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Abstract: Underground coal gasification (UCG) is the process of directly recovering energy as
combustible gases such as hydrogen and carbon monoxide by combusting unmined coal resources in
situ. The UCG process is an invisible phenomenon, in which fracturing activity at high temperature
(>1000 ◦C) in coal seams expands the gasification zone and increases the combustible components of
the product gas. However, excessive expansion of the gasification zone may cause environmental
problems such as gas leakage, deformation of the surrounding ground, and groundwater pollution.
Therefore, visualization of the gasification zone of UCG is required for both improving gasification
efficiency and developing UCG systems with low environmental impact. In this study, the large-scale
model UCG experiments conducted on a laboratory scale (size: 625 mm × 650 mm × 2792 mm
(H × W × L)) were carried out to discuss the visualization of the gasification reaction zone of coal in
UCG by Acoustic Emission (AE) technique with uniaxial and triaxial acceleration transducers. As the
results of temperature monitoring and AE source location analysis show, AE sources are located near
the high-temperature zone (>1000 ◦C). In addition, the located AE sources move and expand with the
movement and expansion of the high-temperature zone. AE measurement can be a useful technique
for monitoring the progress of the UCG reaction zone. AE measurement with triaxial sensors is also
useful to predict a high-temperature zone though the measurable range, which has to be considered.

Keywords: combustion and gasification; gasification control; hydrogen; underground coal gasification;
untapped energy

1. Introduction

Underground Coal Gasification (UCG) is a technique of directly recovering energy
by converting unmined coal resources in situ into combustible gas. UCG has great poten-
tial for effective utilization of previously untapped energy sources because coal has the
largest minable reserves of any fossil fuel resources. It is possible to affect the composi-
tion of product gas by controlling the gasification agent and the temperature of the coal
seam. For example, injecting steam into the combustion zone enhances the production
of hydrogen [1,2], and expanding the gasification area with a high temperature enhances
gasification reactions, resulting in the production of high-energy gases [3]. Furthermore,
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UCG is expected to contribute to the reduction in greenhouse gas emissions because the
underground coal seam is directly gasified and carbon dioxide can be stored in the large
amount of voids formed after gasification [4–6].

The gasification process of UCG is an invisible phenomenon. In UCG, the gasification
zone is expanded by fracturing in the coal seam with a high temperature (>1000 ◦C), which
enhances the product gas by accelerating the gasification reaction of UCG over a wide area
and the shape and extent of the gasification zone varies with the gasification system [7]. On
the other hand, however, since volatile organic compounds are produced as by-products,
excessive expansion of the gasification zone causes environmental problems such as gas
leakage, deformation of the surrounding ground, and groundwater pollution [8]. For
example, in a UCG experiment conducted at Hoe Creek in the United States, targeting coal
seams within aquifers at depths of 30–40 m, increased gasification pressure caused surface
subsidence and groundwater pollution due to volatile organic compounds [9–11]. More-
over, a previous study has investigated the fracture process as an earthquake prediction
tool, considering the similarities between sequences of earthquakes and AE events [12].
Therefore, AE measurement is an important strategy to assist in visualizing the gasification
area in UCG for both improving gasification efficiency and developing UCG systems with
low environmental impact. AE measurements could be used to monitor the real-time un-
derground coal combustion/gasification area, which would help to reduce unpredictable
environmental risks. For example, when sudden gas leakage, deformation of the sur-
rounding ground, and groundwater pollution occur, gasification can be interrupted or
the composition of the gasification agency can be changed. This research focuses on the
application of acoustic emission (AE) as one of the effective techniques for gasification mon-
itoring because the gasification zone in UCG is expanded by fracturing activities caused by
thermal stress around the combustion zone in the coal seam.

Jiang et al. [13] have reported that coal fracture occurs due to the different thermal
expansion coefficients of minerals and the expansion of the product gas. In addition,
Naka et al. [14] have reported that coal fracture occurs at high temperatures (>500 ◦C)
due to the contraction behavior of coal caused by the bonding and degassing of internal
gas bubbles as the softened coal resolidifies to become semi-coke. Many scholars have
described that the permeability of coal changes due to rising temperature; the permeability
of the coal increases due to the formation of micro fractures at temperatures below 100 ◦C,
the permeability decreases due to thermal expansion at temperatures between 200 ◦C
and 300 ◦C, and the permeability increases again at temperatures above 300 ◦C due to the
contraction with coal pyrolysis [15–17]. Furthermore, it has been shown that the contraction
occurs both in charcoal dust and massive coal [14,18]. The mechanism of micro fractures
caused by heating of coal depends on the temperature of the coal. At low temperatures
(<300 ◦C), micro fractures are caused by the expansion pressure of air and steam or by
changes in the internal structure due to heating. At high temperatures (300–500 ◦C), micro
fractures are caused by pyrolysis of the coal. AE signal is active especially when the crack
width expands under 300–500 ◦C [19].

In the UCG system, temperatures in the gasification reaction zone are above 1000 ◦C,
and the reaction zone is classified into the oxidation reaction zone (>900 ◦C), reduction
reaction zone (600–900 ◦C), and pyrolysis zone (300–600 ◦C) [20,21]. The gasification zone
at high temperatures has been estimated by geophysical monitoring such as the resistivity
method and seismic tomography [22,23]. In addition, numerical analysis based on the
observation results of combustion cavities in coal seams formed by combustion and gasifi-
cation and data on temperature distribution and heat conduction in coal seams have been
used to develop prediction models to estimate the gasification zone formed by UCG and
the evolution of the gasification zone [24,25]. The advantage of geophysical monitoring is
that it does not require very large measurement equipment, and one- and two-dimensional
data can be obtained in a relatively short time from surface-based exploration. On the
other hand, its weak point is that the geophysical results obtained may not match the
actual underground conditions. Numerical simulation has the advantage of hypothetically
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simulating underground conditions that cannot actually be observed. Additionally, it can
reduce the cost of monitoring. On the other hand, each process of modeling, discretization,
and calculation involves a small number of errors. In addition, the calculation process of
numerical analysis can require a significant length of time. The AE technique can capture
the micro fractures caused by heating of the coal immediately, meaning that it enables
establishing real-time monitoring of the gasification zone in the UCG system. Therefore,
clarifying that AE monitoring can visualize the movement/expansion of the coal combus-
tion/gasification zone in this study can indicate the possibility of applying AE monitoring
to UCG. Moreover, monitoring of fracture activity by using the AE technique contributes to
improving gasification efficiency and expanding the gasification area because those should
be related to fracturing activities during UCG. Previous UCG model experiments have
indicated that many fractures were generated around the gasification reaction zone [3]. Our
previous studies have indicated the possibility to utilize the AE technique as a monitoring
method of the gasification zone in the UCG system [26]. However, it is still uncertain that
the AE technique can visualize the expansion and movement of the gasification reaction
zone due to coal combustion/gasification. In addition, the applicability of the AE technique
with the triaxial sensors to UCG, which can be installed with less effort and cost by using
fewer sensors than uniaxial sensors, is uncertain. In the past experiment, AE could be
measured over a wide area in the artificial coal sample by using a large number of uniaxial
sensors [3]. However, installing multiple uniaxial sensors underground requires a great
effort and cost. On the other hand, triaxial sensors have the potential advantage of being
able to estimate the combustion/gasification zone by AE measurement using fewer sensors
than uniaxial sensors.

This study discusses the visualization of the gasification reaction zone of coal in UCG
by the AE technique by comparing the temperature profiles with AE source location results
obtained from large-scale coal seam UCG experiments with the uniaxial sensors and triaxial
sensors to UCG.

2. Materials and Methods
2.1. Acoustic Emission (AE)

AE measurement systems differ in the type of sensor used, the AE signal processing
system, the material to be measured, and the measuring environment. Figure 1 shows the
AE measurement system used in this study. The sensor which receives the AE signals is
an acceleration transducer (620HT; Teac Corp., Tokyo, Japan), which is compatible with
high temperatures. The AE signals received in an acceleration transducer are recorded
in a high-speed multi-recorder (GR-7000; Keyence Corp., Osaka, Japan) after they are
transmitted to an amplifier (SA-611; Teac Corp.) by a low-noise cable. In the amplifier, the
high-pass filter is set at 5 Hz and the low-pass filter is set at 10,000 Hz to filter out noise in
the signals. In the high-speed multi-recorders, edge triggering is applied to record the AE
signals when the input AE signal exceeds the threshold, and OR triggering is applied when
several acceleration transducers are used. The threshold is set at 0.1 m/s2. The sampling
time interval is 2 µs with a record length of 2500 records and a pre-trigger of 20%.
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In AE source location analysis using several uniaxial sensors, the Akaike Information
Criterion (AIC) is applied to the threshold AE waveform data as a method of calculating
arrival time of the threshold AE waveform [27]. The most probable location of the AE source
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is calculated by the iterative least squares method, which uses arrival time of the threshold
AE waveform to the acceleration transducer, the coordinate of the acceleration transducers,
and the velocity of elastic waves propagating through the sample by programming in Visual
Studio 2010 [28]. Also, VRML ver2.0 is used for visualization of AE source location. In
AE source location analysis using several triaxial sensors, the arrival time of the P-wave is
calculated by AIC and that of S-wave is calculated by threshold. The direction of fracturing
source is determined from P-wave direction calculated by the least squares method. In
addition, the AE source location is calculated from the difference between the P-wave and
S-wave in arrival times and propagation velocities.

2.2. Large-Scale UCG Model Experiment

In this study, large-scale UCG model experiments are conducted using artificial coal
seam samples. Figure 2 shows a setup of the UCG experiment using an artificial coal seam
sample. In the experiments, the coal seam sample was prepared by pouring a mixture of
1.2 tons of crushed coal, cement, and water at a ratio of 10:0.5:1 (by weight) into a steel
container with internal dimension of 625 mm × 650 mm × 2792 mm (H × W × L). Heat-
resistant concrete is injected above the coal block to reduce gas leakage. Coal is collected
from the Sunago Coal Mine in Hokkaido, Japan. Table 1 shows the proximate and ultimate
analysis of the coal sample used in the experiments. Figure 3 shows top and side view
of the artificial coal seam sample of Experiments 1 and 2. A co-axial well with a length
of 2600 mm and a diameter of 90 mm is installed at the bottom of the artificial coal seam
sample. Different designs were adopted in Experiments 1 and 2; only a horizontal well
was adopted in Experiment 1 and a horizontal well with an auxiliary production well was
adopted in Experiment 2. In experiment 2, an auxiliary well with a length of 2600 mm and
a diameter of 40 mm is installed at the top of the artificial coal seam sample. To the author’s
knowledge, an auxiliary production well has never been applied in previous UCG model
experiments. The method of the UCG experiment is the horizontal co-axial method, which
collects the UCG gas produced around the combustion zone from between the injection
pipe and the co-axial well.
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Proximate Analysis (wt%) Ultimate Analysis (wt%)

Moisture Ash Volatiles Fixed
Carbon C H N S O

Experiment 1 24.4 4.2 22.2 34.0 39.6 61.5 4.46 1.28 - 9.54
Experiment 2 24.6 4.7 20.7 33.5 41.1 62.4 4.55 1.27 0.04 10.0
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Figure 4 shows the arrangement of thermocouples (1SKF613, 1SKF615; CHINO Corp.,
Tokyo, Japan). To measure temperature changes in the sample, thermocouples compatible
with high temperature are installed into the coal from the top and side of the coal seam
sample. The thermocouples are fixed by a gypsum aqueous solution. The vertical positions
of the thermocouples are T11 to T18 directly above the co-axial well, T21 to T28 150 mm
above the co-axial well, and T31 to T38 300 mm above the co-axial well. T41 to T44 are
placed at different heights from the side of the coal seam sample in order to measure
temperature change deeper than the bottom of the co-axial well.

Figure 5 shows the arrangement of AE sensors. We install acceleration transducers
as sensors to capture the AE signals generated from the combustion coal. The purpose of
this attempt is to monitor the expansion of the coal combustion/gasification zone and the
progress of fractures in that zone. The acceleration transducers are attached to the coal
sample by stainless steel waveguides of 6 mm in diameter and 100 mm in length. The
holes with 35 mm in diameter and with 50 mm in length for the waveguides were drilled
from the surface of a steel container to the coal sample. The waveguides are fixed by a
mixture of gypsum and cement. Ten uniaxial acceleration transducers (620HT; Teac Corp.)
are installed on the sides of the coal seam sample and two triaxial acceleration transducers
(731ZT; Teac Corp.) are installed inside the artificial coal seam sample as shown in Figure 5
(AE3-1 and AE3-2).
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The coal was ignited by supplying oxygen-enriched air (oxygen concentration: 34%)
and propane gas from the injection pipe while the nichrome wire attached to the tip of the
injection pipe was energized. After the ignition of coal was successful, a gasification agency
consisting of air and oxygen (oxygen concentration: 33.3%) was continuously injected to
maintain gasification of the coal sample during the experiments. The gasification agency
flow rate was sequentially increased from 35 L/min (oxygen flow rate: 12.1 L/min) to
a maximum of 120 L/min (oxygen flow rate: 40 L/min) while monitoring the carbon
monoxide, carbon dioxide, and hydrogen concentrations in the product gas. After the
start of the experiment, the injection pipe inserted in the co-axial well was sequentially
pulled out by 300 mm, expecting that the combustion/gasification zone would move to
the unreacted coal area. The experimental durations for Experiments 1 and 2 are 91 and
81 h, respectively.

3. Results and Discussion

This study discusses the visualization of the coal gasification reaction zone in UCG by
AE measurements and examines the applicability of uniaxial and triaxial sensors to UCG
by comparing temperature profiles and AE source location results. In this study, “Step”
was defined based on changes in the tip location of the injection pipe and the flow rate of
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the gasification agency when comparing AE source location results with the temperature
profiles. Table 2 shows the definition of each Step in Experiments 1 and 2 based on the
distance from the bottom of the co-axial well to the injection pipe tip and the injection flow
rate of the gasification agency.

Table 2. Definition of each Step in Experiments 1 and 2.

Experiment 1 Experiment 2
(with Auxiliary Production Well)

Step Time
(h)

Injection Location
(mm) Step Time

(h)
Injection Locatione

(mm)

1~5 1~17 150~350 1~5 1~13 100~300

6~10 17~46 350~800 6~10 13~31 300~500

11~15 46~71 800~1300 11~15 31~56 500~900

16~20 71~91 1300~1800 16~20 56~81 900~1400

Figures 6 and 7 show the temperature profile recorded by thermocouples, the coal
cross section after the experiment, and the gasification zone in Experiments 1 and 2. The
range of temperature profile is from 200 ◦C to 1200 ◦C. The coal cross section is a vertical
cross section of the artificial coal seam. The photographs of the coal cross section are taken
by cutting vertically every 100 mm of the coal seam sample. The gypsum solution is poured
into the coal seam after the experiment. The cross section photographs of coal are divided
into the combustion/gasification zone (cavity), ash-deposited combustion/gasification
zone (ash) coal char gasification zone (char), pyrolysis zone (pyrolysis), and unreacted
zone (coal, black). Figure 7 shows that Experiment 2 (with auxiliary production well)
expands the high-temperature zone (1000 ◦C) and the reacted zone of coal including
cavities, ash, char, and pyrolysis after gasification compared to Experiment 1 without the
auxiliary production well. Moreover, the coal cross section in Figure 7b also shows that
the combustion/gasification zone expands to the top of the coal sample. Therefore, these
results indicate that the combustion/gasification zone is expanded to the top of the coal
sample by installing an auxiliary production well in addition to the co-axial well in the coal
seam of the UCG system.

3.1. AE Source Location Analysis by Uniaxial Sensors

Figures 8 and 9 show the temperature profiles and the results of uniaxial AE source
location for each Step in Experiments 1 and 2, respectively. The red sphere indicates the
location of the AE source, and the yellow sphere indicates the location of the center of
gravity of all AE sources. The center of gravity of the AE sources indicates the location
where the AE sources are concentrated. The temperature monitoring area in the results
of uniaxial AE source location is indicated by a dashed line. AE sources are located near
the high-temperature zone above 1000 ◦C. This indicates that AE is caused by fracture
activity in the coal seam in the high-temperature zone above 1000 ◦C. In Figures 8 and 9,
AE sources are also observed in the 200 ◦C and 600 ◦C temperature zone. Although the
reason for this is uncertain, it could be caused by expansion pressure of air and steam
or by changes in the internal structure due to heating, or by pyrolysis of coal [19]. The
location of the high-temperature zone, AE sources, and center of gravity of the AE sources
moves horizontally from the bottom side of the co-axial well to the injection/production
side with elapsed time. It is also observed that AE sources are distributed throughout the
coal sample.
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Tables 3 and 4 show the horizontal movement rate of the center of gravity of the AE
sources. The movement rate is calculated by dividing the horizontal moved distance by
the movement time of the center of gravity. Table 3 shows that in Experiment 1 (without
auxiliary production well), the horizontal movement rates of the center of gravity of
the AE sources are 115 mm/h, −1.11 mm/h, 5.56 mm/h, and 28.9 mm/h for Steps 1~5,
6~10, 11~15, and 16~20, respectively. Table 4 shows that in Experiment 2 (with auxiliary
production well), the horizontal movement rates of the center of gravity of the AE sources
are 100 mm/h, 20.0 mm/h, 2.91 mm/h, and 4.00 mm/h for Steps 1~5, 6~10, 11~15, and
16~20, respectively. Tables 5 and 6 show the horizontal movement rate of the temperature
zone above 1000 ◦C. In UCG, the gasification zone expands as a result of fracturing in the
coal seam under high-temperature conditions (above 1000 ◦C); therefore, it is important
to consider the horizontal movement rate in the high-temperature zone above 1000 ◦C.
Furthermore, although coal fracturing activity is reported to occur at temperatures below
1000 ◦C, temperatures below 1000 ◦C are located immediately around the temperature zone
above 1000 ◦C [20]. Therefore, the horizontal movement rate of the temperature zone below
1000 ◦C was considered to be the same as that of the temperature zone above 1000 ◦C.
The movement rate is calculated by dividing the movement distance of each temperature
by the movement time. The horizontal movement distance for each temperature is equal
to the horizontal distance of the thermocouple at which each temperature was observed.
Table 5 shows that in Experiment 1 (without auxiliary production well), the horizontal
movement rates of the temperature zone above 1000 ◦C are 41.2 mm/h, 15.6 mm/h,
42.6 mm/h, and 13.3 mm/h for Steps 1~5, 6~10, 11~15, and 16~20, respectively. Table 6
shows that in Experiment 2 (with auxiliary production well), the horizontal movement
rates of the temperature zone above 1000 ◦C are 7.69 mm/h, 20.0 mm/h, 14.0 mm/h,
and 24.0 mm/h for Steps 1~5, 6~10, 11~15, and 16~20, respectively. Tables 3 and 4 show
that in Steps 1~5, the horizontal movement rate of the center of gravity of Experiment 1
(without auxiliary production well) is 115 mm/h, which is 14.7 mm/h higher than that
of Experiment 2 (with auxiliary production well). In Tables 5 and 6, a similar trend is
observed in the movement rate of the temperature zone above 1000 ◦C. In Tables 5 and 6,
the horizontal movement rate in the temperature zone above 1000 ◦C is 41.2 mm/h in
Experiment 1 (without auxiliary production well), which is 33.5 mm/h higher than that
of Experiment 2 (with auxiliary production well). Although the values of the horizontal
movement rate of the center of gravity of the AE sources and the horizontal movement
rate of the temperature zone above 1000 ◦C are different in both experiments, the trends
of the horizontal movement rate of the AE sources and of the high-temperature zone
are captured. Table 3 shows that the horizontal movement rate of the center of gravity
of the AE sources increases 6.67 mm/h from Steps 6~10 to Steps 11~15 in Experiment
1 (without auxiliary production well). Additionally, Table 5 shows that the horizontal
movement rate of the temperature zone above 1000 ◦C increases 27 mm/h from Steps
6~10 to Steps 11~15 in Experiment 1 (without auxiliary production well). On the other
hand, Table 4 shows that the horizontal movement rate of the center of gravity of the
AE sources decreases 17.1 mm/h from Steps 6~10 to Steps 11~15 in Experiment 2 (with
auxiliary production well) and Table 6 shows that the horizontal movement rate of the
temperature zone above 1000 ◦C decreases 6.05 mm/h from Steps 6~10 to Steps 11~15
in Experiment 2 (with auxiliary production well). Although the values of the horizontal
movement rate of the center of gravity of the AE sources and the horizontal movement rate
of the temperature zone above 1000 ◦C are different in both experiments, the trends of the
horizontal movement rate of the AE sources and of the high-temperature zone are captured
in Steps 6~10 and Steps 11~15. These results indicate that the center of gravity of the AE
sources moves more quickly toward the injection/production side in Experiment 1 (without
auxiliary production well) than in Experiment 2 (with auxiliary production well). This is
considered to be an effect of the expansion of the combustion/gasification zone of the coal
sample to the upper part of the coal seam sample rather than horizontally, due to installing
the auxiliary production well in the upper part of the coal seam sample in Experiment 2. For
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example, comparing the number of AE sources located above 400 mm from the bottom in
Figures 8c and 9c, the number of AE sources in Experiment 2 is larger than in Experiment 1.
Furthermore, the temperature profile in Figure 9c shows that the high-temperature zone
above 1000 ◦C is located more than 200 mm above that found in Figure 8c. These results
suggest that the AE source location with uniaxial acceleration transducers can visualize the
movement/expansion of the combustion/gasification reaction zone of the UCG. Therefore,
it is possible to visualize the movement/expansion of the coal combustion reaction zone by
uniaxial AE acceleration transducer, and it is revealed that uniaxial AE source location can
be a useful technique for monitoring the progression of the UCG reaction zone.

Table 3. Horizontal movement rate of the center of gravity of AE sources in Experiment 1.

Experiment 1 (without Auxiliary
Production Well) Step 0 Steps 1~5 Steps 6~10 Steps 11~15 Steps 16~20

Location of center of gravity (mm) 0.0 975.0 950.0 1100.0 1750.0

Start time (h) 0 1 17 46 71

End time (h) 1 17 46 71 91

Intermediate time (h) 0.5 9 31.5 58.5 81

Movement rate (mm/h) - 115 −1.11 5.56 28.9

Table 4. Horizontal movement rate of the center of gravity of AE sources in Experiment 2.

Experiment 2 (with Auxiliary
Production Well) Step 0 Steps 1~5 Steps 6~10 Steps 11~15 Steps 16~20

Location of center of gravity (mm) 0.0 650.0 950.0 1012.5 1112.5

Start time (h) 0 1 13 31 56

End time (h) 1 13 31 56 81

Intermediate time (h) 0.5 7 22 43.5 68.5

Movement rate (mm/h) - 100 20.0 2.91 4.00

Table 5. Horizontal movement rate of the temperature zone above 1000 ◦C in Experiment 1.

Experiment 1 (without Auxiliary
Production Well) Step 0 Steps 1~5 Steps 6~10 Steps 11~15 Steps 16~20

Location of temperature range above
1000 ◦C (mm) 0.0 350.0 700.0 1850.0 2150.0

Start time (h) 0 1 17 46 71

End time (h) 1 17 46 71 91

Intermediate time (h) 0.5 9 31.5 58.5 81

Movement rate (mm/h) - 41.2 15.6 42.6 13.3

Table 6. Horizontal movement rate of the temperature zone above 1000 ◦C in Experiment 2.

Experiment 2 (with Auxiliary
Production Well) Step 0 Steps 1~5 Steps 6~10 Steps 11~15 Steps 16~20

Location of temperature range above
1000 ◦C (mm) 0.0 50.0 350.0 650.0 1250.0

Start time (h) 0 1 13 31 56

End time (h) 1 13 31 56 81

Intermediate time (h) 0.5 7 22 43.5 68.5

Movement rate (mm/h) - 7.69 20.0 14.0 24.0
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Figure 10 shows the principle of the AE profile. The purpose of the AE profile is to
discuss the distribution of AE sources which occurred in Experiments 1 and 2. The coal
sample is divided vertically into three sections with 150 mm at the bottom and 200 mm
at the middle and top, and horizontally into 13 sections with 210 mm at both edges and
200 mm between them. The number of AE sources in each section ranges from 0 to 20 units.
Figure 11 shows the AE profiles for each Step in Experiments 1 and 2, respectively. In
Figure 11c,d, the distribution of AE sources expands widely to the top of the coal seam
sample in Experiment 2 after Step 10. This is considered to be an effect of the expansion
of the combustion/gasification zone of the coal sample to the upper part of the coal seam
sample rather than horizontally, due to installing the auxiliary production well in the upper
part of the coal seam sample in Experiment 2. This result shows a similar trend in the
results for the coal cross section, temperature profile, and uniaxial AE source location. In
Steps 1~5, it is considered that the AE sources may not be successfully detected depending
on the distribution of the AE acceleration transducer because the high-temperature zone is
relatively small in the early stages of gasification. Therefore, it is revealed that AE profiles
can be used to monitor the movement of the coal combustion/gasification zone.
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3.2. AE Source Location Analysis by Triaxial Sensor

The results of AE source location using the uniaxial acceleration transducers confirm
the possibility of visualizing the gasification zone related to the movement/expansion
of the combustion/gasification zone in the artificial coal seam sample. However, since
many uniaxial acceleration transducers are required, the triaxial AE measurement with
less sensors can be considered as a more useful monitoring technology than the uniaxial
AE measurement.

Figure 12 shows the temperature profiles and the results of triaxial AE source loca-
tion for each Step in Experiment 2. The yellow sphere shows the location of the triaxial
acceleration transducers (AE3-1 and AE3-2), and the red sphere shows the location of the
AE source. The temperature monitoring area in the results of triaxial AE source location
is marked as a dashed line. The AE sources are located near the high-temperature zone
above 1000 ◦C. Comparing Figure 12a,b, the number of AE sources increases and the
AE source area observed in AE3-2 expands when the high-temperature zone expands in
temperature profiles. The result is due to a chain of expanding combustion/gasification
zones. The combustion/gasification zone of the coal further expands as the temperature in
the coal seam sample increases and a large number of AEs are generated due to the thermal
contraction behavior of the coal [14]. Furthermore, the result can also be explained by the
expansion of the coal combustion/gasification zone and the generation of a large number
of fracturing activities in a larger area around AE3-2 by moving the ignition point from the
bottom side of the co-axial well to the injection/production side with the progress of the
Step. In Figure 12c,d, as the high-temperature zone above 1000 ◦C moves horizontally from
the bottom side of the co-axial well to the injection/production side with the progress of the
Step, the AE source location also tends to move horizontally as well. Although it is a subject
for future work to clarify the movement rate of the AE source observed by the triaxial
acceleration transducer, the horizontal movement of the AE source is clearly recognized
from Figure 12c,d, associated with the horizontal movement of the high-temperature zone
above 1000 ◦C. In other words, AE source location by using triaxial acceleration transducers
shows almost the same trend as the results of uniaxial source location, indicating that it is
possible to visualize the movement/expansion of the combustion/gasification zone during
UCG with less triaxial sensors. In the uniaxial source location, the AE source is distributed
throughout the coal sample, while in the triaxial source location in Figure 12, the range
of the AE source location observed in AE3-2 is distributed only around its acceleration
transducers. Additionally, in Figure 12d, the results of the AE source observed in AE3-1
show a similar trend as AE3-2. Installing multiple uniaxial sensors underground requires a
great effort and cost; on the other hand, triaxial sensors have the potential advantage of
being able to estimate the combustion/gasification zone by AE measurement using fewer
sensors than uniaxial sensors. However, the area of AE observed is relatively localized in
triaxial acceleration transducers, meaning that the measurable area of the triaxial accelera-
tion transducers is relatively limited compared to that of uniaxial acceleration transducers.
This is due to the fact that in triaxial AE source location, AE events cannot be detected due
to wave attenuation if the distance from the fracturing source to the single acceleration
transducer is far [12]. Although the range of AE source location is limited to the area
around the sensor compared to multiple uniaxial sensors, we consider that source location
by triaxial sensors is still sufficient to estimate the high-temperature area, considering
the disadvantage of uniaxial sensors. Therefore, triaxial AE source location requires us to
consider the location of the sensor to detect AE events and the measurable range in advance.
In the future, assuming field-scale UCG, it is necessary to develop a visualization technique
for the underground coal combustion/gasification area by triaxial AE source location,
considering the measurable area. The exiting accelerations have potential applications in
the real world, but we have not yet found out if we can measure AE in the real field by
using them. We need to confirm this on a field-scale test in the future. Specifically, it is
necessary to confirm whether the existing accelerations can measure small fracture activity
caused by temperature changes in coal in a field-scale UCG experiment. In other words,
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if the accelerations are installed in a well for environmental measurement, it is necessary
to examine what distance between the gasification reaction zone and the accelerations is
sufficient for AE measurement in the case of a field-scale UCG system. Future studies
are expected to accumulate the data from large-scale UCG experiments and examine the
complex geological and hydrological conditions of the subsurface.
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4. Conclusions

This study investigates the applicability of the AE technique as a system of monitor-
ing progression in the coal gasification zone during UCG through the large-scale UCG
experiment. We have obtained the following knowledge.

• The AE sources are located near the high-temperature zone above 1000 ◦C.
• The results of AE source location are comparable with the temperature profile; as the

high-temperature zone moves and expands, the AE sources that occur around the
combustion/gasification zone move and expand.

• AE profiles can be used to monitor the expansion of the coal combustion/gasification
zone.

• In triaxial AE source location, the area of AE observed is limited to the area around its
acceleration transducer.

• The uniaxial and triaxial AE source location can be a useful technique for monitoring
the progress of the UCG reaction zone.

• It is necessary to consider the measurable range of a few triaxial acceleration transduc-
ers when applying triaxial AE source location to UCG.

• In the future, assuming a field-scale UCG system, it is necessary to develop a visualiza-
tion technique for the underground coal combustion/gasification area by triaxial AE
source localization, considering the measurable area of triaxial acceleration transducers.
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