance.

All experiments were conducted at a constant temperature of 80°C, with a confining pressure of 5 MPa,
and nitrogen as the flowing phase. The outlet pore pressure was maintained at atmospheric pressure. It is
important to note that the alternating pressure cycle was implemented by modulating the inlet pressure
only, with no reversal of the flow direction. This approach enables the simulation of cyclic stresses on the
reservoir rock framework during injection/production cycles without requiring the complexity of flow
reversal.

3 Method

The core of saturated oil is displaced by using water samples with different flow rates in a fixed time,
so that the core is oil-water two-phase. The water-oil ratio within the core at this stage is calculated, and
the critical pressure differential across the core under various water-oil ratios is analyzed. Subsequently, an
alternating gas flooding experiment was conducted on the core saturated with oil and water, allowing the
sand production behavior under different water-oil ratios to be observed.

3.1 Cores with Different Water-Oil Ratios Are Formed

To investigate sand production under varying water-oil ratios after alternating gas flooding, the core
samples were first saturated with kerosene and then displaced with actual formation water. This process
created an oil-water mixture within the core (the experimental schematic is shown in Fig. 2. By applying
different displacement flow rates, various water-oil ratios were established inside the cores, enabling the
observation of sand production across these different fluid saturation conditions.

Saturate the core
with kerosene

—_—

saturated cores with

Water flooding of oil-
aqueous samples

Gas displacement

using gas on cores

saturated with oil-
water mixture.

—

Figure 2: Experimental schematic diagram.

The water-oil ratio is the ratio of water-bearing volume to oil-bearing volume in the core. The pore
volume of the core and the mass change before and after water flooding were measured experimentally.
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And the water-oil ratio after different flow displacement rates is calculated using Formula (1). The formula
for determining the water-bearing volume of the core is provided as follows.

&_ My + My — pyVp
Vo po(Vp—1)+pW—(mw+mo)

(1)

V.w—The volume of water in core pores, cm?

V,—The volume of oil in core pores, cm?

V,—The volume of core pore, cm?

m,,—The quality of water in the core pore, g

m,—The quality of oil in the core pore, g

pw—density of water, g/cm?

po—density of oil, g/cm?

By adjusting the liquid displacement time and injection flow rate, the water-oil ratio of the core can be
accurately controlled. The water-oil ratio is calculated from the measured water-bearing volume of the

core, which serves as the basis for critical pressure difference and alternating displacement experiments.

3.2 Critical Pressure Difference of Cores with Different Water-Oil Ratios

The purpose of this experiment is to study the influence of different injection-production flow rates on
fluid distribution and sand production behavior in cores. Specifically, by changing the fluid injection rate in
the three-phase experiment, different water-oil ratio environments are formed in the core, and alternating
injection-production experiments are carried out under these conditions. In the experiment, the system
compares the corresponding liquid flow rate and sand production under different water-oil ratio conditions.
The specific experimental steps are as follows:

(1) First, the core is saturated with kerosene, and the porosity of the core is calculated by weighing the
mass difference before and after.

(2) The water samples with different flow rates (0.3, 0.4, 0.5, 0.6, 0.7 mL/min) were used to displace the
core for a short time (5 min). The core was taken out and the water-oil ratio in the core was calculated
according to Formula (1).

(3) The displacement experiment is carried out on the core that has been mixed with water and oil, the
displacement pressure difference is continuously increased, the sand production of the core is observed,
and the critical pressure difference of the core is determined.

In the alternating gas flooding experiment, since the displacing gas is vented directly after passing
through the apparatus, the outlet pressure is maintained at atmospheric pressure.

3.3 Effect of Alternating Injection-Production on Cores with Different Water-Oil Ratios

Following the critical pressure difference measurements at various water-oil ratios (Section 3.2), the
five core samples were subsequently used for water flooding experiments. The core was first saturated
with kerosene prior to water flooding. Water samples were used to displace sandstone at a rate of 0.3,
0.4, 0.5, 0.6, 0.7 mL/min, and the water-oil ratio formed in the core was calculated after water flooding.
Subsequently, gas was injected to displace the oil-water saturated core in order to determine the critical
sanding pressure differential. Following the procedures outlined in Table 2, alternating displacement
experiments were conducted on cores with different water-oil ratios, during which sand production was
monitored in real time.
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Table 2: Experiment content.

Core Number Injection Rate (mL/min) Experimentation

B-1 0.3 Under the condition of stable confining pressure (5 MPa), the
alternating experiment was carried out by alternately applying the
inlet pressure. One alternating cycle is defined as a full pressure
B-3 0.5 loop from the base differential pressure of 0.5 MPa up to 3.5 MPa
and back again. After every five alternating cycles, the core was
subjected to a gas flow measurement, during which its integrity
B-5 0.7 was visually inspected and its mass change was recorded.

B-2 0.4

B-4 0.6

Because it is difficult to observe the sand production of the core during the actual experiment, the
sand production of the core is judged by measuring the quality change of the core after displacement.
Given the heterogeneity of the experimental core samples, a single representative core sample was used for
each experimental condition (as detailed in Table 2) in this study. Firstly, all experiments were performed
under rigorously identical and controlled conditions. Furthermore, the key trends observed were not only
highly reproducible across the different experimental groups but also consistent with a clear physical
mechanism. Therefore, we contend that the results provide a strong and representative characterization of
the system’s behavior.

3.4 Sand Production Quantification and Uncertainty Analysis

The cumulative mass of sand produced during each experimental stage was determined using the mass
difference method. For every measurement, the core was meticulously extracted from the core holder. The
dry mass of the core sample was measured before the experiment and following each alternating cycle suite
using a high-precision analytical balance (accuracy: +£0.1 mg). A strict cleaning and drying procedure are
conducted prior to every mass measurement. This involves flushing with toluene and then vacuum-oven
drying at 70°C until a constant mass is reached (change <0.01 mg per 2 h). These steps ensure that the
measurement results are not influenced by residual fluids.

The most significant contribution to the measurement uncertainty stems from the balance accuracy.
To mitigate this, all mass measurements were performed in triplicate, and the mean value was adopted to
enhance reliability. The resulting standard uncertainty, calculated from the standard deviation of repeated
measurements and balance specifications, was below +0.5 mg. This value is considered insignificant as the
measured sand production was consistently orders of magnitude larger (on the order of tens to hundreds
of milligrams).

4 Results and Discussion

4.1 Obtain Cores with Different Water-Oil Ratios

In order to explore the sand production following alternating flooding under various water-oil ratios,
the core sample was initially saturated with kerosene. Subsequently, displacement was performed using
actual formation water. This process established an oil-water mixture within the core, thereby simulating
reservoir fluid conditions. The experimental setup is illustrated schematically in Fig. 1. The displacement
cores with different flow rates are used to form different water-oil ratios inside the cores, and the sand
production of the cores under different water-oil ratios is observed.

The water-oil ratio after displacement at different flow rates was determined using Eq. (1), based on
measurements of the core’s pore volume and mass change before and after water flooding. The calculated
results are summarized in Table 3.
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Table 3: Water-oil ratio of core after different flow displacement.

Core Injection Rate Implantation Core Porosity Quality before Quality after Water =~ Water-Oil
Number (mL/min) Time (min) (%) Water Flooding (g) Flooding (g) Ratio
B-1 0.3 5 21.66 57.53 57.71 0.22
B-2 0.4 5 21.23 60.22 60.43 0.25
B-3 0.5 5 21.59 55.64 55.99 0.55
B-4 0.6 5 21.02 62.51 62.93 0.63
B-5 0.7 5 22.38 60 60.59 1.21

The core was displaced at flow rates of 0.3, 0.4, 0.5, 0.6, and 0.7 mL/min using formation water, with
each rate maintained for 5 min. The resulting water-oil ratios after flooding were 0.22, 0.25, 0.55, 0.63, and
1.21, respectively. These results indicate that, under constant displacement time, higher injection rates lead
to higher water-oil ratios in the core.

4.2 Critical Sanding Pressure Difference

Experimental investigations were conducted to evaluate the critical sand production behavior of core
samples under varying water-oil ratios. Critical sanding pressure difference measurements were performed
on cores with water-oil ratios of 0.22, 0.25, 0.55, 0.63, and 1.21. During the experiment, gas displacement
was employed to incrementally or continuously increase the pressure differential across the core until
the critical sanding threshold was attained. The mass change of the core was measured and recorded at
each pressure differential level. The mass variation of each experimental core with displacement pressure
differential is shown in Fig. 3.

Quality (g)
Quality ( g)

Quality (g)

1 2 3 4
Pressure ( MPa )

2 3 4

Pressure ( MPa ) Pressure ( MPa )

(a) (b) (c)

Quality ( g)
Quality ( g)

Pressure ( MPa ) Pressure ( MPa )

(d) (e)

Figure 3: The change of core quality with different water-oil ratio in the process of displacement. (a) Water-oil ratio
is 0.22. (b) Water-oil ratio is 0.25. (¢) Water-oil ratio is 0.55. (d) Water-oil ratio is 0.63. (e¢) Water-oil ratio is 1.21.

Observation of mass variation in cores with different water-oil ratios under critical pressure
differential—after accounting for mass loss during disassembly—revealed that core mass tended to stabilize
once the displacement pressure differential reached a specific threshold. This indicates that the core attained
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a state of irreducible water saturation, at which the residual fluid could no longer be mobilized despite
further increases in injection pressure. Following a period of stability, a pronounced inflection point was
observed, coinciding with a marked reduction in core mass—signifying the initiation of sand production.
The pressure differential at which this inflection occurred is defined as the critical sand production pressure
differential.

The same experimental procedure was repeated for the remaining core samples. The results indicate
that under water-oil ratios of 0.22, 0.25, 0.55, 0.63, and 1.21, the corresponding critical sanding pressure
differences were 3.6, 3.7, 3.9, 4.1, and 4.4 MPa, respectively. These values demonstrate a clear trend of
increasing critical sand production pressure difference with rising water-oil ratio.

4.3 The Influence of Alternating Times on Sand Production

The initial phase examined sand production under dry core conditions. A series of five identical
alternating displacement experiments were performed, with mean sand production values serving as the
basis for analyzing cyclical correlations. The primary objective of this work is to examine the correlation
between sand production and displacement cycles using regression analysis. The experimental dataset
is limited in size but high in measurement precision. Therefore, Newton’s interpolation method was
selected for polynomial modeling. A key advantage of this method is that it ensures the fitting curve passes
exactly through every data point. This property provides an accurate representation of the experimental
trend. Consequently, the approach is well-aligned with the research objectives of interpolation and
trend analysis. Compared to the least-squares method—which is more appropriate for extrapolation and
prediction—Newton’s interpolation offers more intuitive and precise analytical outcomes for the intended
scope of this work.

A polynomial model was established using Newton’s interpolation method to correlate core mass loss
with the number of cycles. This model enables the prediction of sand production under various cycling
conditions. Furthermore, the trend of sand production versus the number of cycles is shown in Fig. 4.

14 -

y = 7E-0.5x3 - 0.0073x? + 0.2897x - 0.6909

121
R? = 0.9946

10 A

The variation in sand production quality (g)

0 20 40 60 80
Alternating displacement times

Figure 4: Core quality change diagram under alternating injection-production conditions.

As shown in Fig. 4, the core sand production rate exhibits three distinct phases in response to the
increasing number of alternating cycles: an initial increase, followed by a stabilization period, and then a
final phase of significant acceleration. The trend of sand production shows a period of stability between
25 and 55 alternating cycles, after which the rate climbs markedly with further cycles. The established
polynomial model was used to calculate the average sand production rates during cycles 5-55 (phase I)
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and cycles 55-100 (phase II), which were determined to be 0.086 g/cycle and 0.455 g/cycle, respectively.
The average sand production during the phase II of alternating displacement was 5.27 times higher than
that in the phase I. Concurrent visual observations confirmed that sand production from the core became
progressively more severe as the number of cycles increased.

Following the investigation into the relationship between alternating displacement cycles and sand
production, the influence of the core water-oil ratio on sand production was examined. According to the
results of Experiment 4.2, the critical pressure difference of the core sample was measured to be 3.6, 3.7,
3.9, 4.1, and 4.4 MPa corresponding to water-oil ratios of 0.22, 0.25, 0.55, 0.63, and 1.21, respectively. A gas
pressure alternating displacement experiment was conducted on cores with different water-oil ratios using
a pressure alternation interval of 0.5 MPa and 3.5 MPa. The changes in core mass during the alternating
process and the variation in gas flow through the core under constant pressure are presented in Fig. 5.

57 T T T T T T T T T 1200 62 T T T T T T T T T 1200
~— Quality —_ == Quality =
c L c
—I—Ga; flow rate at the 1000 E 61 ~#—Gas ﬂqw rate at the 1000 E
56 exit point = exit point =
E E
o & E
_ R g
g ¢ % g ]
> [ > @
= 600 © = @
g s E] s
S 5 g 5
— 400 E §
z z
& 2
58 4200 8 g
3 &
52 L L L L L L L L L 0
0 5 10 15 20 25 30 35 40 45 50
Number of alternating displacement cycles
(a) (b)
58 T T T T T T T T T 1200 65 T T T T T T T T T 1200
—#— Quality — a4 —&— Quality .
57 - == Gas flow rate at the ooy = | ——Gas flow rate at the J1000 E
s o 1000 E e 000 E
exit point = exit point =
£ 63 £
56 - =
a0 § {800 5
- a — B2} o
C = cl =
2 st 3 > 8
£ 600 @ = 61t 600 2
3 = H bt
o 54r s <] =
o 60 |- £
4400 ® 4400 ®
53 z =
3 sof g
n »
- 200 @ 200 ol
52r [} 58 |- o
51 L L L s L L L . o 57 n L . s L . L L 0
0 5 10 15 20 25 30 35 40 45 50 4] 5 10 15 20 25 30 35 40 45 50
Number of alternating displacement cycles Number of alternating displacement cycles
(c) (d)
62 T T T T T T T 200
~— Quality
=~ Gas flow rate at the
81} exit point

Quality (g)
Gas flow rate at the exit point (ml/min)

e

0 5 10 15 20 25 30 35 40 45 50

Number of alternating displacement cycles

(e)

Figure 5: Alternating injection-production variation diagram of cores with different water-oil ratios. (a) Water-oil
ratio is 0.22. (b) Water-oil ratio is 0.25. (¢) Water-oil ratio is 0.55. (d) Water-oil ratio is 0.63. (e¢) Water-oil ratio is 1.21.
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Fig. 5 shows that the lower the water-oil ratio of the core (i.e., the higher the oil content), the more
efficient the gas displacement is in draining liquid from the core. The early stage of displacement is
characterized by a rapid decline in core mass and high liquid production, which later stabilizes. Additionally,
a higher water-oil ratio correlates with a lower initial gas flow rate and a more gradual increase in gas flow.
Therefore, it can be concluded that when the core exhibits a high water-oil ratio, indicating high water
content in the reservoir, liquids become more difficult to displace from the core. This will further complicate
the injection and production operations in gas storage facilities. The core was dried and characterized for
mass and permeability after the alternating displacement experiment to evaluate its internal structural
changes. The corresponding data are summarized in Table 4.

Table 4: Changes of cores with different water-oil ratios before and after alternating displacement.

Quality Permeability Water Core Quality Poor Quality
Initial Quality Permeability
Core before before Flooding after 50 Times before and after Permeability
Water-0il after after
Number Experiment Experiment Velocity of Alternation the Experiment Variation
. Ratio Drying (g) Drying (g)
® (mD) (mL/min) ® ®
B-1 52.89 141.14 0.3 0.22 53.07 52.67 153.03 0.22 8.42%
B-2 55.42 171.40 0.4 0.25 56.19 55.23 185.51 0.19 8.23%
B-3 51.10 149.01 0.5 0.55 51.82 50.97 168.09 0.13 12.80%
B-4 57.51 167.86 0.6 0.63 58.92 57.39 191.43 0.12 14.04%
B-5 55.03 155.78 0.7 1.21 58.15 54.95 177.98 0.08 19.83%

Changes in core mass and permeability were observed before and after the experiment under various
water-oil ratios. The mass difference before and after the experiment was considered as the sand production.
A polynomial model relating sand production, permeability change, and water-oil ratio was established
using Newton’s interpolation method. The polynomial models established in this study are based on the
current experimental dataset and are primarily intended to reveal variation trends among the parameters.
The resulting trends are presented in Fig. 6.
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Figure 6: Core quality and permeability variation before and after the experiment. (a) The relationship between the
water-oil ratio and sand production fits a third-order polynomial model (R? = 0.9389). (b) The relationship between the
water-oil ratio and the permeability alteration after the experiment fits a third-order polynomial model (R? = 0.9928).

As shown in Fig. 6, the sand production of the core exhibits a non-monotonic relationship with the
water-oil ratio, characterized by an initial increase, followed by a decrease, and a subsequent rebound.
Within the water-oil ratio range of 0.3 to 1, a gradual reduction in sand production is observed. The
observed reduction in sand production at this stage is attributed to the increased water-oil ratio. This
increase enhances water erosion and, more importantly, strengthens the stabilizing effect of the water film.
Under cyclic stress loading, the core framework undergoes progressive fatigue damage. This process begins
with the detachment of weakly cemented particles. Once mobilized, these particles are transported by
the flowing gas phase. They can then form bridge blockages at pore throats, which intensifies localized
damage and alters flow pathways. Throughout this process, the residual water films coating sand and
gravel surfaces contribute critical cohesive strength via capillary forces, significantly influencing particle
mobilization and retention. To isolate these physical mechanisms from complex chemical interactions, inert
fluids (kerosene, distilled water, and dry nitrogen) were deliberately employed as displacement media. This
experimental design effectively excludes confounding factors such as mineral dissolution/precipitation
and formation water evaporation. Consequently, observed particle adhesion behaviors and mobilization
resistance can be attributed more conclusively to the physical role of water films rather than active chemical
processes. Simultaneously, particles are immobilized through physicochemical adsorption, collectively
forming a retention mechanism that suppresses sand production.

The relationship curve in Fig. 6a indicates an increasing trend in sand production as the the water-oil
ratio exceeded 1. However, due to the limited sample size under high water-oil ratio conditions. The
universality of this trend and its quantitative relationship require further validation with more samples in
the future. As shown in Fig. 6, the model exhibits excellent goodness-of-fit, with R? values of 0.9389 and
0.9928 for the two relationships, both indicating outstanding performance within the observed data range.

The degree of permeability changes in the core before and after the experiment was observed to
increase continuously with higher water-oil ratios. A positive correlation was identified, wherein a higher
initial water-oil ratio resulted in a more significant alteration in permeability. The post-experimental rise
in core permeability is interpreted as being principally caused by grain migration induced by internal
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rock damage. The proposed mechanism is twofold. Firstly, alternating stress initiates the detachment and
migration of weakly cemented skeleton particles. These mobilized particles subsequently form bridge
blockages at pore throats, representing a form of macroscopic internal damage. Although such damage
does not immediately lead to significant sand production, it considerably influences the core’s seepage
capacity. This is evidenced by the observed increase in core permeability post-experiment. Concurrently,
particle migration scours and widens the original pore channels, potentially creating new micro-fractures
or pore-throat networks. The resulting reorganization of the pore microstructure effectively expands fluid
flow pathways and inherently enhances porosity. While wettability changes could influence permeability,
their role is considered minor in this inert fluid (kerosene, nitrogen) displacement system. Consequently,
the marked permeability improvement is predominantly ascribed to the augmented porosity and enhanced
connectivity arising from grain migration.

5 Conclusion

This study focused on the investigation of an unconsolidated sandstone gas storage reservoir. Sand
production experiments under alternating displacement conditions were conducted on sandstone cores
with varying water-oil ratios. The sand production behavior under different ratios was systematically
compared and analyzed. Furthermore, the effect of alternating displacement cycles on sand production was
examined. Based on the experimental results, the following main conclusions are drawn:

(1) The critical sand production pressure difference was found to increase with the water-oil ratio.
Experiments conducted by progressively increasing the displacement pressure showed that at water-oil
ratios of 0.22, 0.25, 0.55, 0.63, and 1.21, the corresponding critical pressure differences were 3.6, 3.7, 3.9,
4.1, and 4.4 MPa, respectively. These results indicate a positive correlation between the water-oil ratio
and the critical sand production pressure difference.

(2) During alternating displacement, a decrease in core mass was observed with increasing number of
cycles, indicating a corresponding rise in sand production. Analysis of the sand production trend
revealed that the rate remained relatively stable between 25 and 55 cycles, beyond which a significant
increase occurred with further cycling.

(3) Changes in dry mass and permeability before and after the experiments were compared across various
water—oil ratios. A non-monotonic trend in sand production was observed: it initially increased,
then decreased, and subsequently increased again with rising water—oil ratio. Within the water—oil
ratio range of 0.3 to 1, sand production gradually decreased. This reduction is principally caused by
the adhesive property of the water film. It retains particles via physical adsorption, consequently
suppressing sand production. Beyond a water—oil ratio of 1, sand production increased significantly
with further ratio elevation.

(4) The permeability of the core after alternation increases with the increase of water-oil ratio. This
suggests that internal structural damage occurred due to water erosion. Although such damage does
not immediately result in substantial sand production, it exerts a more pronounced influence on
permeability, as evidenced by the elevated permeability measured after the experiment.
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