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Pore and fracture structures in coals and their distribution features play an important role in the enrichment and osmosis
migration of coalbed methane (CBM).+emodification and antireflection of pore and fracture in coal reservoir through ultrahigh
and ultralow temperature stress, such as liquid nitrogen frozen-induced cracking and thermal antireflection of coal reservoir, have
attracted wide research attention. +is study conducted a nuclear magnetic resonance (NMR) experiment of pore and fracture
features of coal samples under two extreme temperatures (100°C, −196°C) using the Meso MR23-060H-I low-field NMR and
imaging instrument. +e influencing law of ultrahigh and ultralow temperature stress on pore and fracture development in high-
rank coal was discussed. Results demonstrated that temperature can influence pore and fracture development of high-rank coal
samples. +e pore volume, porosity, and permeability of the coal sample increase after low-temperature (−196°C) treatment. +e
proportion of microspores decreases, the proportion of small pores increases, the proportion of mesopores remains the same, and
the proportion of macrospores increases to some extent.+e pore volume of coal sample decreases after high-temperature (100°C)
treatment. Porosity and permeability decrease. +e proportion of mesopores declines, the proportion of mesopores remains
basically same, and the proportion of macrospores decreases.

1. Introduction

Coal reservoirs are dual structural systems composed of pores
and fractures. +e pore-fracture system in a coal reservoir is
the accumulation place and migration channel, respectively,
of coalbed methane (CBM). +e distribution and structural
features of pores and fractures in coal reservoir affect the
enrichment and osmosis migration of CBM [1]. Pore and
fracture development and deformation in coal reservoirs are
highly sensitive to axial pressure, confining pressure, tem-
perature stress, and gas pressure [2, 3] because of the low
strength and significant deformation amplitude of the pore-
fracture system under effective stress. High-rank coal reser-
voir is characterized by high degree of metamorphism, strong
anisotropism, matrix density, high adsorption capacity of

coalbed, and poor permeability [4]; these characteristics result
in the low gas extraction efficiency of CBM in high-rank coal
reservoirs. +erefore, increasing the gas extraction efficiency
of CBM by changing the permeability of high-rank coal
reservoir is one of the key challenges in unconventional CBM
extraction and gas disaster control in coal mines.

Chinese and foreign scholars conducted experimental
studies on the sensitivity of pore and fracture development in
coal or rocks to temperature stress. Wu et al. [5, 6] discussed
the mechanical properties of sandstone, limestone, marble,
and granite after high-temperature treatment. Qiu et al. [7]
studied the effects of temperature on fracture density and the
release rate of damage strain energy of granite. Yang [8, 9]
analyzed the strength features of coal petrography and
sandstone under the same confining pressure but different
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temperatures and under the same temperature but dif-
ferent confining pressures. He found that the strength
growth of coal rock with reduced temperature is mainly
attributed to the increased peak strength of water-rich
frozen rocks due to mineral shrinkage, ice strength, and
frost heaving of rocks. Feng et al. [10] studied the per-
meability characteristics of coal rock during anthracite
deformation under temperature effects. Hu et al. [11]
conducted an experiment on the effect of temperature on
the permeability characteristics of lignite. Li [12] explored
the changes of permeability characteristics and micro-
structure of lignite at pyrolysis. Yang and Zhang [13]
conducted an experimental study of the influencing law of
temperature on gas permeability in coals. +ese results
comprehensively showed the variation characteristics of
pores and fractures in coal body and the adsorption-
desorption law of gas in the temperature range of −-
30°C to 80°C. +ese studies also facilitated increased
understanding of the relationship between pore and
fracture characteristics in coal body and temperature
stress.

Research on modified antireflection of pores and
fractures in coal reservoir through temperature stresses
(e.g., liquid nitrogen frozen-induced cracking technology
and thermal antireflection of coal reservoir) have attracted
wide attention. How do high temperature (>100°C) and
ultralow temperature (about −200°C) influence the pore
and fracture development of coal body under new tech-
nological conditions? +ese problems require urgent and
in-depth analysis. +us, pore and fracture characteristics
under ultrahigh and ultralow temperature stress were
studied using low-field NMR. +is approach aimed at
disclosing the influence of ultrahigh and ultralow tem-
perature stress on pore and fracture characteristics and
providing theoretical references and guidance for the
applications of coal modification, CBM extraction, and
other relevant technologies under ultrahigh and ultralow
temperature stress.

2. Principle of Low-Field NMR Experiment

NMR is a physical phenomenon that generates spectral
signals through the interaction between spinning atomic
nucleus with odd nucleus (e.g., 1H, 13C, 19F, and 31P) and
low-frequency electric wave [14]. Low-field NMR is used to
test coal by low magnetic field intensity and detect the
nuclear magnetic signal of 1H in water-saturated coal rock
pores to gain the transverse relaxation time (T2) spectrum of
1H and the T2 spectrum of water in water-saturated coal
rock. +is T2 spectrum can be used to analyze the charac-
teristics of pore diameter distribution and the connectivity
and physical characteristics of coal samples [15].

Relaxation time refers to the duration of vector mag-
netization from the excited state to equilibrium. Relaxation
can be divided into transverse (T2) and longitudinal (T2).
+e applications of NMR in coal rocks mainly focus on (T2)
tests [16]. +e relaxation mechanisms of T2 include free
relaxation, surface relaxation, and diffusion relaxation [17],
which can be expressed as

1
T2

�
1

T2F
+

1
T2S

+
1

T2D
, (1)

where T2 means the transverse relaxation time of the porous
fluid collected by Carr–Purcell–Meiboom–Gill (CPMG)
sequence, T2F is the free relaxation time, T2S is the surface
relaxation time, and T2D is the diffusion relaxation time.

T2F and T2D are determined by the physical properties
(e.g., chemical components and viscosity) of fluid. +e ex-
periments are generally performed in a uniform magnetic
field. +us, the influences of free and diffusion relaxations
can be neglected. T2S is the relaxation action of pore surface
in coal rock on the fluids and is unrelated to the specific
surface area of pores. T2S also takes the dominant role in
relaxation. Equation (1) can be simplified into

1
T2
≈

1
T2S

� ρ2 ×
S

V
  × P, (2)

where ρ2 means the surface relaxation rate of coal samples
and (S/V) × P is the specific surface area of pores. Suppose
pore is a cylinder with a radius of R. +en, (2) can be further
simplified as follows:

T2 � FS × R,

FS �
1
2ρ2

.
(3)

Equation (3) shows that T2 distribution is related to
pore size. +e larger the pore size is, the higher the T2 and
the longer the water relaxation time in pores will be. By
contrast, T2 is smaller under smaller pore diameter, which
is accompanied by stronger constraint to water in pores and
shorter relaxation time. +is finding shows that the posi-
tion of relaxation peak and peak area size are related to pore
diameter [18, 19]. According to the literature review [20],
the surface relaxation rate of high-rank coal core is
ρ2 � 5.4 μm/s. +erefore, the T2 spectrum of coal samples
can be converted into pore diameter distribution graph of
coal samples.

Low-field NMR measures porosity in the core and
extracts core sample into vacuum followed by water sat-
uration to fill the pores in the sample with water. +us, the
pore volume of samples is equal to water yield. Water yield
could be measured by NMR. High porosity contributes
high water yield and strong nuclear magnetic signals.
Samples (generally 3–6) with certain volume and known
porosity will first gain the relation curve between NMR
signal strength and porosity (spectrum sample curve).
Next, samples with unknown porosity were measured by
this spectrum sample curve to facilitate calculation of the
porosity of samples [21, 22].

NMR permeability calculation used the Coates model
[23]. Pore size parameters are used in an implicit manner
through the cutoff value of T2. +ese parameters determine
the ratio between free fluid index (FFI) and bound fluid
index (BVI).

+e expression of permeability (K) in the Coates model
is given as
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, (4)

where ϕ means porosity and C is coefficient and is an
empirical parameter that varies with the samples. FFI is the
free fluid index and BVI is the bound fluid index.

3. Experimental Contents

3.1. Coal Samples and Parameters Test. Coal samples were
collected from No. 1 coal mine in Zhaogu (ZG1), No. 2 coal
mine in Zhaogu (ZG2), JiulishanMine (JLS), in Jiaozuo Coal
Group, and Wangtaipu Mine (WTP) in Jincheng Coal
Group. According to the laboratory and field test stan-
dardization committee of International Society for Rock
Mechanics (ISRM) and to meet the condition of the nuclear
magnetic test equipment (the diameter 25mm of NMR test
coil), the specifications of coal samples were
V25mm× 50mm. +rough the parameter test instrument,
the industrial analysis results of coal samples are obtained
and shown in Table 1.

3.2. Preparation for the Experiment. +e instruments used
for this experiment included the Meso MR23-060H-I low-
field NMR made by Shanghai Niumag Company. Reso-
nance frequency was 21.67568MHz. Magnet temperature
was controlled at 31.99°C to 32.01°C. Magnetic field in-
tensity was 0.5 T, and radiofrequency pulse was
21.67568MHz. T2 spectrum of samples was tested by low-
field NMR instrument. +e test parameters of CPMG se-
quence of coal rock samples were SW � 333.333 KHz,
TE � 0.406ms, NS � 32, TW � 3000ms, NECH � 10000,
RG1 � 15 db, DRG1� 3, DR � 1, and PRG � 0, and
T2cutoff � 4ms and an empirical value [24, 25]. +e water
saturation of coal samples was accomplished by the vacuum
saturation equipment, and coal samples were dried in
a vacuum drying oven.

3.3. Experiment Steps. Coal samples were denoted as ZG1-1,
ZG2-1, JLS-1, and WTP-1 which were used for the low-
temperature experiment, and ZG1-2, ZG2-2, JLS-2, and
WTP-2 were used for high-temperature experiment.

In the high-temperature treatment, coal samples (ZG1-2,
ZG2-2, JLS-2, and WTP-2) were placed in a drying oven
(100°C) for 5 h. In the low-temperature treatment, coal
samples (ZG1-1, ZG2-1, JLS-1, and WTP-1) were placed in
a drying oven (30°C) for the first 1 h, and they were then

returned to room temperature and then immersed in liquid
nitrogen for 5 h.

Low-field NMR experiments of coal samples were per-
formed before and after the treatment.

(1) Experiment instruments: the instrument is opened
and calibrated. Porosity was indicated by a marked
line.

(2) Main steps: coal samples were dried for 12 h in an
electro thermal blowing dry box, followed by 12 h of
water saturation in a vacuum-saturated device and
24-h immersion in water until the mass of coal
samples remained constant. Coal samples reached
the state of water saturation. Finally, the coal samples
were enveloped by a preservative film and then
placed in the experiment table to test their T2 dis-
tribution, porosity, permeability, and pore diameter
distribution.

4. Results and Discussion

4.1. Effects of Temperature on T2 Distribution

4.1.1. Experimental Results. Test results of T2 spectra of all
coal samples under different temperatures are shown in
Figures 1 and 2.

4.1.2. Result Analysis. Figure 1 shows that wave peaks in the
T2 spectra of ZG1-1, ZG2-1, JLS-1, and WTP-1 expand,
especially the first one. +is finding shows that low tem-
perature significantly influences the porosity of high-rank
coals. +e area of all T2 spectra increases to some extent,
which indicates that pore and fracture volume in coal
samples increase, which are processed under low-
temperature treatment. Figure 2 shows that the peak
values of all T2 spectra of ZG1-2, ZG2-2, JLS-2, and WTP-2
decrease, which is also manifested by changes of the first
wave peak. +erefore, high temperature can significantly
affect the porosity of high-rank coals. +e narrowing T2
spectral area reflects the reduction of pore and fracture
volume in coal samples after high-temperature treatment.
+is finding is attributed to thermal expansion and cold
contraction of the coal matrix. +e cold contraction of the
coal matrix under low temperature increases pore and
fracture volume. By contrast, expansion under high tem-
perature squeezes the original pores, thereby reducing pore
and fracture volume.

Table 1: +e basic parameters and proximate analysis results of coal samples.

Sample Original
quality m1 (g)

Saturated water
quality m2 (g)

Density ρ
(g/cm3)

Volume v

(cm3)
Water content

Mad (%)
Ash content
Aad (%)

Volatiles
Vdaf (%)

Carbon content
Fcad (%)

JLS 42.53 43.57 1.48 29.439 4.69 9.91 6.38 83.615
ZG1 39.7 41.16 1.42 28.986 1.665 16.51 7.37 77.075
ZG2 37.57 38.82 1.45 26.772 2.5 7.415 7.11 85.83
WTP 43.97 45.79 1.69 27.095 1.805 15.5 6.095 79.085
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4.2. E�ects of Temperature on the Porosity and Permeability of
Coal Samples

4.2.1. Experimental Results. �e test results of T2 spectra of
all coal samples under di�erent temperatures are shown in
Tables 2 and 3.

4.2.2. Result Analysis. Table 2 shows that the porosity and
permeability of JLS-1, ZG1-1, ZG2-1, and WTP-1 all in-
crease to some extent.�e growth amplitudes of porosity are
3.8%, 6.8%, 5.1%, and 5%, whereas the growth amplitudes of
permeability are 32.7%, 29.5%, 34%, and 35.6%. Table 3
shows that the porosity and permeability of JLS-2, ZG1-2,
ZG2-2, andWTP-2 decline. �e former decreases by −10.5%,
−13.6%, −7.9%, and −11.2%, whereas the latter one decreases
by −42.2%, −28.1%, −30.3%, and −31.9%, respectively. �e
growth/reduction amplitudes of permeability are always
higher than those of porosity. �e analysis shows that high
temperature can decrease the porosity and permeability
of coal samples, whereas low temperature can increase
these two parameters. Porosity is less sensitive to tem-
perature compared with permeability because tempera-
ture in�uences pores, and fractures of coal samples can be

easily closed or expanded but they cannot be easily re-
covered. Permeability di�ers from porosity. �e throat
structure is located opposite to the pore structure and
shows a buttress.

4.3. E�ects of Temperature on Pore Diameter Distribution in
Coal Samples

4.3.1. Experimental Results. �e test results of T2 spectra of
all coal samples under di�erent temperatures are shown in
Figures 3 and 4.

4.3.2. Results Analysis. Figures 3 and 4 show that the dis-
tribution of pore diameter changes after low-temperature
and high-temperature treatments.

From Figure 3, it can be seen that after low-temperature
treatments, the proportion of microspores (0–10 nm) de-
creases, the proportion of small pores (10–100 nm) in-
creases, the proportion of mesopores remains the same,
and the proportion of macrospores increases to some
extent. �e reason to this phenomenon is when the liquid
nitrogen contacts with the coal and cools it with temper-
ature of −196°C, it can produce a shrinkage stress about
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Figure 1: T2 spectra of coal samples under low-temperature conditions.
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27MPa, which is more than the compressive strength of
coal. �e stress damages the coal’s inner structure and
increases the total porosity of coal. Also, due to the
shrinkage stress impacts, it increases the radius of the pores
and the width of macrospores. All these caused some
micropores into small pores and increased the proportion
of macrospores.

From Figure 4, it can be seen that after high-temperature
treatments, the proportion of microspores increases, the

proportion of small pores decreases, and the proportion of
macrospores decreases to some extent. As the anthracite coal
undergoes high temperature or magmatic erosion during the
coali�cation process, it can resist high temperature and has
a higher tensile strength. With the treatments of high
temperature on coal, the coal rock matrix is expanded, the
space of the original fracture is squeezed, and the porosity is
reduced. All these e�ects make the porosity decrease, the
ratio of pore to total porosity increases, the proportion of
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Figure 2: T2 spectra of coal samples under high-temperature conditions.

Table 2: Porosity and permeability of coal samples under low temperature.

Number
Project

Temperature (°C) Porosity Increase rate (%) Permeability (10−4·mD) Increase rate (%)
JLS-1 30 2.959 5 0.087 35.6JLS-1 −196 3.107 0.118
ZG1-1 30 6.457 3.8 2.688 32.7ZG1-1 −196 6.7 3.568
ZG2-1 30 7.228 6.8 40.078 29.5ZG2-1 −196 7.721 51.916
WTP-1 30 8.976 5.1 623.459 34WTP-1 −196 9.438 835.536
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small pore decreases, and the proportion of large pores has
been reduced. Similarly, the reduction of porosity and
permeability of JLS-2, ZG1-2, ZG2-2, and WTP-2 is the
consequence of proportion reduction of small pores and
macrospores under high temperature.

5. Conclusions

(1) Peak value, spectral area, pore volume, porosity, and
permeability increase in theT2 spectra of coal samples
after low-temperature treatment. �e proportion of

Table 3: Porosity and permeability of coal samples under high temperature.

Number
Project

Temperature (°C) Porosity Increase rate (%) Permeability (10−4·mD) Increase rate (%)
JLS-2 30 3.178 −11.2 0.072 −31.9JLS-2 100 2.821 0.049
ZG1-2 30 6.679 −10.5 2.824 −42.2ZG1-2 100 5.981 1.632
ZG2-2 30 7.387 −13.6 41.71 −28.1ZG2-2 100 6.382 29.991
WTP-2 30 10.743 −7.9 743.256 −30.3WTP-2 100 9.89 518.364
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Figure 3: Histogram of pore size distribution of coal samples under low temperature.
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microspores decreases, the proportion of small pores
increases, and the proportion of mesopores remains
the same, and the proportion of macrospores in-
creases to some extent. �e peak value, spectral area,
pore volume, porosity, and permeability decrease in
the T2 spectra of coal samples after high-temperature
treatment. �e proportion of microspores increases,
the proportion of small pores decreases, the pro-
portion of mesopores remains the same, and the
proportion of macrospores decreases to some extent.
Permeability is signi�cantly more sensitive to tem-
perature stress than porosity.

(2) Based on the experiment of coal samples after ul-
trahigh and ultralow temperature treatment, the
peak values on the T2 spectra of all coal samples
increase gradually with the reduction of temperature.
�is result is accompanied with growths of spectra
area, pore and fracture volume, porosity, and

permeability. Accordingly, the proportion of mi-
crospores decreases, the proportion of small pores
increases, the proportion of mesopores remains the
same, and the proportion of macrospores increases
to some extent.
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