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Abstract

During the underground coal gasification (UCG) process, fracturing and cracks occur
inside the gasification zone and surrounding rocks as the underground coal cavity evolves.
Although fracturing activity and crack extension directly affect gasification efficiency and
have environmental impacts, little research to date has focused on their effects. This study
discusses the application of acoustic emission (AE) analysis for the evaluation of distinctly
designed UCG models and operational parameters and describes the gasification process
based on its results. We studied the cavity growth, fracturing mechanism, and the effects of
various design and operational variables, such as linking-hole type, gas feed rate, and
gasification agent. We found that the AE activity was closely related to the temperature
change occurring inside the coal, with AE generation apparently resulting from crack
initiation and extension around the coal gasification area, which occurs as a result of
thermal stress. UCG modeling showed that the location of AE sources reflects the size of
the gasification area and the cavity growth. In addition, the quantitative information on the
located AE sources can be obtained. The introduction of a process control system into
UCG modeling along with AE monitoring allowed for the real-time monitoring of the
fracturing and cavity evolution inside a combustion reactor. Together, these processes have
the potential to significantly reduce field risk in UCG by enabling the timely adjustment of
operational parameters. Thus, AE monitoring is useful for maintaining a safe and efficient
UCG process.

Keywords: Acoustic emission (AE); Underground coal gasification (UCG); UCG model;
Cavity growth; Crack distribution
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1. Introduction

Fossil fuels remain the primary energy source worldwide, and coal, the most abundant fossil fuel
source, is responsible for providing a high percentage of electricity generation. Most power plants still
use combustion processes [1, 2] and are responsible for the emission of stationary-source carbon into
the air. As the largest developing countries with maximal coal yield and consumption, China and India
use coal as their primary energy source. In particular, considering the amount of coal in India and its
high ash content (13.5%-50%), low calorific value, and seam depth, there is a distinct need to make
better use of these resources [3, 4]. Increasingly serious climate and environmental problems have also
spurred interest in research on the development of clean and efficient coal technologies. Underground
coal gasification (UCG) is a promising environmentally acceptable technique for the utilizing coal
reserves, particularly those at great depths or under complicated geological conditions that are
unmineable or uneconomic with conventional production methods [5-12]. UCG involves the
gasification of coal within the seam via a process of injecting oxidants through an injection well and
extracting the resulting syngas through a production well. This process has only a modest
environmental impact and produces an easily transportable product that can serve as fuel gas or
chemical feedstock or be used for liquid fuel production [13, 14]. In some cases of deep coal seam,
many UCG operations also create by-product of CO> suitable for developing an UCG-CCS (carbon
capture and sequestration) system with the technological development of CO, capture and storage [5,
10, 15-18]. Hydrogen production from underground coal gasification has also been pursued in recent
years [19-22]. UCG has several advantages over surface coal gasification, including cost efficiency,
elimination of ash waste, and provides the potential site (cavity formed in underground) for carbon
sequestration [8, 23].

The idea of UCG was first proposed by Sir William Siemens in 1868 [24] as a means of solving the
problems of smoke pollution in industrial cities. Instead of burning coal at the surface, he suggested
placing a conventional surface coal gasifer into a mine and gasifying waste and slack coal
underground. Two decades later, Dimitri 1. Mendeleev noted that gasifying coal in situ could
potentially lower cost inputs (less equipment for excavation), improve labor safety (with no
underground labor required), and allow for more convenient transportation (gas pipeline transport)
than traditional mining [25, 26]. In 1910, an American engineer Anson G. Betts who were granted
three patents for inventing a method of gasifying the unmined coal and considered effect of various
important factors on coal gasification in situ [27-29]. Jolley et al. reported early experimental attempts
to the underground coal gasification [30-32].

Owing to these significant advantages, UCG has been attempted in many countries through
laboratory-scale experiments and field tests [33-43], and was even applied in the USSR for industrial
scale power production [5]. Recently, there has been an increased interest in UCG study [44-48] and
many noteworthy modeling investigations were developed for investigating the various effects on
gasification efficiency, flame propagation, coal consumption, etc. However, the process incurs
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potential risks in the form of surface gas leakage, groundwater contamination, and surface depression
as a result of improper UCG operation or other unpredictable factors, as coal spalling and the evolution
of the underground cavity causes changes to the target coal seam and surrounding rock layers. In the
1970s and 1980s, dozens of UCG trials were performed in the U.S.; three of these tests (Hoe Creek I,
I1, and I11) at Hoe Creek, Wyoming [49-52] produced water contamination and subsidence that were
possibly caused by over-pressurization and excess fracturing in the gasification area. Environmental
risk assessments require the consideration of cracking under high cavity temperatures, cavity growth,
and the fracture mechanism during and after the UCG process. There is little information available in
literature about the fracturing activities with the crack initiation and extension around underground
gasifier during UCG process. Therefore, a precise evaluation of the combustion area of the
underground coal seam is necessary. In particular, monitoring of fracture activity in the coal seam and
surrounding rock is important not only for efficient gas production but also for the estimation of
subsidence, pollution of underground aquifers, and gas leakage to the surface. The creation of a
combustion reactor in an underground coal seam during the UCG process involves the flow of oxygen
and other gases through an injection well and the collection of heat energy and gases from a production
well. As gasification progresses, the combustion reactor is moved along the linking hole. In this
process, the fracturing activity inside the coal seam serves an important role in enlarging the
gasification zone through a process of continuous surface area oxidization caused by coal cracking. For
effective coal gasification, this fracturing activity must be controlled. Moreover, excess fractures inside
the coal seam and surrounding rock can induce cavity collapse, subsidence, contamination of local
freshwater aquifers, etc. Therefore, monitoring and controlling of fracturing activity in underground
areas are key technological requirements for efficient and safe UCG. The main objective of this study
was the assessment of the feasibility of applying a new approach i.e., acoustic emission (AE)
technologies for monitoring cavity growth during the UCG process in order to determine the
mechanism of AE generation and then visualize fracturing activities in the gasification zone. To this
end, a series of ex-situ UCG models were constructed. During coal combustion, temperatures inside
the coal, contents of the product gases (reported in literature [53]), and AE activity were successively
monitored at controlled feed gas (air/oxygen and steam) flow rates. Based on this, crack distribution
models were developed using AE moment tensor analysis. The obtained results can be used for the
observation of fracture configuration and cracks in order to develop fundamental data to be used in
technology and simulation methods for evaluating the combustion zone during UCG.

2. Material and methods
2.1. Description of the experimental setup

In this study, experimental simulation of UCG in coal block samples was conducted using ex-situ
laboratory UCG models, which were used to analyze fractures occurring in the gasification zone by
varying several operational parameters (linking-hole type, feed gas, operational time, etc.).

The coal samples for the UCG trials were obtained from the Kushiro and Bibai Coal Mine located
in Hokkaido, Japan. This coal is bituminous and characterized by a high sulfur and relatively low
moisture content [53]. The raw coal blocks were shaped into rectangular cross sections and cast in a
drum can with concrete in order to simulate both the coal seam and the surrounding rock layers. The
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reactor walls were made of heat-resistant concrete of a specific thickness, thus providing an internal
active space.

A schematic of the gasifier structure is shown in Fig. 1. This setup consists of the simulated gasifier,
a gas agent supply system, a syngas cooling plant, and a gas chromatograph for analyzing the product
gas compositions at specific sampling times. The location and propagation of the gasification zone
were monitored by measuring the temperature using thermocouples and by monitoring fracture using
AE sensors equipped within the models.
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Fig. 1. Schematic of ex-situ experimental setup.

In a typical UCG process, two vertical wells are drilled into the coal seam and designed for the
injection and production, connected by an underground gasification gallery created using various
linking techniques at some distance apart. However, it is difficult to employ a universal design of UCG
system directly to a target underground coal seam which is buried in a complex geological structure or
need to consider the ground conditions. An underground reactor is created in an UCG system, which
expands around the gasification channel. The underground-link, i.e., gasification channel between two
wells needs to be established in the target coal seam as the underground primitive conditions,
surrounding rock characteristics, and coal properties cannot readily provide a porous gasification
channel for the gas flow and continuation of gasification process. Moreover, the geometry and
dimensions of the experimental model seem to affect the product gas parameters and gasification
efficiency. In this study, three link methods, namely, V-shaped and L-shaped linking-holes and
Coaxial-hole UCG models were designed and conducted.

The sections and dimensions of the typical simulated L-shaped (L), V-shaped (V) linking-hole
models, and Coaxial-hole models (C1 and C2) used in this study are shown in Fig. 2. In each model, an
irregular rectangular coal block was cast in the drum can (¢ 27.5 x 36 cm) with heat-resistant concrete.
As shown in the figure, the linking holes set in the models for supplying the reactant gas, extracting
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production gases, and also worked as the gasification channel. Wherein, the 22-mm-diameter injection
hole of the L-shaped model was drilled for convenient ignition and injecting the reactant gas. As
shown in Fig. 2 (b), the V-shaped 13 x 13 mm linking-hole was prepared for injection and production.
In the coaxial-hole UCG model (C1 and C2), a thin inner pipe used for the injection of oxidant is
located within an outer pipe that serves as a gas production outlet. To adjust the outlet position, the
inner pipe is slid up and down. And the distinct type of reactant gas (pure oxygen/C1, and gas mixture
of air and oxygen/C2) is employed in these two experiments. The figure also shows the locations of the
thermocouples and the AE sensor arrangement. The positions of the thermocouples mounted inside the
models are denoted as “channel (CH)” as shown in the figure.
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Fig. 2. Mertical-Cross-sections and deployment of acoustic emission (AE) sensors/thermocouples in
ex-situ reactors. ((a): Horizontal cross-section of L-shaped linking-hole model, (b): Horizontal cross-
section of V-shaped linking-hole model, (c/d): Vertical cross-sections of Coaxial-hole models C1/C2;
“CH” denotes channel of thermocouple.)
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2.2. Process control and AE monitoring

In this study, pure oxygen derived from a feeding gas system consisting of a high-pressure oxygen
cylinder, a steam-generating plant, and a flow rate controller was used as the gasification agent. To
initiate combustion, a gas burner was passed through the injection hole. The ignition process lasted a
short period of time (5-10 min). After confirmation that the coal block had ignited in the designed
position, pure oxygen was continuously supplied to the gasifier for the remaining time of the
experiment, which was terminated when the fire front reached the coal block border by stopping the
oxygen supply, leading to a quick combustion halt and a suppression of gasification.

To measure the gasification cavity evolution and the temperature changes inside the reactor, the
thermocouples were placed at depths just touching the coal block surface, i.e., at the border between
the coal block and the heat-resistant concrete, or directly next to the gasification channel. The AE
events and count rate from sensors mounted inside a coal block or pasted on the model surface were
recorded using a data logger (GL900; Graphtec Corp., Yokohama, Japan), which respectively depict
the frequency of AE occurrence, i.e., the amount of cracks initiated inside coal and the magnitude of an
AE event. For each model, AE waveforms from sensors were recorded using a multi-recorder (GR-
7000; Keyence Co., Osaka, Japan) with a sampling time of 5-10 us. Changes in the gas composition,
AE count rate and events, and the distribution of temperatures in a UCG model were measured over
the course of each experiment.

3. Results and Discussion

Principal results in terms of product gas concentrations, gasification rates, etc. from the V, L, and
C1 model experiments were discussed in our earlier work [53]. Energy recovery was also evaluated by
using the proposed stoichiometric method. To optimize the UCG process and avoid potential risks, it is
important to monitor the gasification process and understand the fracturing activities occurring in the
coal seam, especially in the zone around the gasification cavity that is exposed by the propagation of
combustion fracturing. In this study, we investigated the fracturing behavior, the cavity growth with
crack extension, and the crack distribution using measured AE data obtained from the previous V, L,
and C1 studies as well as a new C2 UCG model study. Calorific values obtained by the respective
models are shown in Fig. 3, from which it is seen that significantly higher calorific values were
obtained using linking-hole UCG systems under the given experimental conditions. Further coaxial
model experiments were performed under similar conditions for different operational times (14 h for
Cl1 and 19 h for C2) and hole diameters (13 mm for C1 and 30 mm for C2). Data on product gas
concentration in the C1 model are not accessible for the period between 5.7 and 7.3 h. For the C2
model experiment, we successfully collected only gas components during the 6.5 h gasification
process. As expected, the calorific value of the product gas was higher, and effective combustion
lasted longer when a bigger coaxial hole was used.
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Fig. 3. Calorific values of product gas in L- and V-shaped linking-hole models and C1 and C2
coaxial-hole models.

3.1. Effect of the local temperature on AE count rate and event

Following ignition of the coal, pure oxygen was supplied to enable gasification over the duration of
the experiment. In the L-shaped UCG model, two linking holes were formed for gas production: one
for injecting gasification agents from the upward side, and the other for exhausting gas production, as
shown in Fig. 2. Temperature variation and AE activities that occurred inside the coal block during the
experiment are shown in Fig. 4 for the case of the L-shaped UCG model wherein the gasification
process was sustained at an oxygen supply rate of 3.8-5 L/min.
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Fig. 4. Variation of AE activities (count rate/event) with temperature change vs. time in L model
experiment.
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During the experiment, fracturing occurred inside the gasification area under the coal burning. The
AE count rate reflects the magnitude of the resulting AE activity, with the number of AE events
corresponding to the number of cracks initiated inside the coal samples. During the initial period, the
temperature at position CH2 grew rapidly to a high level, which demonstrates that the combustion area
was formed near the ignition position. The results demonstrate that the number of AE events and the
AE count rate increased rapidly with changing CH2 temperature at the beginning of the experiment.
Comparison of several peak values at CH2 with AE events/count rate reveals a mutual correlation, i.e.,
at the time of local peak temperatures, AE activity was high. During the same time period (0-2 h, Fig.
3), the calorific value of the combustible gas also rose in the L model. Subsequent temperature
readings from thermocouples CH1 and CH3 reveal a relatively high growth rate after approximately
2.2 h at each side of the gas inlet. At approximately 3.5 h, the high temperature zone started to move
toward the outlet side, as reflected by the rapid increase of the temperature at CH5 and CH8 (Fig. 2). It
is also seen that AE activity also occurred and the count rate hit several peaks during these time
periods. We stopped the oxygen flow after 7.2 h of operation, resulting in a sudden drop in the
temperature of the combustion area with the increment of AE events.

In the V-shaped model experiment, oxygen feed gas was blown into the reactor at a flow rate of
approximately 5 L/min in order to heat the coal block and accumulate a sufficient amount of thermal
energy for gasification process development. Fig. 5 shows the temperature changes and AE activity
occurring within the V model during this test. The results show a cumulative rise in AE events with
increasing temperature. The temperature recorded at CH1 maintained relatively higher growth before 3
h of operation, which demonstrated that the combustion area was formed early in the experiment near
the ignition area (near CH1) in the early stage. But it can be seen that, after about 2.5 h, the
temperature recorded at each thermocouple rose slowly except of the CH1, CH2 and CH7. The higher
zone moved along the upper linking-hole (CH2, CH7) in the middle period. This is because an inherent
large crack exists in the coal block sample applied in this experiment, which locates in the area
between CH2 and CH7 and roughly along the upper linking-hole. Saulov D.N. et al [44] reported the
valuable work for investigating the influencing factors of flame behavior (position and propagation) in
gasifier, such as primary physical parameters, injection rate, mass balance, etc. by establishing a
theoretical model. At about 3.9 h, the flow rate of feeding gas was changed temporarily from 4.5 to 7
L/min. But the gasification zone propagated along the upper linking-hole as before and high
temperature zone located around the CH2 and CH7, because the inherent large crack is still the
dominant factor at this period. The thermocouple at CH8 was used to measure the temperature of the
product gas at the outlet. The CH8 measurements indicate that local temperatures rose gradually,
reaching as high as approximately 900 °C; it can be inferred that this highest temperature value is the
temperature of the cavity roof, where combustion occurs. The feeding gas flow rate was continuously
increased to 8 L/min at about 5h. The temperature around the location of CH3 and CH6 increased
abruptly and the gasification zone gradually propagated along the lower liking-hole can be inferred.
The AE count rate and number of cracking events increased markedly during the periods of rapid
temperature growth between 3.5-4.5 h and 6-7 h; in particular, both measures attained high values at
around 4.1, 4.8, and 6.2 h. The recorded temperature of the product gas also changed considerably and
peaked around these times. These observations demonstrate that AEs are more significant when the
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temperature fluctuates significantly inside the reactor. After rising the flow rate of feeding gas at 4 h;
from Fig. 5, it is seen that the temperature increased sharply near this point. Both AE activity and the
calorific value of the synthesis gas rose after the oxygen supply rate increase at 4 h (Fig. 3); the results
also indicate expansion of the gasification process and combustion area. After more than 8 h of
operation, the global temperatures inside the reactor appeared to continuously decline, indicating that
the gasification zone arrived at the outlet of the model, likely initiating the termination of the
gasification process.
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Fig. 5. Variation of AE activities (count rate/event) with temperature change vs. time in V model
experiment.

For comparison, coaxial-hole model experiments were conducted in the laboratory using similar
operating parameters to those used in the oxygen-fired V- and L-shaped model experiments just
described. In a general UCG system, two boreholes, for air/oxygen injection and gas production, are
drilled from the surface to the target coal seam using a linking hole as gasification channel. However,
under complex coal seam conditions, traditional linking methods may be unusable or uneconomic. The
coaxial-hole UCG method is expected to be useful for producing local energy in small communities
because of its wide tolerance to environmental geological conditions and because the costs of
constructing a single coaxial drill hole and ground plant facility are lower than those of conventional
UCG using a linking hole.

Fig. 6(a) shows the temperature increase at CH2—CH8 measured throughout the combustion process
and the AE activity as a function of operation time for a C1 coaxial-hole model experiment. The
temperature profiles of CH1 and CH9, which detected the temperatures of the gasification channel and
the gas stream, are shown in Fig. 6(b).
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Fig. 6. Variation of AE activities (count rate/event) with (a) temperature change vs. time and (b)
temperature profiles in gasification channel/product gas outlet vs. time in C1 model experiment.

Gasification carried on for approximately 14 h at the operating parameters used in the experiments
described above, with a changing flow rate averaging 4.0 L/min. The results show that the number of
AE events and the AE count rate increased rapidly in the early stage of the experiment as the
temperature rose inside the model. It is apparent that the AE events and AE count rate were active
during the initial part of the experiment. The temperature at CH3 steadily increased to approximately
100 °C, indicating the temperature of the corresponding coal block surface; from this, the formation of
a combustion area near the ignition area (i.e., near CH3) can be inferred. After approximately 3.25 h,
the experiment was stopped for approximately 30 min, which caused the temperature of the reactor to
drop and resulted in a considerable increase in AE events. After about 5 h and 7 h, the temperatures
recorded by thermocouples CH2 and CH3 and by thermocouples CH5 and CH6 gradually increased
and reached respectively high levels. It can be seen that the gasification zone gradually propagated
from bottom to the upper part. Two peak calorific value values (Fig. 3) were obtained during these two
time periods. After this, the temperature at CH8 continued to rapidly grow to its highest value,
corresponding to a relatively high AE count rate, which depicts the reaction zone has arrived at the top
of the model. During the course of this later period, a gradual drop in temperatures in the gasification
zone was observed, indicating that the reaction area had moved to the coal block border.
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The C2 model experiment was conducted using a mixture of air and oxygen (with an oxygen
concentration of approximately 35%) as a gasification agent. At 0-6 h, the air/oxygen was injected into
the gasifier at an average flow rate of approximately 10.0 L/min. During the remainder of the process,
only air was provided for gasification. Variations of temperature and AE occurring in the C2 model are
shown in Fig. 7(a). The temperature profiles of CH1, CH2, and CH3 (Fig. 7(b)) show the growth of the
gasification channel (as shown in Fig. 2) from the bottom to the top part of the coaxial hole. After
beginning, thermocouples of CH5 recorded a relatively high temperature, it can be inferred that the
combustion area was formed around the bottom of model (ignition position). Three hours after the start
of high AE activity in the initial phase, the temperatures of the thermocouples rose considerably. After
about 4 h, and again after 6 h, the temperatures of CH 4-6 and CH 7-8 respectively increased rapidly
and reached the highest value. It shows that the combustion zone moved from the lower part to the top
part of the coal block. This result also can be clearly seen in Fig. 7(b), the temperature recorded by
CH1, CH2 and CH3, had a significantly increase respectively at about 1.6 h, 4 h and 6 h. The oxygen
supply was terminated at approximately 6.5 h, causing a large drop in local temperatures inside the
reactor and a high amount of AE. After 10 h, the temperature of the gasification area stabilized at a
lower level, which was only possible because the reaction gas had been switched from air/oxygen to
air. By this point, the AE count rates had also diminished significantly. Nevertheless, effective coal
combustion and stable gasification were attained during the process.
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Fig. 7. Variation of AE activities (count rate/event) with (a) temperature change vs. time and and
(b) temperature profiles in gasification channel vs. time in C2 model experiment.
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The experimentally obtained results demonstrate that many AE events were generated during coal
combustion and that the AE activity was closely related to changes in local temperature inside the coal.
The AE events seem to have resulted from crack initiation and extension around the coal combustion
area under the influence of thermal stress. The number of AE events generated with increasing
temperature within the laboratory UCG models was analyzed using statistical methods, as shown in
Fig. 8. To determine the relation between AE activity and local temperature change, the countable
number of AE events occurring within temperature intervals incremented by 50 or 100 °C were
investigated using the AE results obtained from the UCG experiments conducted in this and in our
previous study. Variation of AE events during the successive temperature phases was recorded, with
data collected during the coal ignition process excluded because the crack numbers during this phase
could have been affected by the ignition method and intensity. In Fig. 8, the dots show averages of AE
events, and the vertical bars show standard deviations. An examination of the figure reveals that the
relation between AE events and temperature under the experimental operating conditions can be
roughly described as a polynomial approximation curve. This result indicates that the fracturing
activity is proportional to the temperature increment, a relation that can be regarded as resulting from
the coal-fracturing mechanism occurring during combustion. Although the time dependence is not
described in this figure, the increase in amount of the microcracks will progressively slower and
eventually trend to be stable after a long time of operation and without a fast movement of combustion
zone. This is also investigated adequately in our past works [54] by evaluating the AE occurring of
coal samples under various heating process. The occurred crack volume and density also affect the
further development of microcracks with AE. It was found that the cumulative events show a cavity
growth deceleration when a certain amount of cracks are generated inside the coal; this is also the
reason why high AE count rates were observed in the initial period, while fewer and relatively weak
cracks were detected during the burning stabilization stage.
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Fig. 8. Variation of AE event generation at different temperature intervals under experimental
conditions.
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3.2. AE source location and crack distribution model

As described above, real-time monitoring of AE events and the variation of the AE count rate
during the gasification process can identify the extent of fracturing inside the reactor and can even
provide an early warning for excessive fracturing in the coal. It was established that the local
temperature change strongly affects AE activities caused by fracturing. The cumulative number of AE
events changes linearly as the AE count rate increases, and fractures apparently correspond to the
number of events that are generated inside the reactor. Furthermore, the cumulative events curve
shows a similar form to the coal-temperature curve. To better correlate this AE data with individual
cracks within the coal, we further analyzed the results in terms of AE source location and moment
tensors.

3.2.1 AE source location

The AE source location can be determined from the differences between the arrival times of waves
measured at each AE sensor. Fig. 9 shows a flow chart of the localization algorithm. The program is
fed the relative coordinates of sensors in each UCG model. For the initial configuration, it is necessary
to calculate the primary wave velocity using a striking test (artificial seismic source) prior to the
experiments because the density of the simulated coal seam inside the UCG model is inhomogeneous.
As the ray path can be assumed to be linear, a constant primary wave velocity was employed within
the localization algorithm.

AE Signal » De-noise Striking test
Effective AE signal Primary wave velocity
Calculation of Calculation of
arrival time sensor positions
A 4 A 4 A 4

Modify of time arrived and
velocity

Region partitioning method
Least squares method Position of

— Calculation of accuracy error and source

relative energy

h 4

Fig. 9. Flow chart for AE source location algorithm.
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We can determinate the P-wave arrival time at each sensor from the recorded AE waveforms, as
shown in Fig. 10. The arrows on each sensor’s waveform indicate the onset time of the P-wave, i.e.,
the crack initial motion. The relative energy emitted from each crack can be estimated from the square
of the maximum amplitude of the waves. Prior to AE source location, AE signals are filtered in order
to remove noise signals generated by adjustment operations during the experiment. The least-squares
iteration algorithm [55-57] is then used to calculate the position of the AE source according to the
respective sensor coordinates and the primary wave arrival times.

200 2s/Div (0)GR-CH3: = C

2012/09/07 16: 00 20 8.211400.000

AE Sensor 5

AE Sensor 6

48.209400 48 10 48.210200 48.210600 48.211000 48.211400

Fig. 10. Determination of P-wave arrival time (typical signals for an AE source).

AE sources located in the above-described UCG model experiments are shown in Fig. 11. The red,
green, and blue spheres in the figure depict the AE sources in the early, middle, and later periods,
respectively. The extent of damage, i.e.,., the relative energy emitted from cracking, can be
differentiated based on sphere sizes, and the extent and movement of combustion and the gasification
scope inside he coal blocks can be deduced from the AE source locations. In the early stages of the
experiments, the AE sources are mainly concentrated around the ignition points. Subsequently, the AE
source clouds spread and move along the linking holes during the middle periods. Intense AE clouds
are observed in later stages, with fractures spreading and diffusing perpendicular to the direction of the
gasification channel. It is apparent that the gasification zone in the L model test expanded from the gas
inlet to the central region and became enlarged around the gasification channel. At the early stage of
the V model experiment, the AE sources clustered around the left linking hole, suggesting that the
fracturing process inside the gasification area and the AE clustering region was strongly governed by
the inherent inhomogeneity of the coal block. The AE source results from the coaxial models indicate
that the gasification areas evolved from the bottom to the top part along the coaxial hole. In particular,
the C2 model experiment achieved more efficient combustion, with a larger gasification channel and a
longer operational time, than did the C1 model.
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Fig. 11. Results of AE source location in ex-situ reactors for (a) L model, (b) V model, (c) C1
model, and (d) C2 model.

The movements of the centers of gravity within the AE cloud were then investigated (Fig. 12) based
on the results of AE source Iocatlons Ihe—veleeMes—ef—eaw%y—grth—a@%gMnkmg—heleesﬂmated
- The colored circular
rings in the figures represent the centers of graV|ty of the AE cloud calculated using the statistical
approach based on the product of the relative AE source energy and the event count. The lengths of the
arrows in the horizontal and vertical directions represent the breadth of the AE cloud region.

The AE cloud movement was reconfirmed by the center of gravity coordinates of the AE sources; in
each time period, the AE cloud movement seems to reflect that of the combustion and gasification
region and the cavity growth within the coal. We investigated the distribution of AE sources within
three different regions (0-40 mm, 40-80 mm, and 80 mm from the reactor boundary). The flame
propagations in these models are also described with the mobility centers of the high temperature zone,
as show in this figure. This was roughly estimated using the peak values and combined with the high
temperature distribution of local thermocouples at the specific time points. It can be seen that although
some level of positions difference exists, the high temperature zone moved broadly consistent with the
center of gravity of AE cloud. For a more precise estimation of central position of high temperature
zone with temperature data, the higher density arrangement of thermocouples in the model is required.
Even so, the movement of AE cloud centers is also proved supporting the observation results

The velocities of cavity growth along the linking hole estimated by the AE cloud movement and
local temperatures in the respective models are provided in Table 1. The comparison results show that
the similar propagation speeds were obtained in these models except the L model. In the L model, the
moving range of the AE cloud in horizontal direction (perpendicular to the linking-hole) has no
obvious change compared to the propagation along the linking-hole, which caused a relatively lower
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1  value of velocity calculation. Despite this, the AE cloud in this model can reflect the region and
2 movement of the gasification zone accurately yet.

3
170 @ Early stage 170
® Mid stage | |
120 ||® Last stage 120 A
70 70
A »
20 20 :
o]
230 -30
_80 -80
D 130 |A 25|
45h 7.0h
A 62h & (a) ~|A 90n
-180 -180
-137.5 -77.5 -17.5 425 1025 -137.5 -77.5 -17.5 425 1025
170 [n] 170 (} Early stage B
Middle stage
120 120 | -,
\_.+ Last stage
70 70 A
< ] 3]
20 A 20
30 S 30
-80 -80 A
—®A—a —@—=a
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4.2h 6.0h
ul
5o A 620 (b) 150 bolA 120n (d)
4 -137.5 -77.5 -17.5 425 1025 -137.5 -77.5 -17.5 425 1025
5 Fig. 12. Results of AE cloud center evolution in ex-situ reactors for (a) L model, (b) V model, (c)
6 C1 model, and (d) C2 model. (Colored circular rings denote the centers of gravity of AE cloud,;
7  Colored triangles denote the estimated high temperature zone centers.)
8
9 Table. 1. Estimation of cavity growth velocities in the ex-situ reactors for (a) L model, (b) V model,
10  (c) C1 model, and (d) C2 model.
L-shaped V-shaped Coaxial Coaxial
Model No.
L) () (%29) (C2)
Velocity of Cavit
ty- Y 0.8 2.1 19 3.9
Growth (cm/h) with AE cloud center
Velocity of Cavit
v Y 2.0 2.5 1.8 3.1

Growth (cm/h) with local temperature
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The relative energy of sources obtained from the AE parameters was regarded as a damage index,
as shown in Fig. 13. It is seen that AE sources with high energy clustered around the linking hole (0—
40 mm) in the L and V models. The maximum clustering of relatively intensive AE was concentrated
in the region between 40-80 mm, except for the C1 model (Fig. 13(c)). This was because fracturing
and coal spalling were generated in the vicinity of the cavity roof and developed along with the
damage progress. In the C1 model, a significant number of sources with lower relative energy (<0.001)
clustered in regions close to the coaxial hole. AE activity in terms of energy and quantities was higher
in the C2 model than in the C1 model under the same experimental conditions.

250 250
H Energy>=0.09 = Energy>0.09
200 ®Energy>0.001 200 mEnergy>0.001 ||
2} z
i Energy<0.001 5 Energy<0.001
m> 150 é 150
ko g
§ 100 ] g 100
S S
50 50
0 : : 0
0~40 40~ 80 80~ (a) 0~40 40~80 80~ (C)
Radii / mm Radii / mm
120 300
EEnergy=0.09 mEnergy=0.09
= Energy=0.001 250 = Enerey=0.001 ||
| mEnergy<0.001 200 Energy<0.001 |

Count of Events
Count of Events
I
(=]

N "1 B
; : 0 : :
0~40 40~80 80~ (b) 0~40 40~380 80~ (d)

Radii / mm Radii / mm

Fig. 13. Estimation of AE source (relative energy) distributions at different regions around
gasification channel in ex-situ reactors for (a) L model, (b) VV model, (c) C1 model, and (d) C2 model.

As discussed above, the locations of the AE sources visually correlated with crack initiation and
extension inside the coal. The AE cloud center movement also reflected the combustion area size and
the cavity growth in the gasifier. The AE sources and crack distribution models show that most cracks
were generated at the fracture position and around the combustion area. The region where the AE
sources clustered also corresponded to the local high-temperature zones measured by thermocouples.

3.2.2. Moment tensor analysis

As discussed above, AE parameter analysis was used to evaluate crack initiation and extension
under UCG operation based on monitored waveforms and parameters such as count rate, event
occurrence, relative energy, etc. We then quantitatively estimated cracking and damage mechanisms in
coal during the gasification process using moment tensor analysis [58, 59] of the AE results of located
AE sources. Arrival times and amplitudes of crack initial motions were determined and 3D source
location models were obtained using differences in arrival times at each sensor. Based on the
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amplitudes, moment tensor components were then calculated, and the source time function was
calculated using the moment tensor components [60, 61] under the assumption of the Haskell slant
function [62]. Using this information, crack distribution models were constructed from the obtained
source time function based on the Combined Geometric-Mechanical Models (proposed by Ivanova)
[63]. This procedure allowed us to determine the proportion of shear and tensile crack contributions on
the AE sources and to classify cracks by types of dominant motion. By modeling cracks as disks with
zero thickness, moment tensor analysis allowed us to obtain information on source type and
orientation. Such analysis can provide quantitative information on the 3D location of cracks, crack
type, crack orientation, and the direction of crack motion, and makes it possible to visualize the
cracking process inside the UCG gasifier.

Crack distribution models estimated using the moment tensor analysis are shown in Fig. 14. The
cracks are represented by multipronged disks in the 3D crack distribution models. Tensile- and shear-
type fractures can also be confirmed. Pink and blue disks represent, respectively, tensile and shear
fractures, with mixed-mode fractures indicated by gradients of purple and yellow. The center of each
crack disk is located at the coordinates of its respective AE source location, and the disk radii show the
relative AE energy. Corresponding to the AE source location results, the L-shaped linking-hole model
cracks were generated in the early stages mainly around the ignition area, after which the cracking area
extended to the central part. In the L and V models, cracks were spread widely all over the reactor as
the damage progressed in the gasification process. In the C1 model, cracks were mainly concentrated
in a limited region around the coaxial hole in the middle-upper part of reactor. In the C2 model, cracks
were located over a wider area and many AEs occurred all over the reactor, from the bottom to the top
part, along the coaxial hole.

45°

&

—~
(g)

~

Fig. 14. Results of moment tensor analysis and directions of tensile crack motions in ex-situ
reactors for (a) L model, (b) V model, (c) C1 model, and (d) C2 model (arrow shows direction of
stratified plane of coal).
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The crack distribution models revealed what type of crack was dominant inside the coal block.
Table 2 lists the number of tensile, shear, and mixed-mode cracks identified by moment tensor
analyses of the four experiments. To estimate the fracture mechanism from the cumulative damage
induced by the gasification process, we also assessed the ratio of each type of crack. In the early and
middle stages of the L model, tensile-type cracks are highly represented (55.4%/53.9% >
23.0%/35.5%) around the linking hole. The ratio of shear cracks in the VV model slightly increases from
the middle (33.7%) to the later stage (39.7%). By contrast, the ratio of tensile cracks decreases from
the middle (49.0%) to the later stage (32.5%). It was determined that the cracking behavior produced
over the three stages by the C2 model represented by the contribution of tensile and shear mode cracks
was more significant than in the C1 model owing to differences in operational conditions (radius of
drilling hole, feed gas rate, and operation time) applied in the respective experiments. Our results also
show that tensile failure occurred through a major microscopic failure mechanism in the vicinity of the
gasification channel.

Table. 2. Compositions of each crack type (tensile-, shear-, and mixed-type cracks) in ex-situ reactors.

Early stage Middle stage Later stage
Model Tensil Shear Mixe Tensil Shear Mixe Tensil Shear Mixe
No. e-type -type d-type e-type -type d-type e-type -type d-type
crack crack crack crack crack crack crack crack crack

(count) (count) (count) (count) (count) (count) (count) (count) (count)

L (L- 4 17 16 76 50 15 233 209 130
shaped)  (55.4%) (23.0%) (21.6%) (53.9%) (355%) (10.6%) (40.7%) (36.6%)  (22.7%)

V (V- 30 16 12 51 35 18 39 83 47
shaped)  (51.7%)  (27.6%) (20.7%)  (49.0%) (33.7%) (17.3%) (32.5%) (39.7%) (27.8%)

c1 97 56 31 126 35 17 92 65 25
(Coaxial) (52.7%)  (30.4%) (16.9%) (70.8%) (19.7%) (9.6%)  (50.6%) (35.7%) (13.7%)

C2 26 17 13 54 46 24 283 187 121
(Coaxial) (46.4%)  (30.4%) (23.2%) (43.6%) (37.1%) (19.3%) (47.9%) (31.6%) (20.5%)

As shown in Fig. 14, the directions of the crack faces were also investigated. The arrows on the
right-hand figures show the general direction of the stratified plane of coal. The linking holes in the L
and C1 models were drilled parallel and as closely as possible to the stratified plane of the coal block.
By contrast, the drilling holes were set as nearly perpendicular to the stratified plane as possible in the
V and C2 models. In the L and C1 model experiments, the dominant crack motion directions (tensile
cracks only) concentrated primarily at between 50° and 90° to the stratified planes (Fig. 14(a) and
14(c)). Similarly, the major directions of crack motion in the V and C2 models coincided with the
major stratified planes (25°-45°) (Fig. 14(b) and 14(d)). As a result, the dominant failure directions in
these gasification processes were close to the direction of the major stratified plane of coal. Fig. 15
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shows the distribution of dominant failure in different regions. The figure indicates that shear-type
cracks clustered around the linking hole (0—40 mm) in the central region, while tensile-type cracks
were distributed outward from the combustion region (40-80 mm and 80 mm). The shear- and tensile-
mode cracks comprised 75% -85% of the total sources. These results indicate that the different
temperature fields of distinct locations within the reactor induced differential fracturing behavior in the
coal. The percentages of tensile/shear cracks are almost identical among the UCG models, which
shows that the ratios of the two crack types did not differ significantly in the coal under the
gasification process.

250 250
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% Mixed-type % Mixed-type
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ke e
£ 100 —— | E 100
Q o]
© O
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0 : ‘ 0 \ .
0~40 4080 80~ (a) 0~40 40~80 80~ (C)
Radii / mm Radii / mm
80 200 :
m Tensile-type m Tensile-type
60 ™ Shear-type u Shear-type
Mixed-type

Count of cracks
.
(==

Count of cracks

[*]
[=]
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| ) :'
0 T T
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0~40 40~380 80~ (b) 0~40 40~380 8m~(d)
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Fig. 15. Estimation of crack (tensile-type crack, shear-type crack and mix-mode crack) distributions
at different regions around gasification channel in ex-situ reactors for (a) L model, (b) V model, (c) C1
model, and (d) C2 model.

3.2.3. Implement of AE in real UCG

For optimizing the UCG operations and reducing the potential risks of environment and
underground water, it is necessary to monitor the gasification process and understand the fracturing
activities occurring in the coal seam, particularly in the zone near the gasification cavity exposed by
the propagation of the combustion fracture. In our study, acoustic emission (AE) technology was
employed as a supplement to traditional measurements, e.g., temperature and gas, in order to monitor
fracturing and cavity evolution during the UCG process.

For the in situ UCG, a real-time monitoring and control system is necessary for safe and efficient
gasification. From our study, the AE technology is verified as a reliable approach for monitoring and
evaluating the gasification process in laboratory-scale UCG when combined with the traditional
measurements. For the real UCG, a type of transducer with the low frequency micro-seismicity, i.e., a
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geophone, which is functionally similar to the AE accelerometer employed in this study, could be used
for monitoring the fracturing activity and gasifier’s structure in underground. The geophone is a
ground motion transducer that can convert the ground damage and movement in the voltage signal.
Any deviation in this measured voltage from the base line is regarded as micro-seismic response,
which is used for analyzing the structure of underground gasifier in coal seam. As with the AE sensor,
parameters such as event, count rate, and relative energy can be obtained from the geophone by
processing the recorded voltage signals. Many different types of geophone are now being
manufactured nowadays and are used for the measurement of machine vibration, earthquakes, oil
exploration, and conventional mining. In our follow-up study of UCG, the new-type three-component
geophones will be employed, which is called borehole geophone. This moving coil type geophone is
constituted by two components horizontal and one component vertical and potentially provides the
higher precision 3-D fracture exploration during real gasification process in underground coal seam.

4. Conclusions

The ex-situ experiments were conducted in order to simulate UCG under several distinct linking-
hole UCG models. AE was used to monitor crack initiation and extension and cavity evolution inside
the combustion reactor during the gasification process. Our conclusions are as follows:

1) This study investigated the effects of various linking-hole types and radii, operation times, feed
gases, and flow rates on gasification. We confirmed that these operational conditions
significantly affect facture occurrence, crack behavior, cavity growth inside the gasifier, and
gasification efficiency.

2) AE parameter analyses of, e.g., count rate and event occurrence, show that there is a large
difference in AE activities under different temperatures during the damage process and between
distinct models. The active periods of AE occurrence coincided with local temperature changes
over time. These results reveal that AE activity is closely related to the temperature change
occurring inside the coal, with AEs apparently resulting from the crack initiation and extension
influence of thermal stress.

3) AE source locations, as determined in this study, could be used to characterize fracture
occurrence and crack extension in UCG models in a direct manner. The mobility of the AE
cloud center can be derived from the count and relative energy of sources using a statistical
approach; by doing this, it is possible to represent high-temperature-zone movement and to
estimate the velocity of gasification cavity growth.

4) The crack distribution model constructed via moment tensor analysis was shown to be effective
in understanding the fracturing mechanism of the UCG process. This model can provide
quantitative information on the three-dimensional location of cracks, crack types, and
orientations of crack initiation in coal during the UCG process.

5) The moment tensor analysis revealed that tensile failure was a major fracture mechanism of coal
that became more dominant as the damage progressed during the gasification progress. The
distribution of failure modes (tensile/shear cracks) in different regions of the reactor showed that
the shear failure was concentrated in the vicinity of the gasification channel.
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6) In addition, the general direction of the failure face of the cracks clustered in the reactor could
be estimated from crack distribution. We found that the dominant failure directions in these
models were close to the direction of the major stratified plane of coal.

The application of the AE technology during UCG is effective for monitoring the gasification
process and can play a very important role as a quantitative method for analyzing cracking behaviors
and understanding the fracture mechanism in the coal gasifier. AE monitoring makes it possible to
visualize cracking processes and cavity evolution inside UCG target coal seams.
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