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Abstract: The scientific evaluation of the damage caused by working fluid invasion in tight sandstone
gas reservoirs is critical for optimizing drilling design, fracturing fluid systems, and construction
design. This study focused on the tight sandstone core of the Qingshimao gas field in the Ordos Basin.
A set of experimental methods and equipment were designed to facilitate the visual monitoring and
quantitative evaluation of the reservoir damage caused by working fluids. Systematic evaluation
experiments were conducted to analyze the extent of reservoir damage caused by working fluid
invasion under varying pore pressure and permeability conditions. The results show the following:
(1) As permeability increases, the real-time invasion flow rate rises, and the invasion rate accelerates.
Meanwhile, as pore pressure increases, the real-time invasion flow rate decreases, and the invasion
rate slows down. (2) The core’s fluid saturation after working fluid invasion exceeds 70%, with
permeability damage reaching 95% or higher. (3) At the same reservoir pore pressure, cores with
permeability ranges between 0.1 × 10−3 µm2 and 1 × 10−3 µm2 exhibit higher fluid-phase saturation
and greater invasion damage. For cores with similar permeability, the higher the pore pressure, the
higher the invasion-phase saturation, and the greater the extent of invasion damage. The research
results provide certain guiding significance for evaluating the extent of the damage caused by working
fluid invasion in tight sandstone gas reservoirs and achieving efficient gas reservoir development.

Keywords: tight sandstone; working fluids; reservoir damage; visual monitoring; quantitative
evaluation

1. Introduction

With the advancement of oil and gas field exploration and development techniques,
the development object has changed from conventional to tight reservoirs, with drilling,
completion, and multi-stage fracturing widely applied as effective development tech-
niques [1–3]. For tight reservoirs, the damage of drilling fluids, fracturing fluids, and other
working fluids to the reservoir cannot be ignored [4–7]. The Qingshimao gas field is a newly
developed tight gas field in the Ordos Basin, where the He 8 member of the Permian Lower
Shihezi Formation is the main gas-producing formation [8]. The reservoir is characterized
by poor physical properties, with an average porosity of 6.07%, an average permeability of
0.37 × 10−3 µm2, and a high average water saturation of 45.9% [9]. The Qingshimao gas
field is currently in the production test evaluation stage, and the extent of reservoir damage
caused by working fluid invasion has not been clarified yet. Therefore, quantitatively
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evaluating the damage caused by working fluid to the reservoir during construction is
crucial for efficiently developing oil and gas fields.

Many scholars have conducted extensive research on the damage caused by working
fluids in tight sandstone gas reservoirs. Xu et al. [10] investigated the damage mechanism of
fracturing fluid in tight sandstone reservoirs, indicating that fracturing fluid in a reservoir
with poor physical properties was seriously retained, causing great damage to the reservoir.
Xu et al. [11] conducted dynamic and static adsorption and core damage experiments,
revealing that the main damage to cores caused by guar fracturing fluid is water-phase
damage, with guar molecules exerting less influence on permeability. Cao et al. [12] used
the nuclear magnetic resonance (NMR) technique in combination with conventional flow
experiments to analyze the different damage mechanisms of fracturing fluids in reservoirs.
Their research found that low-permeability cores generally exhibit higher damage rates
than high-permeability cores. Guo et al. [13] conducted core displacement experiments
combining NMR and computed tomography (CT) scanning techniques to study the change
in sandstone pore throat structure caused by the adsorption of fracturing fluid. The results
show that the fracturing fluid can be adsorbed inside porous rock media, reducing the rock
pore size and deteriorating reservoir permeability. Tang et al. [14] simulated the invasion
process of fracturing fluid in tight sandstone gas reservoirs by improving the experimental
process and method. Then, the extent of fracturing fluid-induced damage to the gas
reservoir was evaluated, and the damage mechanisms of fracturing fluid were analyzed
systematically. Their study indicated that fracturing fluid damages the gas reservoir in
various forms, including solid-phase residue, particle migration, high molecular polymer
adsorption/retention, and salting out. Although many research results have been obtained
regarding the damage mechanism of working fluids, the core damage occurring during the
invasion of the working fluid remains unclear. Currently, the experimental methods for
evaluating the extent of fracturing fluid-induced damage to reservoirs mainly refer to the
Chinese standard SY/T6540-2021 [15]. The experimental process includes the following
steps: (1) The holder and the intermediate container containing the working fluid are
placed in a thermostat, and the temperature is set. After stabilizing for a period of time,
the core, with an initial permeability of Ko, is loaded into the holder. (2) The confining
pressure is increased to 5 MPa, the vent valve at the inlet end is opened, and the working
fluid in the intermediate container is driven by nitrogen until the air in the pipeline at the
inlet end of the core is discharged, and the vent valve is closed. (3) The pressure of the
intermediate container is adjusted to 3.5 MPa, and the working fluid invades the core while
timing begins. The filtration volume is recorded at the outlet end. When the filtration time
reaches 120min, the experiment is stopped. (4) The experimental core is taken out, the
end face is cleaned, its permeability Kos is measured, and its permeability recovery rate
R is calculated (R = Kos/Ko × 100%). However, the method has three limitations: (1) The
maximum confining pressure of the experiment is 5 MPa, and the maximum filtration
pressure difference is 3.5 MPa, whereas an actual reservoir’s pressure is above 30 MPa.
The filtration pressure difference is also related to the construction and fluid column
pressure. Therefore, a significant disparity exists between the experimental and actual
field conditions, limiting the applicability of the experimental results. (2) The damage
experiment by direct pressurization cannot simulate the gradual increase in formation
pressure upon actual reservoir working fluid invasion. (3) Real-time visual monitoring of
the process and distribution of working fluid invasion into the reservoir are not feasible, and
parameters such as invasion speed and fluid volume cannot be quantitatively evaluated.
Therefore, effectively revealing the mechanisms of working fluid-induced reservoir damage
remains difficult.

This study took the tight sandstone core of the Qingshimao gas field in the Ordos Basin
as the research subject. Based on the Chinese standard SY/T6540-2021, the experimental
method was improved. The ISCO pump simulated the gradual increase in formation
pressure as the actual reservoir working fluid invaded the space. The design of the filtration
pressure difference considered the actual construction pressure difference. We used nuclear
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magnetic resonance (NMR) equipment and its imaging techniques to conduct T2 spectrum
and real-time imaging analysis of working fluid invasion inside the core. This set of
experimental methods accurately reflects the migration law of the working fluid in the
core with different invasion times and quantitatively and objectively evaluates the working
fluid damage mechanism from the microscopic perspective. The research results provide
the experimental and theoretical basis for the rational and efficient development of this
type of gas reservoir.

2. Materials and Methods
2.1. Experimental Materials

The core from the He 8 member of the main production reservoir of the Qingshimao gas
field in the Ordos Basin was selected in this experiment, and the distribution of the core well
is shown in Figure 1. The conventional air permeability was 0.016 × 10−3–7.76 × 10−3 µm2.
The working fluid used in the experiment was the water-based fracturing fluid system
used in the Qingshimao gas field. The composition was 0.4% hydroxypropyl guanidine
gum + 0.1% bactericide + 0.5% anti-swelling agent + 0.5% cleanup additive + 0.5% blowing
agent + 0.3% conditioning agent + 0.4% crosslinking agent + 0.1% breaker + 96.3% water.
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Figure 1. Thickness map of the He 8 member of the Permian Lower Shihezi Formation in the
Qingshimao gas field.

2.2. Experimental Design and Steps

A series of physical simulation experiments on working fluid invasion into the core
were conducted under pore pressures of 0.1 MP, 20 MP, and 30 MP to evaluate the damage
caused by working fluid invasion under different formation conditions. The parameters of
the experimental design are shown in Table 1.
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Table 1. Experimental design.

Well Name Core
Number

Physical Parameters Experimental Parameters

Length
(cm)

Diameter
(cm)

Porosity
(%)

Permeability
(×10−3 µm2)

Pore Pressure
(MPa)

Working Fluid
Pressure (MPa)

Li 44-33 10-34-1 6.97 2.51 8.26 0.016

0.1 5
Li 44-33 10-45-8 7.09 2.50 8.90 0.171
Li 29-26 8-7-6 7.18 2.51 9.50 0.884
Li 29-26 8-7-5 7.10 2.50 10.81 3.02

Li 32-31 71-48-1 6.94 2.50 6.29 0.043
20 25Li 44-33 10-45-3 6.98 2.50 8.75 0.166

Li 22-24 8-10-6 6.43 2.51 9.51 1.885

Li 29-26 8-7-11 6.6 2.5 11.33 7.76
30 35Li 105 44-37-5 7.10 2.5 6.68 0.227

The online NMR displacement system is shown in Figure 2, and its connection to the
experimental equipment is shown in Figure 3. In this experiment, the high-pressure gas
source applied pore pressure to the core, the confining pressure pump provided confining
pressure for the core holder, and the ISCO pump and working fluid container injected the
working fluid into the core. The core holder was placed in the NMR imaging analyzer to
carry out online NMR and imaging acquisition. The inlet and outlet end were connected to
the pressure sensor to collect the pressure data, and the back pressure valve was added at
the fluid discharge outlet. By changing the back pressure, the formation pressure when
the actual reservoir working fluid invaded the space was simulated, and the mass flow
controller collected the real-time flow. The experimental steps were as follows:

(1) We put the core into the core holder, connected the equipment according to Figure 2,
and closed valves V1, V2, V3, and V4;

(2) We opened the confining pressure pump and applied confining pressure to the core to
set the confining pressure value;

(3) We opened V3 to fill the core with gas until the two pressure gauges showed the pore
pressure and closed V3;

(4) We opened V1, started the ISCO pump, and injected the working fluid into the
experimental core according to the pressure set by the experimental design. We then
regularly measured the T2 spectrum and NMR imaging of the core;

(5) The V1 and ISCO pumps were closed at 120 min, V4 and V2 were opened to collect
the real-time flow, and we measured core permeability.
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3. Results
3.1. Visual Monitoring and Dynamic Analysis of Working Fluid Invasion Process
3.1.1. Visual Monitoring of the Invasion Process

Since tight gas contains no hydrogen atoms and hydrogen atoms are only present in
the working fluid, the signal collected by the nuclear magnetic resonance (NMR) technique
corresponds to the hydrogen atoms in the working fluid. After signal processing, the
hydrogen atom density image of the sample was obtained, enabling the visualization of
the working fluid migration process within the core. The NMR imaging of the experi-
mental core was tested. Three sets of experimental results of 10-34-1 (0.016 × 10−3 µm2),
10-45-8 (0.171 × 10−3 µm2), and 8-7-5 (3.02 × 10−3 µm2) were selected for representative
comparative analysis under the same experimental conditions.

Figure 4 shows the working fluid entering from the inlet end, where the imaging color
saturation is high, indicating a significant accumulation of the working fluid. During the
invasion process, the working fluid can be seen continuously advancing toward the outlet
end. The working fluid in cores 8-7-5 advances toward the outlet end, reaching it in only
5 min, while the working fluid in cores 10-34-1 and 10-45-8 advances toward the outlet
end, reaching it after 120 min. This indicates that higher core permeability results in a
faster advancement of the working fluid under the same pore pressure and working fluid
pressure. Compared to the same position of the core, with the invasion time increasing,
the imaging color saturation gradually increases, indicating that the working fluid will
continue to fill the pore throat in the core, and the working fluid volume gradually increases.
When the imaging color saturation stabilizes, the working fluid within the pore throats of
the core nears saturation.
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3.1.2. The Working Fluid Invasion Rate Variation Law

A further analysis was conducted on the relationship between the invasion rate and
time, calculating the working fluid invasion rate at various times (Equation (1)):

v =
Ln − Ln−1

∆t
(1)

where v is the working fluid invasion rate, in cm/min; Ln is the front edge position of the
working fluid at a certain time, in cm; Ln−1 is the front edge position of the working fluid
at the previous moment, in cm; and ∆t is the adjacent time interval, in min.

As shown in Figure 5a, in the comparative analysis of 10-34-1, 10-45-8, and 8-7-5—three
groups of cores under the same experimental conditions—the working fluid invasion rate
at 5 min was 0.130 cm/min, 0.308 cm/min, and 1.402 cm/min. The average working fluid
invasion rate was 0.074 cm/min, 0.115 cm/min, and 0.701 cm/min. Due to the limitation of
the experimental scale, the working fluid in cores 8-7-5 fully invaded the space after 5 min,
making it impossible to calculate the subsequent invasion rate. The results show that the
higher the permeability, the faster the invasion rate, which is consistent with the analytical
conclusions of core visualization. As shown in Figure 5b, in the comparative analysis
of 10-45-8, 10-45-3, and 44-37-5—three groups of cores with a similar permeability—the
working fluid invasion rate at 5 min was 0.309 cm/min, 0.250 cm/min, and 0.224 cm/min.
The average working fluid invasion rate was 0.115 cm/min, 0.099 cm/min, and 0.093
cm/min. The results show that, in the early stage of invasion, the smaller the pore pressure,
the faster the invasion rate.
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3.1.3. The Variation Law for the Real-Time Invasion Flow Rate of the Working Fluid

As shown in Figure 6, the real-time invasion flow rate of the working fluid was rela-
tively large in the early stage but immediately dropped in a sharp manner. In the middle
stage, the real-time invasion flow rate of the working fluid decreased slowly. In the late
stage, the real-time invasion flow rate of the working fluid fluctuated within an extremely
small range. In the comparative analysis of 8-10-6, 10-45-3, and 71-48-1—three groups of
cores under the same experimental conditions—the maximum real-time invasion flow rate
of the working fluid was 3.5379 mL/min, 0.4051 mL/min, and 0.2754 mL/min. The aver-
age real-time invasion flow rate was 0.2136 mL/min, 0.0492 mL/min, and 0.0240 mL/min.
The results show that permeability positively correlates with the real-time invasion flow
rate. The higher the permeability, the greater the real-time invasion flow rate. In the
comparative analysis of 10-45-8, 10-45-3, and 44-37-5—three groups of cores with simi-
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lar permeability—the maximum real-time invasion flow rate of the working fluid was
0.7403 mL/min, 0.4051 mL/min, and 0.3492 mL/min. The average real-time invasion flow
rate was 0.0962 mL/min, 0.0492 mL/min, and 0.0381 mL/min. The results show that the
pore pressure significantly affects the real-time invasion flow rate of the working fluid. The
real-time invasion flow rate decreases with the increase in the pore pressure.
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3.1.4. Theoretical Analysis of Working Fluid Invasion Mechanisms

The working fluid needs to overcome the effects of capillary pressure and viscous
resistance to invade the core [16–18]. In the early stages of invasion, viscous resistance is
minimal. Therefore, in the early stage of working fluid invasion, the real-time invasion
flow rate of the working fluid is high, and the invasion rate is fast. As shown in Figure 7,
the capillary pressure curves of cores with different permeabilities vary significantly. As
permeability increases, the capillary pressure curve shifts downward and to the left, with
capillary pressure decreasing sharply [19]. Therefore, under the same displacement pres-
sure, a higher permeability corresponds to a greater real-time invasion flow rate of the
working fluid and a faster working fluid invasion rate. However, as the fluid content within
the core pore throats increases, the viscous resistance between the fluid and the capillaries
rises. Under the combined influence of capillary force, viscous resistance, inertial force, and
external force, the working fluid invasion rate decreases [20]. Zhang et al. [21] conducted
gas–water relative permeability test experiments under different pressure conditions, find-
ing that the seepage resistance positively correlated with the pore pressure. Therefore, the
seepage resistance coefficient during the displacement process increases alongside the pore
pressure: the lower the pore pressure, the higher the real-time invasion flow rate of the
working fluid and invasion rate.
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3.2. Working Fluid Damage Evaluation
3.2.1. Real-Time T2 Spectrum of Damage

The T2 spectra of the working fluid invasion process for cores 10-45-3 (0.166 × 10−3 µm2)
and 8-7-11 (7.76 × 10−3 µm2) were analyzed (Figure 8). The results show that, compared to
the T2 spectrum at different times, fine pores and macropores are filled with working fluid
in the early stage. In the late stage, the working fluid in fine pores increases slowly, and
the working fluid mainly fills the macropores. During the working fluid invasion process,
the working fluid first saturates the fine pores and then stops increasing. Meanwhile,
the working fluid continues to fill the macropores until saturation. The core with high
permeability reaches a state of near saturation when the working fluid invades the space
initially. In contrast, the core with low permeability reaches a state of near saturation over
a long period of time.
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The occurrence state of fluid within different core pore throats varies [22]. In the
displacement process, the fluid in the fine pores exists in the “thick water film” form under
strong interfacial tension and high capillary pressure. The residual fluid saturation is high,
reducing seepage channels and increasing seepage resistance. Therefore, the working fluid
in the fine pores increases slowly in the later stage. The fluid in the macropores exists in
the “thin water film” form under the interfacial tension, and the residual fluid saturation is
low, which has little effect on the fluid seepage. Therefore, the macropores are consistently
filled with working fluid in both the early and later stages of working fluid invasion. For
completely saturated cores, the worse the physical properties, the more residual water is
left in the reservoir pores, and the more influence on the seepage channel, the longer is the
time to saturation in the core with lower permeability.

3.2.2. Fluid Saturation Variation Law

Fluid saturation refers to the proportion of the working fluid to the core pore volume,
and the fluid in the pore throat space has a certain influence on the gas-phase seepage
capacity [23,24]. As fluid saturation increases, the gas seepage capacity decreases, and the
extent of damage caused by working fluid invasion increases. As shown in Figure 9, fluid
saturation increases over time, initially at a rapid rate which gradually slows down. In the
early stage, fluid saturation rises quickly, but, after 50 min, the growth rate decelerates.
After 120 min, the working fluid has fully invaded the core, occupying more than 70% of
the pore volume. For cores with permeability greater than 0.5 × 10−3 µm2, fluid saturation
exceeds 60%, whereas for those with permeability below 0.5 × 10−3 µm2, fluid-phase
saturation remains under 30%. During the early stages of working fluid invasion, cores
with a higher permeability experience more significant invasion damage. For cores with
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permeability greater than 0.5 × 10−3 µm2, fluid saturation exceeds 80% within 10 min,
whereas for cores with permeability less than 0.5 × 10−3 µm2, it takes 70 min to surpass
80%. A higher permeability enables the working fluid to more rapidly fill most of the pore
throats in the core.
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Figure 9. Change in fluid saturation during the invasion process: (a) the pore pressure is 0 MPa;
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3.3. Comprehensive Analysis

As shown in Figures 10 and 11, the core fluid saturation after working fluid invasion
exceeds 70%, with permeability damage reaching 95% or higher (Equation (2)). The
invasion-phase saturation is influenced by both permeability and pore pressure. At the
same reservoir pore pressure, the invasion-phase saturation is higher when the permeability
ranges between 0.1 × 10−3 µm2 and 1 × 10−3 µm2. This means that, for cores with similar
permeability, the higher the pore pressure, the higher the invasion-phase saturation. The
extent of invasion damage is influenced by both permeability and pore pressure. At the
same reservoir pore pressure, invasion damage is particularly severe when permeability
ranges between 0.1 × 10−3 µm2 and 1 × 10−3 µm2. This means that, for cores with similar
permeability, the higher the pore pressure, the higher the extent of invasion damage. In
the case of cores 44-37-5, the extent of invasion damage approaches 100%, and the core
permeability is extremely low after working fluid damage.

Iz= (1− K1

K0
)× 100% (2)
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In Equation (2), Iz is the extent of invasion damage, K0 is the initial permeability at at-
mospheric pressure, ×10−3 µm2, and K1 is the permeability after core damage, ×10−3 µm2.

4. Conclusions

(1) Permeability is positively correlated with the real-time invasion flow rate and the
invasion rate: the higher the permeability, the greater the real-time invasion flow
rate and the faster the invasion rate. The pore pressure also significantly impacts
the real-time invasion flow rate and invasion rate. As the pore pressure increases,
the real-time invasion flow of the working fluid decreases, and the invasion rate
slows down.

(2) During construction, working fluid invasion into the reservoir significantly increases
fluid saturation. Experimental results indicate that fluid saturation typically reaches
or exceeds 70%, with some samples exceeding 90%. The increase in fluid saturation
causes severe damage to the gas-phase permeability of the reservoir, with damage
extent exceeding 95%, particularly in low-permeability tight cores.

(3) Both permeability and pore pressure influence the invasion-phase saturation and
the extent of invasion damage. At the same reservoir pore pressure, cores with
permeability ranges between 0.1 × 10−3 µm2 and 1 × 10−3 µm2 exhibit higher fluid-
phase saturation and greater invasion damage. This means that, for cores with similar
permeability, the higher the pore pressure, the higher the invasion-phase saturation
and the greater the extent of invasion damage.

(4) Due to the limited number and size of the samples in this experiment, the conclusions
can only be qualitatively analyzed. Effectively removing or reducing the damage
in the early stage of development is critical for cost-effective development. Further
investigation is needed to explore the influence of the backflow of working fluid
and the variation in working fluid with the gas extracted on the degree of reservoir
damage during the production process.
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