
Research Article
Influence of Migration and Plugging of Nanoparticles on Coal
Permeability in Coal Reservoirs

Xiaopeng Zhai ,1 Weihong Chen ,1 Yun Xu,2 Yishan Lou ,1 Shuhong Xu,2

Lihui Zheng ,1,3 Zhiyang Guo ,1 Yuanchang Chen ,4 Hongyong Hao,5

and Jianfang Jiang 3

1Lost Circulation Prevention and Control Laboratory, National Engineering Laboratory for Oil and Gas Drilling Technology,
Yangtze University, Wuhan, Hubei 430100, China
2Research Institute of Petroleum Exploration & Development, PetroChina, Beijing 100083, China
3College of Petroleum Engineering, China University of Petroleum (Beijing), Beijing 102249, China
4Structural Dynamics and Acoustic Systems Laboratory, University of Massachusetts Lowell, Lowell, Massachusetts 01854, USA
5Research Institute of Experiment and Detection, Xinjiang Oilfield Company, PetroChina, Karamay, Xinjiang 834000, China

Correspondence should be addressed to Lihui Zheng; 782617871@qq.com

Received 4 September 2020; Revised 2 October 2020; Accepted 4 August 2021; Published 23 August 2021

Academic Editor: Nicolò Colombani

Copyright © 2021 Xiaopeng Zhai et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The plugging of nanopores in low-permeability coal reservoirs is an important factor that affects productivity reduction. However,
the mechanism of plugging of the nanopores in coal reservoirs remains unclear. In this study, the coal samples from the Anze
coalbed methane block of the North China Oilfield are used as the research object. Experiments are conducted on the
mechanism of nanopore plugging by the variation of nanopore permeability based on the pressure oscillation method and the
nanopore (scanning electron microscope) method. The research shows that the foreign working fluid invades a coal sample; the
sample changes from being hydrophobic to being water absorbent within a certain period. The instability caused by the
expansion of coal clay mineral particles promotes the dispersion and shedding of particles, and the migration of particles is
accelerated under the shear stress of the working fluid. In addition, the viscosity and pressure difference of the working fluid are
important factors that affect particle plugging. The viscosity of the fluid increased by two times, and permeability decreased by
1.21 times. As the pressure difference increases by two times, permeability can be reduced by up to two orders of magnitude.
The findings of this study can help for better understanding of the mechanism of plugging of the nanopores in coal reservoirs
and the reasons of production reduction in low-permeability coal reservoirs. Such findings provide theoretical support for the
selection of the working fluid, and reasonable production pressure difference can effectively reduce the damage on coal
permeability in a low-permeability coal reservoir.

1. Introduction

Most of the coalbed methane resources in China have low
porosity and low permeability. Improving the permeability
of low-permeability coal seams to improve the economic
benefits of coalbed methane mining has elicited increasing
attention from industry researchers [1, 2]. The pore size of
coal reservoirs is usually at the nanoscale, leading to the
diversity of coalbed methane occurrence states [3–5]. This
occurrence state’s diversity leads to complex reservoir devel-

opment, large differences in the production capacity of wells,
and low single-well production [6, 7]. Therefore, research on
the pore structure of coalbed methane reservoirs has had
considerable attention by academic and industrial
researchers.

Studies on the pore structure of coalbed reservoirs have
focused on the analysis of microstructure characteristics,
establishment of pore quantitative evaluation methods, and
determination of the water absorption and production
mechanisms of coalbed methane; these studies provide a
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theoretical foundation for research on the permeability dam-
age of coal seams with nanopores [8–13]. Their results
showed that coal pores are mostly nanoscale pores and vul-
nerable to reservoir damage caused by external fluid pollu-
tion [14, 15].

However, most recent studies have focused on the influ-
ence of different factors on coal reservoir permeability from
a macroperspective, with little consideration given to the
study of microstructure coal seam permeability [16–20].
Macroscopic research has shown that the permeability dam-
age of coalbed methane originates from two main aspects.
The first reason is the damage caused by clay expansion
and water lock resulting from the invasion of the working
fluid into the reservoir and the damage caused by fluid
incompatibility. Mitra et al. [21] conducted a linear expan-
sion rate experiment on soaked coal samples and found that
the drilling fluid invasion into the coal rock results in coal
rock expansion, which reduces the permeability of the coal
and damages the coal rock reservoir. Yang et al. [22] believed
that if clear water is incompatible with the reservoir fluid,
then a chemical reaction might occur, and insoluble inor-
ganic scales (e.g., calcium, magnesium, barium, and iron
salts) could form and accumulate in the pore fracture of the
coal rock, resulting in decreased coal rock permeability and
reservoir damage. Liu et al. [23] reported that the damage
on a coal reservoir depends on the mineral composition,
pressure, injection velocity, injection fluid composition, pH
value, and other variables of the reservoir; meanwhile, pres-
sure difference, water sensitivity damage, and drilling fluid
compatibility are the main factors of reservoir damage during
coalbed methane drilling.

The second reason is the stress sensitivity damage to coal
reservoirs. Li et al. [24] reported that the coal core has strong
stress sensitivity; as the pollution pressure increases, the coal
core’s permeability recovery value decreases sharply. The ini-
tial stress sensitivity coefficient of the artificial fracture coal
sample tested by Karacan et al. [25] was 0.73, but the value
became 0.79 after drilling fluid treatment. This result indi-
cates that the drilling fluid filtrate’s invasion during the dril-
ling process strengthened the stress sensitivity of the
reservoir. According to Yue et al. [15], the main factors of
coal reservoir damage are a solid phase in the drilling fluid,
water sensitivity, pressure sensitivity, and polymer plugging.
The coal core has low porosity and permeability and high
clay mineral content and is easy to be damaged by solid
and liquid phase pollution during drilling. Therefore, the
research on coal permeability damage should focus on the
factors of fluid and pressure difference.

The macroscopic permeability damage of coalbed meth-
ane reservoirs directly reflects the influence of various factors
on coal permeability, thus providing theoretical support for
selecting the coalbed reservoir protection drilling fluid [15,
26–28]. Coal drilling fluids, such as clear water, salt water
system, foam system, cashmere bag system, and polymer sys-
tem, are formed in different coal seams. This formation, to
some extent, reduces the damage to the coal reservoir and
improves permeability. However, a rapid decrease in coal res-
ervoir permeability still occurs because most coal reservoirs
have ultralow permeability, and the coal matrix permeability

is generally less than 2-10 millidarcys [23, 29–32]. No
research has been conducted on the permeability damage
mechanism of this type of microporous coal reservoir. How-
ever, a few studies have examined the nanoscale pore perme-
ability’s characterization and the factors that affect
permeability damage.

The pore structure of nanoscale coal reservoirs is com-
plex, and the pore diameter is small; hence, working and
characterizing permeability is difficult [33]. In a nanoscale
coal reservoir, the flow of fluid through the rock is too small,
and the amount of time required to establish the steady-state
flow is too large; in addition, the measurement results are
inaccurate, the permeability of the sample cannot be mea-
sured sometimes, and the conventional Darcy’s law perme-
ability test is challenging to apply to this type of reservoir
structure [34]. The calculation method’s accuracy is also dif-
ficult to guarantee because of the uncertain boundary condi-
tions during the calculation of core permeability in pressure
drop measurement. The NMR test’s permeability is affected
by the signal-to-noise ratio, and errors occur [35–39]. Nano-
pore permeability reduction is a complex process, and no
accurate and effective measurement method is available [40,
41]. Evidently, the research on the factors that influence
nanopore permeability progresses gradually.

In summary, as a typical unconventional reservoir, a coal
reservoir is dominated by nanopores, and its permeability
exhibits strong sensitivity. No detailed research has been con-
ducted on how a foreign fluid damages the nanopores in a
coal reservoir when the fluid intrudes. This lack of research
is also one reason that coal reservoir damage remains
unsolved though many theoretical studies have been per-
formed on macrocoal reservoir damage evaluation.

This study examined coal samples from the Anze coalbed
methane area in the North China Oilfield to address this gap.
First, the experimental materials are presented. Second, the
mineral composition of the test coal was analysed. Third, the
experimental instruments and methods were introduced.
Fourth, the damage evaluation experiment of coal sample per-
meability under different working fluid concentration was car-
ried out. Moreover, the damage evaluation experiment of coal
sample permeability under different working fluid concentra-
tion was carried out. Finally, the reasons of permeability
reduction caused by nanopore plugging were found.

Therefore, a damage rate experiment was conducted on
nanopore permeability by using the pressure oscillation
method, and the nanopore characteristics of coal samples after
pollution were observed via scanning electron microscopy
(SEM). With a large number of experimental results, the laws
of nanopore plugging and permeability reduction were
explored, the main factors that affect the permeability of coal
reservoirs were determined, and drill fluid systems for low-
porosity, low-permeability coal reservoirs were optimized.

2. Experimental Materials

2.1. Microanalysis of Test Samples and Mineral Components

2.1.1. Test Samples. The Anze coalbed methane block of the
Huabei Oilfield is located in the southwest part of the
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Qinshui Basin, with a horseshoe-shaped slope as its general
structural form. An uplift area exists in the east, west, and
south directions, and an arc-shaped fault zone composed of
a group of new normal faults exists in the east. A few faults
are present in the area, and several small structures are
developed.

This study adopted the Anxin Mine in the Anze block as
the target sampling area. Raw coal was selected randomly
from the same block for the experimental study. Each sample
was dried at 80°C in a vacuum condition, and the composi-
tion of each group of samples was considered similar. The
samples are shown in Figure 1. A standard test core with a
diameter of 25mm and length of 50mm was created and
used for the subsequent permeability test on the coal
reservoir.

In Figure 1, A1-A7 coal samples are used for “damage
evaluation of the permeability of coal samples under different
fluid concentrations.” B1-B6 coal samples are used for the
“analysis of the damage degree of pressure difference on the
coal reservoir.”D1-D5 coal samples are used for the “analysis
of the mineral composition and pore structure of the working
samples.”

2.1.2. Analysis of the Mineral Composition and Pore Structure
of the Test Coal. The mineral composition is a factor that
affects permeability [42–44]. The entire rock and clay min-
erals of the coal samples were analysed through X-ray diffrac-
tion. Mineral analysis of the whole rock showed that the
minerals in the coal seam of the Anxin Mine in the Anze area
were mainly quartz, calcite, and dolomite. Quartz was the
most important brittle mineral with a mass fraction of
0.9%-13.2%, the calcite mass fraction was 1.0% on the aver-
age, and the dolomite mass fraction was 0.77% on the aver-
age. The average content of clay minerals was 15%–32%.
The clay minerals accounted for a large proportion (Table 1).

The analysis of clay minerals showed that the main types
included illite (I), kaolinite (k), chlorite (c), and I/s, which
accounted for 8.2%, 45.8%, 15.4%, and 40%, respectively.
The different clay minerals seriously affected the characteris-
tics and permeability of coal (Table 2).

X-ray diffraction revealed that the fracture of the test
sample was developed and contained nanopores
(Figures 2(a) and 2(c)). The pore diameter was between 20
and 2μM. Nanoparticles (Figures 2(b) and 2(d)) were
attached to the surface. The pore size of different types of clay
minerals was different, and the morphology was mainly
lamellar, filiform, scaly, and honeycomb (Figures 2(e) and
2(f)). The fracture fillings were illite with a small amount of
montmorillonite and illite mixed layer, which were attached
to the surface of the coal sample and had loose cementation.
The fracture pore had good connectivity. Once the working
fluid flowed into the pore, the clay minerals and other parti-
cles filled in the pore fracture and hydrated it. Consequently,
the pore throat was blocked, and serious damage was exerted
on the coalbed methane reservoir.

The kaolinite in the clay minerals was in the form of a
pseudohexagonal plate and vermicular, mostly in the form
of thin slices deposited in the pores (Figures 2(g) and 2(h)).
The book-like structure in the foreign fluid slid along the

small sheet. It could easily fall off the original structure and
move with the foreign fluid. Clay minerals illite, chlorite,
and illite mixed layer are curved and batty. They easily
expand when encountering water, thereby falling off and
blocking the coal nanopores.

2.2. Evaluation and Test Fluids. In accordance with the eval-
uation of coal sample pollution with the main single-agent
fluid in the field, the single agents selected were distilled
water, KCl fluid with different concentrations, and DPC
water-soluble polymer fluid with different concentrations
(Figure 3). The apparent viscosity of the DPC water-soluble
polymer was significantly higher than that of distilled water
and the KCl solution (Table 3). DPC is a highly molecular
water-soluble polymer. The molecular weight is 1,000,000
and the molecular formula is (C35H49O29)n (Figure 4). The
polymer molecular chain has a cation group and an anion
group, which has a good viscosity-increasing effect, can effec-
tively inhibit the hydration expansion of coal and rock, and
can effectively stabilise the well wall.

3. Main Experimental Methods

(I) Microstructure analysis. The main experimental
instrument was a Supra55 scanning electron micro-
scope from the Zeiss Company in Germany. The
core micromorphology was observed using the
scanning electron microscope at a magnification of
10,000x and a resolution of about 1 nm

(II) Whole rock mineral analysis and clay mineral rela-
tive content determination. The whole rock mineral
analysis and the relative content determination of
the clay mineral of coal were carried out using a Jap-
anese Physico-d/MAX 2500 X-ray diffractometer

(III) Permeability test. Darcy’s law is usually used to test
permeability. However, determining the value of
the classic Darcy’s law quantitatively is difficult for
a reservoir with small pore medium gap and is diffi-
cult in the passing fluid. In this experiment, a
JZXGP-II wide-spectrum intelligent gas permeabil-
ity tester based on the pressure oscillation method
was selected for an ultralow permeability test. The
classic Darcy’s law test method was combined with
the pore pressure oscillation method. When the
core permeability could not be measured under lin-
ear pressure, the curve sine wave was used to pass
through the core to quantitatively test the ultralow
permeability of the core

Test methods: first, the confining pressure was adjusted to
2.0MPa. The presence of an air leakage was checked, and the
confining pressure was slowly adjusted to 5MPa (while still
checking for air leakage). Then, the pressure is released. Sec-
ond, the enclosure was raised to the preset value. Third, the
permeability of the coal sample was measured before pollu-
tion. The sine pump was initialised, and the test began. A sta-
ble waveform indicated that the pressure was balanced. At
least one complete sine wave period was collected before
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the experiment was stopped. The permeability of the coal
sample before pollution was determined to be Ko. Fourth,
coal pollution permeability was determined. Under the
condition of constant confining pressure, the pollution dif-
ferential pressure was detected and the circulating pump
was initialised until the working fluid contaminated the
core to the set time and the circulating pump was closed.
The determination procedure (Step 3) was repeated until
the permeability of the coal sample polluted by the foreign
working fluid was Kd . Lastly, the permeability damage rate
of the coal sample was calculated as Dd = ðKo − KdÞ/Ko ×
100%.

(IV) Particle size distribution of the nanoparticles in pol-
luted solution. The average geometrical particle size
of the working fluid carried by the polluted core was
measured using a Winner801 nanolaser reflection
particle size distribution analyser, and the cumula-
tive particle size distribution of the working fluid
and solid phase was determined

4. Results and Discussion

4.1. Damage Evaluation of the Permeability of Coal Samples
under Different Fluid Concentrations. Permeability damage
rate is a direct indication of the permeability damage degree.
Although fully reflecting the factors that cause permeability
reduction is difficult, the damage degree of the coal sample
polluted by the working fluid can be analysed well.

There are many methods to study the damage of a coal
seam reservoir [21, 22]. At present, the main methods are
water sensitivity and stress sensitivity methods [24, 25]. For
the water-sensitive damage, the current research usually con-
siders that the formation permeability damage is caused by
the hydration and expansion of clay minerals when they meet
with water [3, 4, 9, 10]. However, the current research does
not consider the damage of fluid concentration and action
time to the reservoir. In fact, the hardness of reservoir dam-
age caused by fluid concentration and action time cannot
be ignored. Therefore, the damage evaluation of coal perme-
ability under different fluid concentrations is carried out.

In accordance with the three kinds of single fluid pre-
pared previously, distilled water; KCl with a concentration
of 1%, 3%, and 5%; and DPC working fluid with a concentra-
tion of 0.1%, 0.2%, and 0.3% were configured to test the influ-
ence of different concentrations of fluid on coal reservoir
permeability. The core contamination pressure difference
was set to 2MPa in the experiment.

4.1.1. Evaluation of the Damage of Distilled Water on Coal
Permeability. It is generally believed that distilled water does
not cause the action of minerals in coal, because even if there
are active groups on the surface of coal, it is difficult for

Experimental coal core

A-1 A-2 A-3 A-4 A-5 A-6 A-7

B-1 B-2 B-3 B-4 B-5 B-6

D-1 D-2 D-3 D-4 D-5

Figure 1: Experimental coal sample.

Table 1: Rock mineral analysis.

Serial number Sample name
Mineral type and content (%)

Total amount of clay minerals (%)
Quartz Soda feldspar Calcite Dolomite Pyrite Amorphous

1 D-1 8.5 1.4 0.3 — 1.0 64.5 24.3

2 D-2 13.2 1.7 0.7 1.2 0.7 50.5 32.0

3 D-3 2.1 — 2.0 — — 80.6 15.3

4 D-4 0.9 — 1.3 0.3 — 88.7 18.8

5 D-5 1.2 — 0.7 0.8 — 79.1 18.2

Table 2: Clay mineral analysis.

Serial
number

Sample
name

Relative content of
clay minerals (%)

Mixed layer ratio
(%S)

S I/S I K C I/S

1 D-1 — 67 13 14 6 25

2 D-2 — 36 8 41 15 30

3 D-3 — 24 5 55 16 20

4 D-4 — 14 6 50 30 75

5 D-5 — 12 9 69 10 50
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distilled water to react with it. Therefore, damage experi-
ments on the coal reservoir were conducted with distilled
water.

The coal samples were tested for permeability and per-
meability damage with distilled water for 150 h. The test
results showed that the damage rate of permeability was
20.98% and 40.52% after 28 and 45 h of distilled water pollu-
tion, respectively. The damage rate of permeability changed

to 89.01% after 116 h of pollution. The damage rate of perme-
ability was 91.62% and 92.63% after 123 and 148 h of pollu-
tion, respectively, and tended to be stable (Figure 5(a)).

The rapid increase in the permeability damage rate was
due to two factors. The first is that distilled water easily
invades the coal seam under the condition of positive pres-
sure difference drilling, which causes the hydration and
expansion of clay minerals in the coal seam. Within 116h

5 𝜇m

(a)

5 𝜇m

(b)

1 𝜇m

(c)

2 𝜇m

(d)

Kaolinite
Pseudohexagonal plate

(e)

Kaolinite
page and worm shape

(f)

Montmorillonite
Flocculence. It is easy to fall off
and block coal nano pores 

(g)

Illite
Schistose, filiform, alveolate

(h)

Figure 2: Electron microscope images of the coal microstructure.
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of pollution, the coal samples were mainly hydrophobic.
With the increase in pollution time, namely, after 116 h of
pollution, the specific water absorption of the porous rock
dominated, the water absorption was enhanced, and the
pores decreased. Thus, the degree of coal reservoir pollution
increased rapidly. The second factor is that with the increase
in pollution time, the clay mineral particles fell off, and water
carried these nanoparticles into the nanopores, thereby
blocking the pores and resulting in a decrease in
permeability.

The expansibility of the coal particles was tested to verify
the two conjectures. The coal particles with a particle size of
about 45μm were placed in a glass container tube. The coal
particles are soaked with the three fluids prepared previously
(Figure 6). During the soaking process, a certain amount of

coal particles was discharged every other period to test the
particle size change.

Figure 7 shows the change curve of coal ash particle size
with soaking time. After soaking in distilled water, the parti-
cle size of coal ash increased, decreased, and then increased
because the clay mineral in the coal reservoir absorbed dis-
tilled water, which caused the volume of coal to increase.
The clay in the coal particle expanded to a certain volume
and collapsed, thus causing the particle size to decrease.
The pore in the cracked coal particle reabsorbed the liquid
phase, which caused the volume of the coal particle to
increase. These results show that the water swelling of clay
minerals is an important factor that causes permeability to
decrease.

After soaking in the KCl working solution, the particle
size of coal ash increased, decreased, and then stabilised.
KCl exerted a certain inhibitory effect on the clay minerals
because in the stage of the crystal layer expansion of clay,
the cations between layers are bound and cannot carry out
ion exchange; hence, K+ cannot effectively inhibit the crystal
layer expansion of Na montmorillonite and Ca montmoril-
lonite. In the stage of permeability and expansion of clay
and completely dispersed clay, interlayer cations can
exchange ions and K+ can effectively inhibit the permeability,
expansion, and dispersion of clay.

DPC had a good inhibiting effect on the expansion of
coal particles. After soaking for 195 h, the geometric average
particle size was maintained at about 45μm, which shows
that the DPC fluid had a good effect on keeping the volume
of coal particles unchanged. DPC formed a diaphragm on
the surface of the coal sample. As a result, the water in the
working fluid could not easily come into contact with the
coal sample further, thus inhibiting the expansion of clay
particles.

Permeability change is the macroscopic performance of
rock porosity and pore structure. The current research thinks
that the damage of water sensitivity is mainly caused by the
hydration/expansion of water sensitive clay [27–30]. But
our research shows that the hydration expansion has a cer-
tain time limit, the hydration expansion effect is not obvious
in a short time, and the effect of reducing permeability is
obvious after a long time.

4.1.2. Evaluation of the Damage of Different KCl
Concentrations on Coal Permeability. KCl has a good

KCl DPC water soluble polymerDistilled water

Figure 3: Working fluids.

Table 3: Basic features of the working fluids.

Fluid
number

Fluid type
Density
(g/cm3)

Apparent viscosity
(mPa·s) pH

1
Distilled
water

1.00 1.00 6.5

2

1% KCl 1.00 1.00

7.03% KCl 1.03 1.03

5% KCl 1.04 1.10

3

0.1% DPC 3.30

0.3% DPC 1.04 8.50 7.6

0.5% DPC 17.00

OH

OH

O

O

COOH

OH

O
O

OH

OH

O
OH

OH

O

O

COOH

OH

O O

O

CH2OH

CH2OH

n

Figure 4: Molecular structure of DPC.
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swelling inhibition effect on clay minerals in coal. However,
KCl cannot easily restrain the microexpansion of clay min-
erals. Under the same 2MPa pollution pressure difference,

KCl-polluted coal samples at different concentrations were
used to further analyse the relationship between concentra-
tion and pollution degree.
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Figure 5: Evaluation of the damage of different fluids on coal reservoir permeability.
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Figure 6: Test on coal ash particle expansion with different fluids.
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According to the evaluation of the permeability dam-
age of the coal reservoir with different concentrations of
KCl (Figure 5(b)), for 1% KCl, that is, a certain hydropho-
bicity remained within 118h. After more than 118h, the
water absorption damage of porosity was dominant and
caused particle expansion. The damage degree of perme-
ability increased rapidly. This time point is similar to that
of distilled water. For 3% KCl, These data show that the
damage rate of coal permeability increases significantly
after 114 h of pollution, which is consistent with the data
for 3% and 1% KCl. For 5% KCl, evidently, 68 h after
5% KCl and 114 h after 3% KCl reached the mutation
injury rate, the amount of time was reduced considerably.
The higher the concentration was, the higher the injury
rate was.

The higher the concentration of KCl was, the stronger the
inhibition of the hydration and expansion of clay mineral
components in coal was. The permeability of the coal sample
should be increased. However, the test results showed that
the permeability of the coal sample decreased. We speculate
that the main reason for this phenomenon was the flow and
erosion of coal ash nanoparticles carried by KCl, which
caused the nanoparticles to block the nanopores. The damage
rate of permeability therefore increased.

4.1.3. Evaluation of the Damage of Different DPC
Concentrations on Coal Permeability.DPC has a good inhibi-
tion effect on the expansion of coal particles, and the geomet-
ric average particle size remains the same for a long time. The
damage degree of the DPC working fluid with different con-
centrations on coal permeability was analysed. The influence
of the working fluid on the permeability damage of the coal
sample under the influence of nonexpansion factors was
clarified.

At 2MPa pollution differential pressure, coal samples
were polluted with DPC at different concentrations
(Figure 5(c)). The permeability damage rates of 0.1% DPC

working fluid in 23, 47, 73, 98, and 135h were 13.16%,
18.56%, 33.02%, 50.65%, and 53.26%, respectively. The per-
meability damage rates of 0.3% DPC working fluid in 70,
93, 117, and 135 h were 37.01%, 49.73%, 60.64%, and
77.03%, respectively. The permeability damage rates of
0.5% DPC working fluid in 16, 64, and 132h were 31.67%,
65.023%, and 93.01%, respectively. The permeability damage
rates of the three concentrations of working fluid changed in
a straight line, and the greater the ion concentration was, the
higher the damage rate was. The influence of clay mineral
expansion on permeability was excluded. The damage rate
of the DPC working fluid with a high concentration was
low because the working fluid intruded into the cementation
edge of the coal ash nanoparticles and matrix and destroyed
the cementation between them. The migration of coal ash
nanoparticles blocked the nanopores of the reservoir, result-
ing in increased permeability damage concentration,
increased viscosity, and increased damage to the coal
reservoir.

A comparison of the initial and final damage rates
(Figure 5(d)) of different concentrations of the working fluid
revealed that although the concentration of KCl varied, the
final damage rate was the same because KCl could effectively
inhibit the expansion of clay particles. Although the concen-
tration varied, the viscosity remained the same and low, so
nanoparticles were not easily carried away, and the final
injury rate was the same. The damage of distilled water on
the coal reservoir was mainly expansibility. The viscosity of
the DPC solution at 0.1%, 0.3%, and 0.5% was 3.30, 8.5,
and 17mPa·s, respectively. The permeability damage rate
was the lowest at a low viscosity. In the case of high viscosity,
the permeability damage rate was the highest. DPC could
effectively restrain particle expansion, and only the nanopar-
ticle carried by scour could block the pores and reduce per-
meability. Therefore, the higher the viscosity was, the easier
it was to carry nanoparticles and the greater the permeability
damage rate was. A comparison of 0.3% and 0.5% viscosity
showed that the initial injury rate was the same, but the final
injury rate increased from 77.03 to 99.7. The viscosity
increased by two times, and the damage rate increased by
1.21 times. The permeability of the reservoir was seriously
affected.

Previous studies only noted that the hydration expansion
of coal clay minerals is the fundamental cause of water sensi-
tivity damage of coal reservoir. Particle dispersion and
migration is not the main cause of damage [35]. Through this
experiment, we find that not only hydration expansion but
also particle dispersion and migration have a great influence
on permeability. It is related to the viscosity of the fluid. The
higher the fluid viscosity is, the more likely the particle
migration is. The damage rate of permeability is greater. This
is not recognized by previous studies.

4.2. The Effects of Single Working Fluid Concentration on
Nanopore Plugging. We can only infer from the macroper-
spective that the reason for the permeability reduction of
the coal sample is the blockage of coal ash nanoparticles,
which cannot represent the influence of nanopores on per-
meability. To truly understand the possibility of nanoparticle
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Figure 7: Geometric mean diameter change in the coal ash particles
under different working liquids.
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plugging, the micromorphology analyses of coal samples
before and after pollution must be combined.

Through a comparative analysis of the microstructure of
raw coal samples not polluted by the working fluid and the
microstructure of coal samples after being polluted by the
working fluid, we found that the surface of raw coal was flat
with nanoparticles attached, and abundant nanoholes were
present (Figures 8(a)–8(d)). These holes provide the possibil-
ity for the invasion of foreign fluid and the blockage of nano-
particles. Once the nanoparticles block the pores,
permeability will decrease.

After being polluted by distilled water, KCl, and DPC
working fluids, the morphology of coal samples was observed
under different magnifications of the electron microscope.
The samples had obvious erosion traces (Figures 8(e)–8(h)),
and a large number of nanoparticles moved with the fluid,
resulting in the accumulation of microparticles and plugging
of microcracks (Figures 8(i)–8(l)). Nanoparticles with differ-
ent sizes were embedded in the fractures and pores with fluid
flow, thus plugging the fractures and pores (Figures 8(m)–
8(p)), polluting the coal samples, and affecting the perme-
ability of the coal reservoir.

The clay in the coal sample was mostly deposited in the
pores as thin slices. After washing with an external working
fluid, the cation existing in the formation water may have
been destroyed, and the negative charge on the surface of
the clay slice was maintained to keep the balance of electric
neutrality, resulting in the dispersion of the clay slice. In
addition, particles were observed in the bound water near
the pores of the hydrophilic formation. If the water intrudes
into the mobile water phase, these particles will disperse and
participate in the migration. Particle migration eventually
leads to a particle bridge, thus plugging the pore throat and
reducing the formation permeability.

The existing research on the influence of particle migra-
tion on permeability can only speculate that the solid parti-
cles in coal enter into the fracture and pore throat of
reservoir with fluid flow, block the flow channel of coalbed
methane, and reduce the permeability. But there is no direct
evidence [3, 6, 15]. In this paper, through a comparative anal-
ysis of the microstructure of raw coal samples not polluted by
the working fluid and the microstructure of coal samples
after being polluted by the working fluid, it was found that
when the fluid flows, the particles are affected by the viscous
force, and the particles in coal easily migrate together with
the fluid, which seriously affects the permeability.

4.3. Analysis of the Damage Degree of Pollution Pressure
Difference on the Coal Reservoir. Given that the nanoparticles
in the coal ash move with the working fluid, the pores
become blocked. Thus, the situation of migration and block-
age varies with different pollution pressure differences. This
condition means that the damage degree of coal samples dif-
fers under different scour forces. The pollution pressure dif-
ference is the difference between the drilling fluid column
pressure and the formation pore pressure.

A damage rate test of the permeability of the working
fluid with different ion concentrations was conducted under
2MPa pollution differential pressure. The pollution differen-

tial pressure was increased to 4MPa, and the change in the
pollution degree of coal samples under different pollution
differential pressures was investigated. The maximum dam-
age rate of permeability increased from 92.63% to 97.9%,
and the damage rate of permeability increased steadily
(Figure 9(a)). The damage rate of permeability at 4MPa
was slightly higher than that at 2MPa. However, the differ-
ence was small.

Generally, 3% KCl is the most frequently used concentra-
tion. We replaced the medium with 3% KCl working fluid
and compared the influence of the pollution pressure differ-
ence on coal permeability under 4 and 2MPa. Permeability
continued to decrease under the pressure difference of
2MPa. However, under the action of 4MPa pressure differ-
ence, the permeability of the coal sample increased with the
increase in time. After a certain period, the permeability
dropped sharply, and the trend stabilised after reaching the
maximum value (Figure 9(b)). Owing to the increase in the
pressure difference, the working fluid washed out the nano-
particles in the coal sample under the action of a certain con-
tinuous pressure difference, resulting in the increase in
permeability. During the washing process, the nanoparticles
gradually migrated and accumulated, thereby blocking the
pores. The permeability decreased with the increase in time.
The permeability was two orders of magnitude lower than
the initial permeability.

The experiment on the permeability change of the coal
sample under the action of 0.3% DPC working fluid further
verified the influence of particle migration and blockage of
the pollution differential pressure on permeability. Under
different pollution pressure differences, the change trend of
coal permeability under the action of 0.3% DPC working
fluid was similar to that of 3% KCl. Permeability decreased
continuously under 2MPa pressure difference. However,
under the action of 4MPa pressure difference, with the
increase in pollution time, the coal powder washed out the
coal sample with the fluid, and some coal powder was prob-
ably washed out too; this improved the permeability condi-
tion and made the permeability of the coal sample increase
instead. When the pollution reached 62 h, the damage rate
of permeability reached the minimum value. With the
increase in time, the solid particles or other impurities in
the polluted liquid were washed away in a short time to
improve permeability (Figure 9(c)). Then, with the increase
in pollution time, the coal powder continuously polluted
the coal sample, permeability decreased almost linearly,
and the permeability damage rate reached the maximum
value.

Under the 4MPa pressure difference, the damage rate of
the final permeability of the three kinds of fluids exceeded
90%, and no significant difference was observed. However,
the change in permeability in the observation period showed
that the final permeability generally decreased by three
orders of magnitude compared with the initial permeability
(Figure 9(d)). No gas was recovered anymore.

The process of nanoparticle expansion, sliding, plugging,
migration, and plugging in pores, is shown in Figure 10.With
this process, the permeability decreases and increases and
then reaches the minimum value.
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The stress sensitivity study only noticed that the greater
the axial confining pressure is, the more serious the perme-
ability damage is. It was not observed that the increase of
radial flow pressure difference (pollution pressure difference)
will affect the permeability [24, 25]. It is found that the per-
meability fluctuates with the increase of pollution pressure
difference. Because the fluid drives the particle migration,
the pore channel increases and the permeability increases,
and then, the particles plug the pores and reduce the perme-
ability. Reasonable control of pollution pressure difference is
particularly important for increasing permeability.

4.4. The Effects of Pollution Pressure Difference on Nanopore
Plugging.With the increase in scour force, the small particles
in the coal sample moved under the action of such force,
leading to different permeability changes. Permeability
decreased with the increase in pollution time. The damage
of the scour force on the coal reservoir can be further verified
through SEM.

The coal samples polluted by distilled water, KCl, and
DPC working fluids were selected as the observation objects.
The microelectron microscope image taken after the core was
cut showed traces of erosion on the surface of the rock sam-
ple (Figures 11(a), 11(b), 11(c), 11(h), 11(i), 11(l), and 11(m))
accompanied with the migration of nanoparticles. This phe-
nomenon further indicates that under a certain pressure dif-

ference, the working fluid entered into the dense core along
with the fluid entering the coal sample for flushing
(Figures 11(f), 11(k), and 11(o)). The fluid caused damage
to the pores of the coal reservoir. When several small pores
were flushed, the permeability of the coal sample increased.
New small particles moved with the fluid entering the coal
matrix or the small particles in the coal matrix. This situation
caused damage on the coal reservoir (Figures 11(d), 11(e),
11(j), and 11(n)).

If the fluid is continuously washed out, the coal sample
will be continuously polluted, different fluids will be contin-
uously washed out, and nanoparticles will continuously enter
the reservoir with the fluid, thus causing damage to the coal
reservoir. In the process of onsite construction, the smaller
the amount of fluid entering the coal reservoir is, the better
and faster the construction is.

In Figure 2, the nanopores of the coal samples are dis-
persed between 20nm and 3μm. The system of distilled
water, KCl, and DPC working solutions after field pollution
was determined using a laser particle size analyser. The work-
ing solution contained nanoparticles dispersed between 3nm
and 2μm (Figures 12), in which the particle size accounted
for a large proportion of 0.1–0.5μm (Table 4). The particle
size of the nanoparticles was smaller than the pore diameter,
and they could easily enter the nanopores. This result further
proves that the erosion and plugging of nanoparticles were

Nano caves

Nano caves

Coal powder particles

5 𝜇m

Coal powder particles
migration 

5um

Coal powder particles 
accumulation 

Scour streamline

1um

Scour streamline

Particle accumulation Scour streamline

Nanopore

ScScoScoScoScoScoSSSSScScScScSccScScScScScScoScoooooSScScScScSccScScSSScSccSScSScScScScSScScScccScSSSScScSSSSScScScScccSSSc ur ururuuuuuuuuuuuuu strrrrreameameameameamae linininininininininininnininniininnniinniiniiinnnnnnnneeeeeeeeeeeeeee

1um1um1um1um1um1um1um1um1um1um1umum1um1um1um1um1umum1um1um1umum1um1umum1um1um1um1um1u1u1um1um1um1um1umum1umm1uum1um1umum1umum1um1umumumumummm1um1um1uuu1uum1umu1uu1ummmumum11ummmmumm

ParParParParParParParParParParParParParParParrrrrParParParParrPParParrParParrrPaPaParParrararrrParrParPParPParPP tictttictictictictictitictictictictictictictictictictictictictictictiictitictictictictictictictictictictictictiicticticicticicicicticticctictititictictitictititttttttttt lelellelle lelelelelllelellelelllelelellelelellelellelelelelelellellelllellllleeleeeeeeeeeeeeeeeeeeeee accccccccccccccccccccccccccccccccccccccccccccccccccccca ccccccumuumuumuumuumuumuumuumuumumumuumuumuumuumuumuumumumumumuumuumumuumuumuumumuumuumuumuumuumumuumuumumuumuumuumumuumuumuumuumumuumumumumuumumuuumuumum latlatlalatlalatlatlatlatlalalatlatlatlatlatlatlatlatlalatlatlattlatatlatlatlatlalatlatlatlatlatlatllatlalalatlaatlatlatlatlatlatlatlalallalaatattioioioioioioioioioioiioioioioiooiooiiioioooioooiioiooiioooScScoSSScoScoScoScoScoScScoScoScoSSSScoSScoScoScoScoSSSSSScoSSScoooooooScoour ur ur ur urururururururur ur uuuuuuuuuuuuuur urururuuuuuuuuuuuuuuuu strstrstrstrstrstrstrstrstrstrstrstrstrtrrstrrrrstrstrrrrrrrrstrsstrrrrrstrrstrrrstrrrstrrrstrrrrrrrs rsstrstrs rrt eameameameameameameameameameameameamammmeammeameamameammeammmmammeammmmammeamameammmamammmeaeameameaammeeameammeaeaeaammamammamamamamaammmmammmmmmmmlinnnnnnnnnnnnninnnnnnnnnnnnnnnnnnnnnnninnnnnnnnnnnnninninninnnninnnneeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeuuu

NanNanNanNanNanNanNanNanNanNanNanNaNanNaNanNanNanNNNaNanNNanNanNanNanNanNNanNNNanNanNNNanNanNNanNanNanNNanNNNNanNNNannNannNNNanNNanNNNNanNNannNaNNaNannNNNNNanNNaNanNNNaNNNNN nNannnopoopoopoopoopopoopopoopoopopoopoopoopopoopopoopoopopoopoopopoopopoopoopoopoopoopoopopoopopoopoopoopoopopoopoopoopooopoopoopooopoopopoopoopoopoopopopoopopoopoopoopoopoppopoopoopoopoopoopoopoopoopoopoopooopopopopoopoopoopoopoopoopopooopppppppp rererrererererererererererererererrrerererererrerererererererererrerererererrerererrrerreerereererreerreerrrrrrrrrrrrrrerr

Raw coal Polluted by distilled water

Polluted by 3% KCl Polluted by 0.3% DPC 

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (L)

(m) (n)

(o) (p)

Coal powder particles
accumulation

1 𝜇m 5 𝜇m

5 𝜇m 5 𝜇m 5 𝜇m

2 𝜇m 2 𝜇m

5 𝜇m 10 𝜇m 5 𝜇m 10 𝜇m

10 𝜇m10 𝜇m
5 𝜇m 5 𝜇m
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factors that affected the permeability reduction of the coal
samples.

Compared with the permeability change in the coal sam-
ple under the pressure difference of 2MPa, the permeability
of the coal sample under the pressure difference of 4MPa
exhibited a floating change. The greater the scour force was,
the greater the effect on permeability was, which was mainly

due to the migration of coal ash particles in the coal sample
under the action of shearing fluid. Then, the coal reservoir
was damaged.

DPC has a strong inhibition effect on the expansion of
clay mineral components. From the perspective of micro-
structure morphology and solid particle distribution,
although the inhibition can control the expansion and
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Figure 11: Micromorphology of coal sample after KCl scouring pollution.
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Figure 12: Distribution of solid particles in distilled water after pollution.

Table 4: Particle size and content distribution of the solid phase in the working liquid system after pollution.

Particle size (μm) 0.003 0.008 0.02 0.1 0.15 0.2 0.4 0.42 0.45 0.5 Notes

Content distribution (%)

0.16 2.49 7.21 20.75 26.97 33.12 53.12 54.75 57.14 60.87 Distilled water

0.02 2.35 8.02 22.80 29.15 35.50 56.06 57.76 61.26 62.13 KCl

0.01 1.98 7.22 23.23 29.76 38.05 59.68 62.08 64.15 65.21 DPC
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dispersion of clay in the coal sample, under the condition of a
large pressure difference, particle migration blocks the seep-
age channel and affects the permeability of the reservoir.
Therefore, coal reservoir protection should also consider pro-
tecting nanopores from plugging. Reasonable control of the
production pressure difference can effectively reduce particle
plugging.

5. Summary and Conclusions

The damage on the coal reservoir caused by permeability
reduction resulting from the plugging of nanoparticles in
coal cannot be ignored. Through the method of macroscopic
permeability damage rate test and microscopic observation
and analysis, this study proved that nanoparticle erosion
and plugging are important factors of coal reservoir damage.

(1) When the working fluid entered a coal sample, a time
limit exists for the water absorption of coal from the
hydrophobic phase. If this time limit is not exceeded,
then the clay mineral nanoparticles in the coal sam-
ple will not expand. Beyond this time limit, the clay
mineral nanoparticles will expand via water absorp-
tion, destroy the potential balance between the origi-
nal ions, cause the particles to disperse and move,
block the seepage channel, and reduce permeability.
Under the current experimental conditions, the time
limit is between 114 and 118h

(2) For permeability damage, concentration is only an
external manifestation, and viscosity is the internal
cause. The higher the viscosity of the working fluid
is, the more nanoparticles the fluid carries and the
easier it is to block the pores of the coal reservoir
and accelerate its damage. In this study, under the
same initial permeability damage rate and pressure
difference of coal samples, the viscosity and damage
rate of the DPC fluid increased by two times, and per-
meability decreased by 1.21 times. The permeability
of the reservoir was seriously reduced

(3) The permeability damage rate of a coal reservoir is
sensitive to the pressure difference. An increase in
the pressure difference causes the instability of clay
mineral particles and promotes the dispersion and
falling off of particles. Under the action of shear stress
of the working fluid, coal ash particles migrate to the
microcracks and pores of the coal reservoir. At the
same time, an increase in the pressure difference
makes the nanoparticles move deeper into the deep
part of the coal reservoir, leading to the particles
bridging the pore throat and reducing permeability.
Plugging can reduce the permeability of coal samples
by up to two orders of magnitude. Hence, no meth-
ane gas can be mined from the coalbed methane

(4) Selection of a low-concentration, water-soluble poly-
mer fluid and reasonable reduction of the production
pressure difference can effectively reduce the damage
on reservoir nanopore permeability

(5) The advantage of this paper is to analyse the cause of
nanopore plugging by means of pressure oscillation
and a scanning electron microscope. However, in this
paper, the matching effect of particle size and pore
size should not be considered in the nanopore plug-
ging of coal seams. Besides, an electron microscope
can only observe pores in a small area; it cannot accu-
rately analyse the particle size and pore size. In the
future, further research could be conducted on the
matching effect of particle size and pore size on pore
plugging and the damage degree
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