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Pore structure and connectivity of coal are critical factors in coal gas migration and production, which can be characterized by
studying the kinetics of capillary imbibition behaviour within the pore spaces. In order to investigate them, six typical coal samples
from different collieries in China (Yangcun, Changcun, Gengcun, Yanbei, Dongxia, and Yuwu coal) are selected to carry out N2
sorption isotherm and spontaneous imbibition tests. Results from N2 sorption isotherm tests show that there is a great difference
between the total specific surface area and total pore volume among the six coal samples. Their total specific surface area varies
from 0.302 to 3.275m2/g, and the total pore volume varies from 1.782 to 10.94mm3/g. The pore volume relationship of coal
sample among them is in order from the large to small: Dongxia>Yangcun>Gengcun>Yuwu>Changcun>Yanbei coal, and the
specific surface area is in order from the large to small: Yangcun>Dongxia>Changcun>Yuwu>Gengcun>Yanbei coal. The
imbibition characters of six coal samples were matched using explicit the short-time limit ðt⟶ 0Þ and long-time limit ðt⟶∞Þ
models by Zhmud et al., respectively. The results show that the long-time limit ðt⟶∞Þ model is better. Combined with pore
structure analysis, it can be qualitatively analyzed that the imbibition capacity of six coal samples is positively correlated with
the connectivity of coal pores, which is ranked as Changcun>Yanbei>Gengcun>Yangcun>Dongxia>Yuwu coal. This work will
help understand the mechanism controlling fluid loss and ultimate gas/oil recovery in unconventional hydrocarbon exploration.

1. Introduction

Coal seam gas has long been considered a promising future
source of energy worldwide [1, 2]. The coal seam permeabil-
ity in most Chinese mines (except the southern Qinshui coal-
fields) ranges between 10−4~ 10−3mD, which is four and
three orders of magnitude lower than those in the U.S. and
Australia, respectively [3, 4]. Given concerns regarding the
efficient exploration of coal gas, horizontal drilling and
hydraulic fracturing have played an increasingly important
role in coal gas development over the past several decades
[5, 6]. During the hydraulic fracturing process, huge water
loss will take place because of the injected high-pressure
water and capillary imbibition of water [7, 8]. Water imbibi-

tion of coal is defined for a water phase displaces a gas phase
by capillary force only [9]. It may occupy the fracture passage
and block the migration and diffusion of coal gas. In addition,
the moisture content of the coal matrix also has an important
influence on the gas adsorption characteristics. Over the past
few years, despite having success in gas production from coal
reservoirs in China, many technical questions associated with
petrophysical properties of coals and fracturing fluid loss
induced water lock phenomenon remain unanswered [10,
11]. Capillary imbibition of water is an important mecha-
nism controlling the water loss and ultimate gas recovery
[12, 13]. It probably has a significant influence on the
increase of initial gas production rate after a long shut-in
period, as the effective imbibition of fracturing water into
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coal matrix [14, 15]. Consequently, for better understanding
the migration and accumulation of coal gas, it is essential to
investigate the imbibition characteristics of coal under the
exploitation process using hydraulic fracturing.

The capillary imbibition process of water in coal involves
a series of fluid-coal interactions, including coal particles
swelling, mineral dissolution, and water adsorption, which
could alter the pore structure of coal and then affect the gas
recovery process [16]. To obtain a better understanding of
the capillary imbibition process in the porous media, there
are many publications associated with its mathematical
description and its physical explanation to deal with this
problem. For example, Green and Ampt [17] developed a
theoretical model of the capillary rise in a thin tube based
on Poiseuille’s law. Lucas [18] and Washburn [19] neglected
the inertia effect and further developed this theory indepen-
dently to gain the relation between the capillary rise and time
as ignorance of the gravitational and kinetic effects. Masoodi
et al. [20] derived a capillary rise model in a vertical tube with
consideration of the kinetic, gravity, and viscous effects. Fries
and Dreyer [21] proposed an analytical solution for the cap-
illary rise of liquid in a cylindrical tube. John and Tarik pre-
sented an experimental and numerical study of capillary
imbibition in tubes while undergoing a phase change.
Mohammad and Bassam studied the capillary rise in vertical
tubes using fluid in rigid-body motion approach by trans-
forming the nonlinear Lucas–Washburn equation to a linear
mass-spring-damper system [22]. Roychaudhuri et al.
thought fluid loss during hydraulic fracturing could be
explained at least partly by imbibition processes, based on
imbibition water experiments of shale samples [23]. Deh-
ghanpour et al. attributed the water intake excess to water
adsorption by clay minerals and adsorption-induced micro-
fractures by investigating the imbibition of deionized water
in gas shales [24]. Gao and Hu correlated the derived wetta-
bility to pore structure and mineralogy of shale samples using
the directional imbibition experiments [25]. Subsequently,
they investigated the effects of initial water saturation and
imbibing fluid on the imbibition water process [26]. Wu
et al. studied the influence of water imbibition on gas desorp-
tion in coal and found that water can promote the displace-
ment desorption of adsorbed gas in coal, and the larger the
water content is, the greater the displacement desorption
amount is [27]. Compared with other oil/gas shale rocks, coal
is more prone to expansion, dissolution, and softening by
imbibition water. An increasing number of studies have
recently been focused on the imbibition characteristics of
shale or rock samples. However, given the complexity of
the process of coal imbibition water, few imbibition water
experiments of coal were conducted out [28]. This knowledge
gap defines the purpose of our study.

In this work, our aim was to study the pore connectivity
of coal and to further understand the gas migration and accu-
mulation mechanism of these low permeability reservoirs of
coal; it is not about the connectivity of coal seams for the
multilevel area. The coal samples we selected come from dif-
ferent regions and different kinds of coal, and the coal sam-
ples have certain typicality. The coal samples would be
selected to carry out N2 sorption isotherm and spontaneous

imbibition tests. N2 adsorption method was conducted to
obtain the pore size distribution and specific surface area of
coal samples [29, 30]. Furtherly, water imbibition of coal
samples was utilized to analyze the process that a wetting
fluid displaces a nonwetting fluid in porous media by capil-
lary forces. The results would help to further understand
the gas migration and accumulation mechanism of these
low permeability reservoirs of coal.

2. Samples and Methodologies

2.1. Samples. Six coal samples from different collieries includ-
ing Yangcun, Changcun, Gengcun, Dongxia, and Yuwu col-
lieries were collected for analyses of pore construction
characteristics and capillary imbibition phenomena. When
we selected coal samples to carry out the laboratory, we chose
2-3 pieces for a set of coal samples to ensure the reproducibil-
ity of the experiment. We could not guarantee that the pore-
crack system of coal samples was completely homogeneous.
In the production process of coal samples, we as much as
possible ensured that the structure of coal samples would
not be damaged with the minimum disturbance. The location
of coal samples was shown in Figure 1.

2.2. Methodologies

2.2.1. PSD Determined by Low-Pressure Nitrogen Adsorption.
N2 adsorption method has been widely applied to evaluate
the pore volume and pore size distribution (PSD) of coal
samples. The coal samples of the above six coal mines were
crushed to 60–80 mesh sizing and dried at 110°C for at least
12 h to remove adsorbed moisture and capillary water. A
serial of N2 ad-desorption isotherm experiments was con-
ducted under the relative pressures (p/p0) of standard liquid
N2 ranging from 0.01 to 1 at the Autosorb iQ automatic gas
adsorption analyzer of American konta instrument com-
pany. And the N2 ad-desorption isotherm environment was
performed at 77.35K and 101.3 kPa.

The pore size distribution (PSD) could be derived from
adsorption or desorption branch by using the Barrett−Joyner−
Halenda (BJH) model:

ln p
p0

= −
2χVL

rRT
cos θ, ð1Þ

where p is the equilibrium vapor pressure of the liquid, p0 is
the equilibrium pressure of the liquid, γ is the surface tension
of the liquid, VL is the molar volume of the liquid, θ is the
contact angle, R is the gas constant, and T is the absolute
temperature.

The specific surface area (SBET) is obtained by Brunauer−
Emmett−Telle (BET) model:

p
V p0 − pð Þ = 1

Vm − c
−
c − 1
Vmc

p
p0

SBET = Vmnaam
mVL

,
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where V is volume adsorbed, Vm is the volume of the mono-
layer, c is the BET constant, na is the Avogadro constant, am is
the cross sectional area occupied by each nitrogen molecule,
and m is the sample weight.

2.2.2. Spontaneous Water Imbibition. The water imbibition
test involves exposing one face of a coal sample to deionized
water and measuring the mass of water uptake over time.
Coal samples from the above six collieries were cut into
1 cm-sized cubes. In order to minimize fluid adsorption and
evaporation, all sides except the bottom and top were coated
with fast-setting epoxy. The schematic diagram for water
imbibition experiments is shown in Figure 2. Prior to the
imbibition test, each coal sample was oven dried at 60°C for

at least 48 h. The mass variation of samples was automatically
over time using a computer.

Combining the L-W regime and inertial, the most widely
used analytical solution for the liquid rise in capillaries can be
described by Newton’s second law of motion as [22, 23]:

2πRσ cos θ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
surface tension

− πR2ypg|fflfflfflffl{zfflfflfflffl}
gravity

− 8πμy dy
dt|fflfflfflffl{zfflfflfflffl}

viscosity

= ρπR2y
d2y

dt2|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
inertia forces

, ð3Þ

where ρ is the density, R is the capillary radius, μ is the vis-
cosity, σ is the surface tension, θ is the wetting angle of the
liquid, t is the time, y is the height of the capillary rise, and

Analytical balance

Samples

Precision li�ing platformComputer

Fluid reservoir

Capillary tube

Liquid riseFree surface

Liquid

Experimental schematic diagram: capillary phenomenon

Figure 2: Schematic diagram for water imbibition experiments.

Figure 1: The location of coal samples.
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Figure 3: The isotherm curves of N2 ad/desorption.
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g is the acceleration of gravity. The capillary liquid will rise to
a stationary level, h, established by the balance of gravity and
capillarity,

h = 2σcosθ
ρgR

: ð4Þ

Eq. (3) can be simplified and rewritten as

h − y −
8μy
ρgR2

dy
dt

= y
g
d2y
dt2

: ð5Þ

Neglecting the gravity term, the transient linear momen-
tum in Eq. (5), Lucas–Washburn equation can be derived to
describe the flux rate momentum [31, 32].

h − y −
8μy
ρgR2

dy
dt

= 0: ð6Þ

Explicit solutions by Zhmud et al. [33] corresponding to
the short-time ðt⟶ 0Þ and long-time limit ðt⟶∞Þ are,
respectively, expressed as

y = St0:5 t⟶ 0ð Þ, ð7Þ

y = h 1 − eγt
� �

  t⟶∞ð Þ, ð8Þ

where S = ðRσ cos θ/2μÞ0:5, γ = −ρgR2/8μh. γ is the relaxa-
tion rate constant.

A detailed derivation of Eqs. (7) and (8) can be found in
Zhmud et al. [33], which will be not going to go through again.

3. Results and Discuss

3.1. Pore Structure Characteristics from N2 Adsorption Tests.
N2 adsorption isotherm curves of six samples can be found
in Figure 3. It can be seen that all N2 adsorption isotherms
exhibit the similar characteristics. The hysteresis phenome-
non between adsorption and desorption curves can be
observed for all the samples, which is probably caused by
the capillary condensation in mesoporous structures [34].
According to the International Union of Pure and Applied
Chemistry (IUPAC) [35], the shapes of hysteresis loops for

all the low permeability coals belong to type IV, indicating
the pores are mostly in wedge-like shapes.

The pore size distributions of six coal samples derived
from N2 adsorption branch via the Barrett-Joyner-Halenda
(BJH) model are presented in Figure 3. The specific surface
area is obtained using the Brunauer-Emmett-Teller (BET)
model [36, 37]. Pores can be classified into micropore
(<10 nm), mesopore (10–100 nm), and macropore
(>100nm). Table 1 shows the statistical table of pore param-
eters measured by low-temperature N2 in six coal samples. It
can be seen from Figure 4 and Table 1 that the total specific
surface area and total pore volume of the six coal samples
are significantly different. The variation range of the total
specific surface area is the range from 0.302 to 3.275m2/g,
and the variation range of the total pore volume is the range
from 1.782 to 10.94mm3/g. The pore structure of Changcun
coal is characterized by the development of micropore. The
micropore size of Changcun coal is 67.0%, and the micropore
volume is 0.40mm3/g. The pore size distribution of Yuwu
coal is mainly micropore. A diameter less than 10nm
accounts for 54.1% of the total pore volume. The pore size
distribution of Dongxia coal is mainly meso- and macro-
pores, in which their total pore volume is 4.82mm3/g, and
their pore volume accounts for 44.0% of the total pore vol-
ume, while the micropore volume only accounts for 18.5%
with the micropore volume of 2.02mm3/g. In the pore distri-
bution of Gengcun coal, the transitional pores, meso-, and
macropores are well developed, the pore volume of the tran-
sitional pores is significantly higher than that of the micro-
pore, accounting for 48.5% of the total pore volume, while
the micropore only accounts for 19.3%. The pore distribution
of Yanbei coal is uniform. The micropores, transitional
pores, and macropores are well developed. The pores of
Yangcun coal are mainly micropores, accounting for 47.3%
with a micropore volume of 3.49mm3/g. To sum up, the pore
size distribution of coal is mainly micropores in Changcun,
Yuwu, and Yangcun coals, meso- and macropores in
Dongxia coal, and transitional pores in Gengcun coal. How-
ever, three type pores of transitional pores, meso-, and macro-
pores in Yanbei coal are uniformly developed. The pore
volume size from the large to small is Dongxia>Yangcun>
Gengcun>Yuwu>Changcun>Yanbei coal, and the specific
surface area from the large to small is Yangcun>Dongxia>
Changcun>Yuwu>Gengcun>Yanbei coal.

Table 1: Pore parameters of six coal samples measured by N2 adsorption.

Types of coal
Total specific surface area

(m2/g)
Total pore volume

(mm3/g)
Average pore diameter

(nm)

Pore volume
(mm3/g)

Pore volume ratio
(%)

<10 10-100 >100 <10 10-100 >100
Changcun 1.327 3.056 7.07 1.77 0.65 0.636 57.9 21.3 20.8

Yuwu 1.266 3.441 13.92 1.86 0.89 0.691 54.1 26.1 19.8

Dongxia 2.831 10.94 17.81 2.02 4.10 4.82 18.5 37.5 44.0

Gengcun 0.464 3.671 31.63 0.71 1.78 1.181 19.3 48.5 32.2

Yanbei 0.302 1.782 23.58 0.54 0.64 0.602 30.3 35.9 33.8

Yangcun 3.275 7.386 9.02 3.49 1.17 2.726 47.3 15.8 36.9
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Figure 4: Distribution of pore volume and cumulative pore volume of coal samples at N2 adsorption.
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Figure 5: Evolution of water imbibition with time and the matching results of models.
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3.2. Capillary Imbibition of Water. By rewriting Eqs. (7) and
(8), the models of coal water imbibition mass corresponding
to the short-time ðt⟶ 0Þ and long-time limit ðt⟶∞Þ
are, respectively, expressed as

m = AρSt0:5 t⟶ 0ð Þ, ð9Þ

and

m = Aρh 1 − eγt
� �

t⟶∞ð Þ, ð10Þ

where A is the cross-sectional area of the coal sample.
Figure 5 shows the evolution of the water imbibition

mass of six coal samples with time and the matching results
using the two models of water imbibition mass. Through
the comparative analysis of Figures 5(a)–5(f), it can clearly
be found that the explicit long-time limit (t⟶∞) model
has a better matching effect than the explicit short-time
(t⟶ 0) limit model. Table 2 shows the characteristic
parameters of saturated imbibition mass, imbibition attenua-
tion rate, saturated imbibition rate, initial imbibition rate,
and equivalent capillary imbibition radius of six coal samples.
The water imbibition mass of the coal sample is related to the
water imbibition characteristics. The larger the saturated
imbibition mass of the coal sample is, the stronger the capil-
lary imbibition characteristics of the coal sample is. As shown
in Figure 5 and Table 2, the relatively saturated imbibition of
coal in Changcun colliery is the highest (587mg/g), and that
of Yuwu colliery is the smallest (76mg/g). The order of
saturated imbibition in six collieries from the big to small
is Changcun>Yanbei>Gengcun>Yangcun>Dongxia>Yuwu
colliery. Based on the pore characteristics obtained by N2
adsorption, it can be seen that the micropores of coal are all
developed from Changcun, Yuwu, and Yangcun collieries,
and their micropore ratio from the high to low is Changcun
>Yuwu>Yangcun colliery. The more the capillary microfis-
sures are developed, the stronger the water imbibition capac-
ity is. The pore size distribution of Changcun coal is similar
to that of Yuwu coal, but the water imbibition capacity is
quite different. It indicates that the pore connectivity of
Changcun coal is better. The water imbibition capacity of
Yuwu coal is weaker than that of Yangcun coal. The main
reason is that the high development of pores and cracks
and the high porosity of Yangcun coal. For example, the spe-

cific surface area and the pore volume of Yangcun coal are
2.96 and 2.15 times that of Yuwu coal. However, the water
imbibition capacity of Yangcun coal is weaker than that of
the Changcun coal, mainly because of the high ratio of the
micro- and mesopores of Changcun coal. A comprehensive
comparison can be considered that Changcun coal has the
best connection. Similarly, among the total pore volume ratio
of the micro- and mesopores of Yanbei, Gengcun, and the
Dongxia coals, Yanbei coal is the largest, and Dongxia coal
is the smallest. However, Dongxia coal has the higher devel-
opment degree of fracture, Gengcun mine follows, and
Yanbei coal is the smallest. Based on saturated water imbibi-
tion, the order of effectively connected porosity of the three
coal can be obtained as Yanbei>Gengcun>Dongxia coals.
Similarly, it can be seen from Table 2 that the size of meso-
and macropores of Changcun coal is a close match with
Yanbei coal, but the micropore distribution of Yanbei coal
is smaller. So the saturated water imbibition of Changcun
coal is higher than that of Yanbei coal. In Dongxia coal,
micro- and macropores occupy a large proportion.

Although the pores of Dongxia coal are developed, the
total pore volume and specific surface area are higher, but
the connectivity may be poor, causing the saturated water
imbibition of Dongxia coal to be between Yangcun and Chen
coals. The development degree of pores and fissures of Gen-
gcun coal is obviously lower than that of Yangcun coal, but
the saturated water imbibition of Gengcun coal is larger. It
indicates that the connected porosity of Gengcun coal is
large. To sum up, the order of the effective pore connectivity
of six coals is arranged from the high to the low is positively
correlated with the saturated water imbibition capacity.

4. Conclusions

In this work, N2 sorption isotherm and spontaneous imbibi-
tion tests were applied to study pore connectivity of coal and
to further understand the gas migration and accumulation
mechanism of these low permeability reservoirs of coal.
Applied two capillary water rise models to match the imbibi-
tion data, we found the explicit long-time limit ðt⟶∞Þ is
better than the short-time limit (t⟶ 0), because of consid-
ering the more important factors. In addition, combining N2
sorption isotherm with spontaneous imbibition test analysis,
it is found that the effective pore connectivity of coal is posi-
tively correlated with its relative saturation imbibition of

Table 2: Water imbibition characteristics of six coal samples.

Types of coal
Saturated

imbibition (mg)
Imbibition

attenuation rate (s-1)
Relative saturated
imbibition (mg/g)

Initial imbibition
rate (mg/s)

Saturation
time (s)

Equivalent imbibition
radius reff (nm)

Changcun 957 −2:64 × 10−5 587 0.0253 21774 182

Yuwu 102 −4:46 × 10−3 76 0.455 1008 771

Dongxia 284 −1:88 × 10−4 200 0.0534 10334 264

Gengcun 425 −1:40 × 10−3 255 0.595 4467 882

Yanbei 518 −9:66 × 10−5 334 0.0501 6159 258

Yangcun 365 −1:66 × 10−3 210 0.591 2095 89
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coal. Unfortunately, the parameters including the Ro, proxi-
mate analysis parameters, and macerals are not in-depth dis-
cussion and analysis in this work. In the later stage, the
influences of the above parameters on pore structure and
permeability can be further considered.
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