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Abstract:  14 

In this study, the impact of oxygen flow rate on the cavity of the gasification zone was analyzed 15 

through two experiments using a coaxial hole model. The oxygen flow rate was controlled between 3 16 

L/min and 5 L/min for experiment one and between 7.5 L/min and 15 L/min for experiment two. For the 17 

estimation of the cavity volume of the gasification zone in UCG, the stoichiometric method, the Delaunay 18 

triangulation approach, and the voxelization method were used. The actual gasification zone cavity 19 

volume change was obtained by dividing the coal consumption monitored by electronic mass balance by 20 

the apparent density of the coal. After analyzing and comparing the cavity volumes of the gasification 21 

zone obtained by the three estimation methods with the actual cavity volume of the gasification zone, the 22 

results showed that the stoichiometric method had an estimation error of less than 6.5%. The Delaunay 23 

triangulation approach could reduce the estimation error for the convex cavity volume of the gasification 24 

zone to within 10%. The voxelization method could reduce the estimation error for the cavity volume of 25 

the gasification zone to below 8% and accurately describe the shape of the cavity.  26 

Keywords:  27 

Underground coal gasification (UCG); Stoichiometry; Cavity growth; Gasification zone; Voxelization 28 

method; The Delaunay triangulation approach 29 

1 Introduction 30 

Underground coal gasification (UCG) is a technology used to recover combustible gases such as H2, 31 

Revised Manuscript (with track changes)

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



2 

 

CO, and CH4 by burning coal with gasification agents (air, O2, water vapor, etc.) delivered through 32 

injection wells. This technique is mainly applied in deep coal seams, low coal seams and unworkable 33 

coal seams by conventional methods [1-3]. As gasification proceeds, the coal is continuously consumed, 34 

and a cavity in the gasification zone will gradually form between the injection and production wells; the 35 

volume of this cavity will continue to expand as gasification proceeds, thus causing increased damage to 36 

the coal seam, which may lead to a series of problems such as gas leakage, ground subsidence, and 37 

groundwater contamination [4-7]. Therefore, it is necessary to monitor cavity expansion in the gasification 38 

zone and to estimate the volume change in the gasification zone using an efficient and accurate method. 39 

Scholars from various countries have conducted a series of studies on the monitoring and control of 40 

Underground Coal Gasification (UCG). For example, researchers have focused on studying the 41 

combustion state in the gasification zone during cavity growth [8-11]. Additionally, many scholars have 42 

also investigated other aspects of cavity growth: Perkins et al. modeled the cavity with a packed bed 43 

model or as a free channel model, and the form of the channel was mostly considered to be cylindrical 44 

or rectangular [12-17]. Samdani et al. predicted the chamber-scale UCG cavity growth rate with an in-house 45 

developed computational fluid dynamics (CFD) model and compared it with the data obtained from 46 

chamber experiments [18-24]. Mehdi Najaf et al. used multivariate nonlinear regression analysis to establish 47 

a new model for predicting the cavity growth rate, which can be used to estimate the cavity growth rate 48 

under any given set of parameters [25]. C. Hsu, Blinderman et al. studied the formation of cavities during 49 

in situ gasification using the forward combustion linking (FCL) method [26] and determined the shape of 50 

the cavities using microfocus X-ray computed tomography [27]. Xiaopeng Liu et al. established a 51 

numerical calculation model for the temperature field inside the cavity with varying thermal parameters 52 

using the explicit finite difference method. They estimated the diffusion range of temperature inside the 53 

combustion cavity [28]. V. Prabu et al. studied the formation of UCG cavities under different experimental 54 

conditions and analyzed the results. The findings showed that the shape and formation rate of cavities 55 

were significantly affected by the oxygen flow rate, and they also highlighted the importance of ash 56 

content in cavity growth [29, 30]. 57 

It is important to understand the development of gasification zone cavities to establish safe UCG 58 

technology. As the gasification process progresses, the appearance of thermal stresses inside the coal 59 

body leads to the generation of cracks, and the locations of these cracks can be detected by acoustic 60 

emission (AE) monitoring, making it possible to monitor cavity growth using AE technology. As the 61 

cracks expand, the oxidation surface area of the coal seam increases, and combustion and gasification 62 

occur in a chain reaction-like manner. Therefore, the combustion and gasification zones will expand and 63 

move. In previous studies, AE monitoring technology was used to estimate the evolution of cavities, 64 

along with temperature monitoring and analysis of product gas composition. However, there have been 65 

few experimental studies that combine the relative energy of AE with the location of AE sources to 66 

estimate the expansion of cavities during the entire UCG process.  67 

To achieve the objectives of this study, the stoichiometric method [31,32], the Delaunay triangulation 68 

approach [33], and the voxelization method were used to estimate the cavity volume of the gasification 69 

zone, and the relationship between coal consumption, gas composition, and temperature distribution was 70 

assessed. The stoichiometric method was used to estimate the volume of the gasification cavity by 71 
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analyzing the gas composition, while the Delaunay triangulation approach and the voxelization method 72 

were used to estimate the volume of the gasification cavity by analyzing the AE source information. The 73 

stoichiometric method was used to estimate the cavity volume of the gasification zone by calculating the 74 

oxygen reaction amount and the carbon content of coal during the UCG process. The formula derivation 75 

of this method was based on the conservation of elements in the UCG chemical reaction process. 76 

Furthermore, the Delaunay triangulation approach and the voxelization method utilize AE technology as 77 

a monitoring tool to estimate the location and magnitude of AE events in the gasification zone by 78 

analyzing the waveform of elastic waves caused by thermal stress during the coal gasification process 79 

[34]. Based on this, the combustion gasification area of coal can be estimated, and the gasification zone 80 

can be visualized. The Delaunay triangulation approach, which takes the Lawson algorithm as its core 81 

idea, estimates the gasification cavity volume by constructing a tetrahedral mesh based on the source 82 

positions. On the other hand, the voxel method estimates the volume by combining the relationship 83 

between the AE source positions and the relative energy. The actual gasification zone cavity volume 84 

change was obtained by dividing the coal consumption monitored by electronic mass balance by the 85 

apparent density of the coal. The effectiveness of the three methods was verified by comparing and 86 

analyzing the estimated volumes obtained from the three methods with the actual change in gasification 87 

cavity volume. 88 

 89 
Fig. 1. Experimental system diagram. 90 

2 Materials and methods 91 

2.1 Experimental apparatus 92 

The underground gasification system used in this experiment is shown in Fig. 1. The experiment 93 

was conducted using coal blocks. The coal samples were provided by Hokkaido Mining Company, Japan, 94 

and the industrial and elemental analyses of the coal samples are shown in Table 1. The whole coal body 95 

was cut and put into a sealed iron barrel (Fig. 2 a, b). The length and width of the coal body were 96 

controlled at 19~21 cm, the height was 24~26 cm, and refractory cement was poured between the coal 97 
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body and the iron barrel. The entire underground gasification system was placed on an electronic mass 98 

balance, allowing real-time observation of coal mass changes during the gasification process. The 99 

gasifying agent was injected using a combination of an air compressor and an oxygen generator, with 100 

flow control achieved through the use of a supersonic flowmeter. For this experiment, the cooled product 101 

gas was passed through a synthetic gas cooling device before being cooled further and dried in a drying 102 

box to remove impurities such as tar. Temperature sensors and AE sensors were installed on both sides 103 

of the coal seam to monitor the gasification zone temperature and AE signals, respectively. The cleaned 104 

product gas was then fed into a gas chromatograph for analysis. 105 

 106 

(a)                         (b)                          (c) 107 

Fig. 2. Sensor arrangement, furnace body and output gas for successful ignition. (a) Coal block cutting. 108 

(b) Gasification furnace. (c) Successful ignition 109 

 110 

Table 1 Industrial and elemental analyses of coal. 111 

Calorific Value 

(MJ/kg) 

Proximate Analysis (wt.%)  Ultimate Analysis (wt.%) 

Moisture Ash Volatiles Fixed Carbon  C H N S O 

31.48 1.10 8.10 44.90 45.90  75.00 5.78 1.23 0.07 9.71 

2.2 Experimental procedure 112 

 113 

  (a)                                      (b) 114 

Fig. 3. Feed gas flow during the gasification experiments. (a) Experiment 1. (b) Experiment 2. 115 

For this experiment, a coaxial tube was used, which consisted of an inner and outer tube. The inner 116 

tube was used to inject a mixture of oxygen and air as the gasifying agent, while the outer tube was used 117 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



5 

 

to output the product gas after gasification. The distance between the tube opening and the coal bottom 118 

was 3 cm, and the diameter of the passage inside the tube was 3 cm. The experiment began by igniting 119 

the bottom of the coal with ignition materials such as sawdust, followed by the injection of a mixture of 120 

air and oxygen. The experiment used an adsorption-type oxygen making machine (product code: 121 

20D089101) to produce oxygen. The device uses high-quality molecular sieves as adsorbents and utilizes 122 

the PSA (PRESSURE SWING ADSORPTION) variable pressure adsorption principle to directly obtain 123 

oxygen from compressed air. By mixing with the air output from the air compressor, a mixed gas with a 124 

stable oxygen concentration of 50% can be output. The ultrasonic flowmeter used in this experiment 125 

employs the principle of time difference propagation. Ultrasonic sensors are installed at two positions, 126 

upstream and downstream, to measure the speed of sound propagation from upstream to downstream and 127 

from downstream to upstream in order to calculate the fluid flow rate. In addition, the ultrasonic 128 

flowmeter includes an integrated thermometer and barometer, which can be used to correct the flow rate 129 

and pipe diameter to provide a corrected value output at standard conditions (0 ℃, 1 atm). The minimum 130 

measurable flow rate is 0.5 L/min, with a minimum measurable flow rate of 1 L/min when considering 131 

the diameter of the pipe used. Due to limitations arising from the precision of the measuring instrument 132 

and operational technique, the measurement error of the flow rate is ±0.01 L/min.  133 

Experiment 1 was divided into three stages (1a, 1b, and 1c) based on changes in oxygen flow rate. 134 

In stage 1a (0-3 h), the oxygen flow rate was 3 L/min; in stage 1b (3-5 h), it was 4 L/min; and in stage 135 

1c (5-8 h), it was 5 L/min. Experiment 2 was divided into four stages (2a, 2b, 2c, and 2d). In stage 2a (0-136 

3.5 h), the oxygen flow rate was 7.5 L/min; in stage 2b (3.5-4.5 h), it was 10 L/min; in stage 2c (4.5-5.5 137 

h), it was 12.5 L/min; and in stage 2d (5.5-7 h), it was 15 L/min, as shown in Fig. 3. The product gas was 138 

cooled and dried to remove tar and other impurities before being analyzed using a gas chromatograph. 139 

Gas composition data were recorded every half hour on average. The experiment was ended by 140 

extinguishing the fire using N2. 141 

 142 

  (a)                                        (b) 143 

Fig. 4. Layout of sensors. (a) Piezoelectric acceleration transducers. (b) Thermocouples. 144 
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Temperature changes were monitored using K-type thermocouples, which were arranged in layers 145 

according to their distance from the ignition point. The first layer, consisting of thermocouples T11 and 146 

T21, was placed near the ignition point, and subsequent layers were placed 5 cm apart from each other. 147 

The second layer consisted of thermocouples T12 and T22, and the third layer consisted of thermocouples 148 

T13 and T23, as shown in Fig. 4. Thermocouples T11-T13 on the right side of the gasification channel 149 

were placed closer to the channel at a distance of 3 cm, while thermocouples T21-T23 on the left side 150 

were placed farther away at a distance of 5 cm. AE signals were monitored using piezoelectric 151 

acceleration sensors. The physical nature of AE is the rapid release of elastic waves due to the local 152 

energy of the material. In the process of underground coal gasification, AE activity is mainly caused by 153 

thermal stress that leads to coal fracturing. The AE sensors and temperature sensors were arranged 154 

perpendicular to each other in terms of their distribution direction. All six AE sensors were inserted into 155 

the coal seam at a depth of 1 cm, as shown in Fig. 4. The thermocouples and AE sensors were arranged 156 

in the same way for both experiments. In addition, the weight of the gasifier was recorded every half 157 

hour using an electronic scale. After the experiment was completed, gypsum slurry was injected into the 158 

coal body and allowed to dry. The gasifier was then cut open along the center of the coal body, including 159 

the refractory cement. 160 

3 Results and discussion 161 

3.1 Relationship between coal seam temperature distribution and coal consumption 162 

3.1.1 Monitoring of coal consumption by electronic mass balance 163 

The entire underground gasification system was placed on an electronic scale, and the actual coal 164 

consumption during stages 1a, 1b, 1c, 2a, 2b, 2c, and 2d was monitored and is shown in Table 2 165 

(calculated dry coal density = 0.92 g/cm3). Overall, coal consumption in the gasification zone increased 166 

significantly with increasing oxygen flow rate, indicating that a higher oxygen flow rate leads to a faster 167 

reaction rate. Similar results, where the gasification zone cavity volume significantly increases with 168 

increasing oxygen flow rate, have been reported in the literature [30]. 169 

Table 2 Coal consumption by stage. 170 

Experiment 

no. 
Stage 

Total 

time 

(h) 

Feed flow rate 

(L/min) Oxygen 

concentration 

(%) 

Time 

interval 

(h) 

Coal 

consumption 

(g) 

Coal 

consumption 

rate (g/h) 

Cavity 

expansion 

rate (cm3/h) O2 

Oxygen-

enriched 

air 

1 

1a 

8 

3.0 6 

50% 

0-3 885.5 295.2 320.8 

1b 4.0 8 3-5 544.9 272.4 296.1 

1c 5.0 10 5-8 936.5 312.2 339.3 

2 

2a 

7 

7.5 15 

50% 

0-3.5 2270.2 648.6 705.0 

2b 10.0 20 3.5-4.5 593.7 593.7 645.3 

2c 12.5 25 4.5-5.5 630.5 630.5 685.4 

2d 15.0 30 5.5-7 1041.6 694.4 754.8 
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3.1.2 Temperature change 171 

 172 
     (a)                                        (b) 173 

Fig. 5. Temperature profiles. (a) Experiment 1. (b) Experiment 2. 174 

Fig. 5 shows the temperature variation curves with time during the gasification process. The overall 175 

observations indicated that the coal seam temperature rose sharply in the early stage of the experiment, 176 

and the rising trend of the coal seam temperature slowed in the middle and late stages of the experiment. 177 

Observations of temperature during experiment 1 revealed that the sharp increase in temperature 178 

did not occur at the ignition point (T11), but rather at T12 above the ignition point, where the temperature 179 

change was more dramatic than at T11. The temperature rise was particularly apparent near the gas 180 

injection port, where T12, T22, T13, and T23 showed a rapid increase, indicating that the gasification 181 

zone did not start from the area around the ignition point, but rather from the vicinity of the injection 182 

port. This may be due to the effect of the low oxygen flow rate (3 L/min), which caused the oxygen 183 

concentration at the ignition point to be lower than that near the injection port. The temperature recorded 184 

by T12 rose rapidly to approximately 800℃ at approximately 2 h, while the temperatures recorded by 185 

T11 and T21 remained below 200℃. As experiment 1 progressed to approximately 5 h and the oxygen 186 

flow rate increased (5 L/min), the temperatures of T13 and T23 above the gasification channel increased 187 

more quickly, indicating that the combustion gasification zone was expanding towards the gas outlet 188 

direction, as shown in Fig. 5(a). 189 

In experiment 2, the temperature at the ignition point (T11) increased significantly, reaching 190 

approximately 1300℃ after approximately 1 h. At the same time, with the injection of a high oxygen flow 191 

rate (7.5 L/min), the temperature of T21 at the bottom, far from the gas outlet direction also increased 192 

rapidly. This is different from the change in T21 observed in experiment 1. It can be inferred that under 193 

high flow rate conditions, the gasification zone first develops downwards from the injection port, then 194 

expands to the surrounding upper part, and finally expands outwards along the gas outlet direction, as 195 

shown in Fig. 5(b). 196 
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3.1.2 Correlation analysis between temperature and coal consumption rate 197 

 198 

 (a)                                       (b) 199 

Fig. 6. Relationship between temperature and coal consumption rate. (a) Experiment 1. (b) Experiment 200 

2. 201 

Fig. 6 shows the curves of the average temperature and coal consumption rate of the gasification 202 

zone over time for the two experiments. During the first two hours of both experiments, the gasification 203 

zone was in the ignition stage, and the gasification state was unstable. After 2 h, there was a strong 204 

correlation between the two parameters, and the coal consumption rate increased with increasing average 205 

temperature of the gasification zone. In experiment 1, the coal consumption rate peaked at 0.32 kg/h 206 

when the average temperature of the gasification zone reached its highest point of 800.3℃. In experiment 207 

2, the coal consumption rate peaked at 0.74 kg/h when the average temperature of the gasification zone 208 

reached its highest point of 1154.8℃. We also found that the coal consumption rate changed dramatically 209 

with the changes in temperature, as seen in the period between 3.5 h and 6 h in experiment 2. 210 

 211 

(a)                                       (b) 212 

Fig. 7. Differential average temperature and differential coal consumption rate curves. (a) Experiment 213 

1. (b) Experiment 2. 214 

By using the first-order forward difference method to analyze the coal consumption rate and average 215 

temperature data of experiments 1 and 2, we obtained Fig. 7, where the differential coal consumption 216 

rate represents the overall change in the gasification zone coal consumption rate between two adjacent 217 

time points, and the differential average temperature represents the overall change in the gasification 218 
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zone temperature between two adjacent time points. From the overall trend, there is a strong correlation 219 

between the differential average temperature and the differential coal consumption rate, which is 220 

particularly evident in experiment 2. As experiment 2 progressed from stages 2a, 2b, and 2c to stages 2b, 221 

2c, and 2d, the difference in average temperature increased by 58.4℃, 70.3℃, and 62.6℃, respectively, 222 

while the difference in coal consumption rate increased by 0.21 kg/h, 0.22 kg/h, and 0.20 kg/h. With the 223 

rapid changes in oxygen flow rate, the difference in average temperature also changed rapidly, and the 224 

difference in coal consumption rate showed the same trend as the difference in average temperature, as 225 

shown in Fig. 7(b). 226 

3.2 Estimation of cavity growth in the gasification zone by gas composition 227 

3.2.1 Product gas composition 228 

  229 

   (a)                                        (b) 230 

Fig. 8. Composition of the gas generated during gasification. (a) Experiment 1. (b) Experiment 2. 231 

By comparing the concentrations of CO and H2 in the product gas at three stages of experiment 1 232 

and four stages of experiment 2, we found that the changes in CO and H2 concentrations were closely 233 

related to the oxygen flow rate. In stage 1a of experiment 1, the gasification zone reaction state was 234 

unstable. In stage 1b, with increases in the oxygen flow rate and in the internal temperature of the coal, 235 

there was a significant increase in CO and H2 concentrations. After further increasing the oxygen flow 236 

rate and entering stage 1c, the concentrations of CO and H2 showed a decreasing trend. Overall, in 237 

experiment 2, the oxygen flow rate was too high, and the concentrations of CO and H2 in the product gas 238 

showed a decreasing trend. 239 

3.2.2 Volume estimation based on stoichiometry 240 

Stoichiometry was used to estimate the UCG gasification process, and the chemical reactions during 241 

the underground gasification process were represented by the elemental balance equation given in 242 

Equation (1), where H2, CO, CO2 and CH4 are the main components of the dry gas, and their 243 

concentrations in the generated gas are represented by p, q, r, and s, respectively. The values of m and n 244 

were obtained through the elemental analysis of the coal sample, while α and β represent the equilibrium 245 

constants of O2 and H2O, respectively. γ, δ, ε, and η represent the gas yields of H2, CO, CO2 and CH4, 246 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



10 

 

respectively. 247 

            
m n 2 2 2 2 4CH O O H O H CO CO CH                        (1) 248 

The gas composition of the main product gases and the stoichiometrically estimated coal consumption at 249 

different oxygen flow rates are presented in Table 3. 250 

Table 3 Gas concentrations and coal consumption at different oxygen flow rates. 251 

Stage 
O2 

(%) 

N2 

(%) 

CO2 

(%) 

CO 

(%) 

CH4 

(%) 

H2 

(%) 

Coal 

consumption 

(g) 

1a 2.3 34.04 13.43 20.80 3.27 17.96 832.1 

1b 0.0 34.10 19.57 20.90 2.11 15.78 523.0 

1c 0.0 36.78 26.14 14.30 2.36 12.35 889.9 

2a 0.0 28.71 13.81 24.91 4.01 19.70 2133.9 

2b 0.0 32.37 24.51 15.66 2.86 13.10 569.6 

2c 0.0 34.09 26.71 15.48 2.06 10.64 604.1 

2d 0.0 36.43 29.11 13.65 1.25 8.32 994.7 

Table 4 compares the estimated cavity volume of the gasification zone obtained by stoichiometry 252 

and the actual cavity volume of the gasification zone at each stage. Due to the unstable gasification 253 

situation in the early stage of the experiment, the estimation errors of stages 1a and 2a were 6.04% and 254 

6.0%, respectively, while the estimation errors of the other stages were all less than 5%. The best stage 255 

for estimation was stage 1b, with an estimation error of 4.01%. Overall, in experiment 1, the actual cavity 256 

volume of the gasification zone was 2572.7 cm3, and the estimated total volume was 2440.1 cm3, which 257 

was 5.2% smaller than the actual volume. In experiment 2, the actual cavity volume of the gasification 258 

zone was 4930.5 cm3, and the estimated total volume was 4332 cm3, which was 5.1% smaller than the 259 

actual volume. These results indicate that this theory can be used to estimate the gasification chamber 260 

volume accurately. 261 

Table 4 Changes in the estimated volume by stoichiometry and the actual cavity volume of the 262 

gasification zone. 263 

Stage 1a 1b 1c 2a 2b 2c 2d 

Cavity volume by stoichiometric 

method (cm3) 
904.3 568.5 967.3 2319.5 619.1 656.6 1081.2 

Actual cavity volume (cm3) 962.5 592.2 1017.9 2467.6 645.3 685.4 1132.2 

Error (%) 6.04 4.01 4.98 6.00 4.06 4.20 4.50 
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3.3 Estimation of cavity growth in the gasification zone by AE 264 

3.3.1 AE source location calibration 265 

 266 

(a)                                      (b) 267 

Fig. 9. Results of AE source location. (a) Experiment 1. (b) Experiment 2. 268 

The AE source location calibration results were obtained by applying the least-squares iterative 269 

algorithm [35], as shown in Fig. 9. The location of the AE source was calculated by combining the arrival 270 

time of the primary wave and the coordinates of each AE sensor. The center of the sphere represents the 271 

location of the source, and the AE events generated during different oxygen flow rate stages were divided 272 

into different phases. Experiment 1 was divided into three stages, namely, 1a, 1b, and 1c, while 273 

experiment 2 was divided into four stages, namely, 2a, 2b, 2c, and 2d. Different colors were assigned to 274 

different stages, and the size of the spheres represents the relative energy. The degree of extension of the 275 

coal seam fractures during the gasification process can be represented by the relative energy of AE, 276 

denoted as Ae, which is calculated as the square of the range of AE source energy A0, according to 277 

Equation (2). 278 

                                        𝐴0 =
1

𝑁
∑ (𝐴𝑗 × 𝐿𝑗)                 

2

0eA A𝑁
𝑗=1                         (2) 279 

Here, Lj represents the distance between the calibration location of the AE source and the jth AE 280 

sensor, N is the number of AE sensors, and Aj is the maximum amplitude of the waveform obtained from 281 

the jth AE sensor. 282 

In both experiments, the majority of the AE sources were concentrated around the coaxial hole and 283 

moved upward with time. During stages 1a and 2a, the AE sources were mainly distributed at the gas 284 

injection port and the ignition point, indicating that the fracture activity was most intense during these 285 

two stages and more cracks appeared. During stages 1b, 1c, 2b, 2c, and 2d, the fractured area mainly 286 

evolved from the gas injection port to the top gas outlet. Compared to experiment 1, experiment 2 had a 287 

larger number of large-scale AEs caused by the high oxygen flow rate, and during stage 2b, the AE 288 

sources began to spread upward in large numbers. During stages 2c and 2d, the AE sources spread to the 289 

edge of the coal seam. This phenomenon indicated that gasification started from the ignition point and 290 
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gradually moved outward and upward, and high oxygen flow rates caused AE sources to spread upward 291 

more quickly. 292 

3.3.2 Volume estimation based on the Delaunay triangulation approach 293 

To study the cavity volume in the gasification zone, the Delaunay triangulation method was used 294 

based on the results of AE source positioning. This method is a geometric technique of combining given 295 

point source data into triangles. In this method, the circumcircle of each triangle does not contain any 296 

other point source data, so the triangles formed by each division are closest to equilateral triangles. The 297 

Delaunay triangulation method is widely used as an automatic element division method [33] in various 298 

numerical simulation software programs. 299 

The process of 2D Delaunay triangulation began by creating a super triangle that contains all the 300 

source points and then inserting the concentrated source point data one by one. The triangle whose 301 

circumcircle contains the inserted point is called the influence triangle of that point. The common edges 302 

of the influence triangles were removed, and the inserted point was connected to all the vertices of the 303 

triangles to complete the insertion of the source data into the Delaunay triangulation data set. This process 304 

was repeated until no more points needed to be added. This step was then extended to 3D. Then, a sphere 305 

was created that contains all the source points. The maximum and minimum points of the X, Y, and Z 306 

axes in the source point data were found, and the center coordinates of each axis were calculated. When 307 

the maximum values are maxX, maxY, and maxZ and the minimum values are minX, minY, and minZ, 308 

the center coordinates centerX, centerY, and centerZ for each axis are given by Equation (3). 309 

                                                   𝑐𝑒𝑛𝑡𝑒𝑟𝑋 =  
1

2
(𝑚𝑎𝑥𝑋 + 𝑚𝑖𝑛𝑋) 310 

                                                   𝑐𝑒𝑛𝑡𝑒𝑟𝑌 =  
1

2
(𝑚𝑎𝑥𝑌 + 𝑚𝑖𝑛𝑌) 311 

                                                  𝑐𝑒𝑛𝑡𝑒𝑟𝑍 =  
1

2
(𝑚𝑎𝑥𝑍 + 𝑚𝑖𝑛𝑍)                                                                 (3) 312 

Then, the radius was calculated using Equation (4), and by adding 0.1 to the radius, a new radius r 313 

that contained all the source point data was obtained. 314 

           𝑟 =  √(𝑐𝑒𝑛𝑡𝑒𝑟𝑋 − 𝑚𝑖𝑛𝑋)2 + (𝑐𝑒𝑛𝑡𝑒𝑟𝑌 − 𝑚𝑖𝑛𝑌)2 + (𝑐𝑒𝑛𝑡𝑒𝑟𝑍 − 𝑚𝑖𝑛𝑍)2 + 0.1              (4) 315 

The coordinates of the four points of the circumscribed tetrahedron, P1, P2, P3, and P4, were 316 

obtained using the center coordinates of the axis and the radius r. The coordinates of P1, P2, P3, and P4 317 

are given by Equation (5): 318 

                  𝑃1(𝑥1, 𝑦1, 𝑧1,) = (𝑐𝑒𝑛𝑡𝑒𝑟𝑋,  3𝑟,  𝑐𝑒𝑛𝑡𝑒𝑟𝑍) 319 

                  𝑃2(𝑥2, 𝑦2, 𝑧2,) = (𝑐𝑒𝑛𝑡𝑒𝑟𝑋 − 2𝑟√2,  𝑐𝑒𝑛𝑡𝑒𝑟𝑌 − 𝑟,  𝑐𝑒𝑛𝑡𝑒𝑟𝑍) 320 

                  𝑃3(𝑥3, 𝑦3 𝑧3,) = (𝑐𝑒𝑛𝑡𝑒𝑟𝑋 + 𝑟√2,  𝑐𝑒𝑛𝑡𝑒𝑟𝑌 − 𝑟,  𝑐𝑒𝑛𝑡𝑒𝑟𝑍 + 𝑟√6) 321 

                  𝑃4(𝑥4, 𝑦4, 𝑧4,) = (𝑐𝑒𝑛𝑡𝑒𝑟𝑋 + 𝑟√2,  𝑐𝑒𝑛𝑡𝑒𝑟𝑌 − 𝑟,  𝑐𝑒𝑛𝑡𝑒𝑟𝑍 − 𝑟√6)                        (5) 322 
Finally, the concentrated source point data were inserted one by one using a method called 323 

incremental insertion. Fig. 10 shows the tetrahedral division performed by the incremental insertion 324 

method. To determine if an inserted point was contained within the circumscribed sphere of the 325 

tetrahedron, the center coordinates O (x0, y0, z0) and radius R of the circumscribed sphere were obtained 326 
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using Equations (7) and (8). If the inserted source point was located inside the circumscribed sphere of 327 

the tetrahedron, the common edges of the tetrahedron were removed, and the inserted point was 328 

connected to all the vertices of the tetrahedron. This process of tetrahedral division was repeated until no 329 

more points needed to be added. 330 

                                                 𝑉 = 1/6 ||

𝑥2 − 𝑥1 𝑦2 − 𝑦1 𝑧2 − 𝑧1

𝑥3 − 𝑥1 𝑦3 − 𝑦1 𝑧3 − 𝑧1

𝑥4 − 𝑥1 𝑦4 − 𝑦1 𝑧4 − 𝑧1

||                                               (6)  331 

 332 
Fig. 10. The incremental insertion method was used to perform tetrahedral division. 333 

                                              𝑥0 = 1/120𝑉2
|
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                                              𝑦0 = 1/120𝑉2
|
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2 + 𝑦1

2 + 𝑧1
2 𝑥1 𝑧1 1
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                                              𝑧0 = 1/120𝑉2
|
|

𝑥1
2 + 𝑦1

2 + 𝑧1
2 𝑥1 𝑦1 1

𝑥2
2 + 𝑦2
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|
|                                      (7) 336 

       
2 2 2

1,2.3,4i i iR x x y y z z i                                    (8) 337 

The Delaunay triangulation approach did not consider the weights of points, and it was necessary 338 

to preprocess the point cloud data. AE data with relative energy below 0.001 were regarded as small 339 

cracks and excluded, and AE data outside the coal body beyond a certain distance from the centroid of 340 

the AE source distribution was also excluded [34]. The processed AE source point cloud data were used 341 

to construct a three-dimensional tetrahedral mesh model. The basic unit of the Delaunay triangulation 342 

process was a tetrahedron, and its volume could be obtained using Equation (8). Based on the results of 343 

experiment one and experiment two, the estimated and actual changes in cavity volume of the gasification 344 

zone at various flow rates are summarized in Table 5. 345 
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Table 5 The changes in the estimated volume obtained by the Delaunay triangulation approach and the 353 

actual cavity volume of the gasification zone. 354 

Stage 1a 1b 1c 2a 2b 2c 2d 

Cavity volume determined 

by the Delaunay 

triangulation approach (cm3) 

1048.1 663.3 1252.0 2862.4 695.6 748.4 1381.2 

Actual cavity volume (cm3) 962.5 592.2 1017.9 2467.6 645.3 685.4 1132.2 

Error (%) 8.90 12.00 23.00 16.00 7.80 9.20 22.00 

 355 

The shapes of the cavity of the gasification zone obtained by the Delaunay triangulation approach 356 

are shown in Figs. 11 and 12. Subfigures 1a, 1b, and 1c represent the results of experiment one at 0-3 h, 357 

0-5 h, and 0-8 h, respectively. Subfigures 2a, 2b, 2c, and 2d represent the results of experiment two at 0-358 

3.5 h, 0-4.5 h, 0-5.5 h, and 0-7 h, respectively. As shown in Table 5, the estimation errors were all less 359 

than 25%, with a minimum of 7.8% during stage 2b. The maximum estimation error of 23% occurred 360 

during stage 1c. The reason for the estimation error may be that this method cannot describe nonconvex 361 

regions. Therefore, if the combustion zone contains nonconvex regions, this method may include them 362 

in the gasification zone, resulting in overestimation of the cavity volume and coal consumption in the 363 

gasification zone. 364 

 365 

Fig. 11. Results of Delaunay triangulation to estimate the cavity of the gasification zone (Experiment 366 

1). (1a) 0-3 h cavity effect. (1b) 0-5 h cavity effect. (1c) 0-8 h cavity effect. 367 

368 

Fig. 12. Results of Delaunay triangulation to estimate the cavity of the gasification zone (Experiment 369 

2). (2a) 0-3.5 h cavity effect. (2b) 0-4.5 h cavity effect. (2c) 0-5.5 h cavity effect. (2d) 0-7 h cavity 370 

effect. 371 
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3.3.3 Volume estimation based on the Delaunay triangulation approach 372 

Due to the limitations of the Delaunay triangulation approach in estimating the cavity volume of the 373 

gasification zone and its inability to describe nonconvex regions, the point cloud data used in this study 374 

considered only the AE source point coordinates and did not consider other AE data. To minimize errors, 375 

a voxel-based method was proposed for volume evaluation. This method can describe nonconvex regions 376 

and considers the relative energy of AE as the weight of the point. Voxels with a size corresponding to 377 

the relative energy of AE were assigned to the source points to represent the cavity volume of the 378 

gasification zone. 379 

 380 

 381 

(a)                                          (b) 382 

Fig. 13. Voxel representation method. (a) 3D mesh segmentation of the coal body. (b) Overlap of 383 

voxels. 384 

In the voxelization method, the coal body was divided into a three-dimensional grid with 40 385 

divisions in the x and z directions and 50 divisions in the y direction, creating a total of 40 × 40 × 386 

50 cubes, as shown in Fig. 13(a). Each cube is called a voxel, and each voxel was assigned a volume of 387 

0.125 cm3 (the original coal body was 20 × 20 × 25 cm3, and each voxel's volume is equivalent to 388 

1/80,000 of the original coal body). Based on the relative energy of AE within a certain range, values 389 

were input into the voxels, as shown in Fig. 13(b), which displays the data for two different AE source 390 

points with energy sizes of 3 × 3 × 3 and 4 × 4 × 4 voxels. The common portion of the two 391 

source points is the overlapping section (2 × 2 × 2 voxels), and the advantage of this method is that 392 

the overlapping section is not double-counted when assigning values to the voxels. This method can 393 

accurately estimate the cavity volume in the gasification zone, thereby accurately estimating the coal 394 

consumption. The sum of the values input into the voxels was used as the volume of the reactive coal. 395 
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 396 

   (a)                                      (b) 397 

Fig. 14. (a) Relative energy vs. volume. (b) Relative energy vs. volume. (Relative energy is below 398 

0.011) 399 

In this method, the relative energy data of the AE source points and the actual gasification zone 400 

volume data from the two experiments were analyzed and compared. It was found that the relationship 401 

between the two data sets was well described by a linear function. Thus, a linear regression was 402 

performed to derive an empirical formula that related the actual cavity volume in the gasification zone 403 

to the relative energy of the AE source points. The relative energy of the AE source points and the 404 

estimated volume were linearly correlated with a correlation coefficient of 0.996, as shown in Fig. 14. 405 

Fig. 14 shows that the data points with relative energy values below 0.011 were more scattered than 406 

those with relative energy values above 0.011. Therefore, an error analysis was performed separately for 407 

the data points with relative energy values below 0.011. The points that deviated from the fitting curve 408 

corresponded to 7.8% of the total number of AE events, and the associated volume accounted for 9.6% 409 

of the total volume corresponding to all AE events with relative energy values below 0.011. In terms of 410 

the total number of events, the points that deviated from the fitting curve corresponded to 7.2% of the 411 

total number of AE events, and the associated volume accounted for 4.1% of the total volume 412 

corresponding to all AE events. 413 

Using the empirical formula obtained from Fig. 14, the cavity volume changes in the gasification 414 

zone at various oxygen flow rates in the two experiments were estimated. The voxel-based method was 415 

used to estimate the cavity volume changes at each flow rate, and the results were compared with the 416 

actual cavity volume changes, as shown in Table 6. The estimation error was the smallest during stage 417 

2d, with a maximum error of 4.0%. The maximum error of stage 2a was 10.1%, and the errors in each 418 

stage were less than 11%, indicating that the AE source point position information combined with the 419 

relative energy can indeed accurately estimate the cavity volume of the gasification zone. 420 
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Table 6 The changes in the estimated volume obtained by the voxelization method and the actual 426 

cavity volume of the gasification zone. 427 

Stage 1a 1b 1c 2a 2b 2c 2d 

Cavity volume by the voxelization 

method (cm3) 
1022.1 634.9 1081.0 2716.8 684.0 716.2 1177.4 

Actual cavity volume (cm3) 962.5 592.2 1017.9 2467.6 645.3 685.4 1132.2 

Error (%) 6.20 7.20 6.20 10.10 6.00 4.50 4.00 

The morphology of the gasification zone obtained by the voxelization method is shown in Figs. 15 428 

and 16. Subfigures 1a, 1b, and 1c represent the voxel results for experiment 1 at 0-3 h, 0-5 h, and 0-8 h, 429 

respectively. Subfigures 2a, 2b, 2c, and 2d represent the voxel results for experiment 2 at 0-3.5 h, 0-4.5 430 

h, 0-5.5 h, and 0-7 h, respectively.  431 

      432 

Fig. 15. Results of the voxelization method to estimate the cavity of the gasification zone (Experiment 433 

1). (1a) 0-3 h cavity effect. (1b) 0-5 h cavity effect. (1c) 0-8 h cavity effect. 434 

 435 

Fig. 16. Results of the voxelization method to estimate the cavity of the gasification zone (Experiment 436 

2). (2a) 0-3.5 h cavity effect. (2b) 0-4.5 h cavity effect. (2c) 0-5.5 h cavity effect. (2d) 0-7 h cavity 437 

effect. 438 

3.3.4 Model Errors and Limitations 439 

In summary, the chemical stoichiometry method, Delaunay triangulation method, voxel method, 440 

and weighing method are used to calculate the expansion velocity of the gasification cavity. The 441 

limitations of the chemical stoichiometry method include the lack of consideration for tar filtered by the 442 

filtration system and volatile substances present during the gasification process. As shown in Figure 17(a), 443 

this estimation method generally underestimates the expansion velocity of the cavity, with a maximum 444 
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estimation error of 6.04% in Stage 1a and a minimum estimation error of 4.01% in Stage 1b. Furthermore, 445 

the chemical stoichiometry method cannot estimate the shape of the gasification cavity. 446 

As for limitations, the Delaunay triangulation method is not suitable for nonconvex sets. Nonconvex 447 

sets have complex topological structures in their boundary regions, making it impossible to establish a 448 

continuous and reasonable triangular mesh through nearest neighbour relationships. It may also generate 449 

triangles with extreme shapes, leading to overestimated results. As shown in Figure 17(b), this method 450 

generally overestimates the expansion velocity of the cavity, with a maximum estimation error of 23% 451 

in Stage 1c and a minimum estimation error of 7.8% in Stage 2b. 452 

The limitation of the voxel method lies in the fact that the size of the voxels affects the accuracy 453 

and resolution of the estimation results. If the voxels are too large, they cannot accurately describe the 454 

detailed structures within the cavity, resulting in inaccurate estimation results. If the voxels are too small, 455 

the computational complexity and storage requirements will increase. As shown in Figure 17(c), this 456 

method generally overestimates the expansion velocity of the cavity, with a maximum estimation error 457 

of 10.1% in Stage 2a and a minimum estimation error of 4.0% in Stage 2d. Additionally, both the voxel 458 

method and triangulation method are greatly influenced by the accuracy of acoustic emission for rupture 459 

monitoring rather than the algorithms themselves. Improving the accuracy of acoustic emission for 460 

rupture monitoring will effectively enhance the accuracy of these two prediction models. 461 

  462 

Fig. 17. The actual value of cavity expansion rate and the estimated value of the gasification zone. (a) 463 

The stoichiometric method (b) The Delaunay triangulation approach (c) The voxelization method 464 

After the experiment, we cut the coal sample along the center and compared the profiles obtained 465 
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by the Delaunay triangulation approach and the voxelization methods, as shown in Fig. 18. The typical 466 

nonconvex areas are highlighted using yellow circles. For experiment 1, the voxelization method had an 467 

estimation error of 6.4% for the cavity volume in the gasification zone at the end of the experiment, while 468 

the Delaunay triangulation approach had an error of 15.2%. Therefore, the voxelization method was 8.8% 469 

more accurate than the Delaunay triangulation approach. For experiment 2, the voxelization method had 470 

an estimation error of 7.4%, while the Delaunay triangulation approach had an error of 15.4%. Therefore, 471 

the voxelization method was 8% more accurate than the Delaunay triangulation approach. From the 472 

profiles of the areas numbered 1-3 in the figure, it can be seen that the voxelization method has 473 

advantages in estimating the cavity volume of the gasification zone and describing the shape of the cavity 474 

and can better address the problems of the Delaunay triangulation approach in overestimating the volume 475 

due to inaccurate shape description of nonconvex areas. Finally, the error calculated by overlapping the 476 

profile with the triangulation image and the voxelized image is shown in Table 7. It is found that the 477 

estimation of section area by triangulation method is closer to the original section area. The reason we 478 

speculate here is that the original section actually contains a portion of the unvaporized area, which would 479 

be accounted for by triangulation, but not by voxel. In the future, we will consider improving the grouting 480 

material and filling the cavity with more suitable materials to ensure higher accuracy. 481 

 482 

Fig. 18. (a) Actual profile (Experiment 1). (b) Profile obtained by the Delaunay triangulation approach 483 

(Experiment 1). (c) Profile obtained by the voxelization method (Experiment 1). (d) Actual profile 484 

(Experiment 2). (e) Profile obtained by the Delaunay triangulation approach. (Experiment 2). (f) Profile 485 

obtained by the voxelization method (Experiment 2). 486 

 487 

 488 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



20 

 

Table 7 To compare the section area obtained through voxelization and triangulation with the section 489 

area obtained from actual cutting. 490 

Section type Experiment 1 Experiment 2 

Section area by the Delaunay triangulation approach (cm2) 246.00 396.90 

Section area by the voxelization method (cm2) 236.10 350.52 

Actual section area (cm2) 267.06 397.74 

Error (the Delaunay triangulation approach) (%) -7.89 -0.21 

Error (the voxelization method) (%) -11.59 -11.87 

 491 

4. Conclusion 492 

(1) The oxygen flow rate in the gasification agent is one of the main factors affecting the coal 493 

consumption rate in gasification. Overall, as the oxygen flow rate increases, the coal consumption rate 494 

significantly increases. Specifically, when the oxygen flow rate increased from 3 L/min to 15 L/min, the 495 

coal consumption rate increased from 295.2 g/h to 694.4 g/h. Moreover, there is a strong correlation 496 

between the differential average temperature and differential coal consumption rate. With drastic changes 497 

in oxygen flow rate, the differential average temperature quickly changes, and the differential coal 498 

consumption rate shows the same trend as the differential average temperature. 499 

(2) AE monitoring combined with Delaunay triangulation is a useful means of visualizing the three-500 

dimensional gasification zone. As the number of AE sources increases, the Delaunay triangulation 501 

approach can estimate the shape of the gasification zone in different flow rate stages in real time. The 502 

combination of AE monitoring and the Delaunay triangulation approach has good performance in 503 

estimating the cavity volume of the convex gasification zone. Specifically, when the oxygen flow rate is 504 

3 L/min, the estimation error is 8.9%, and when the oxygen flow rate is 10 L/min, the estimation error is 505 

7.8%. According to past underground gasification experiments, a convex gasification zone is generally 506 

formed under good experimental conditions. Therefore, this method is suitable for estimating the volume 507 

of the convex gasification zone. 508 

(3) Compared with the Delaunay triangulation approach, the voxelization method is more effective 509 

in estimating the cavity volume of the gasification zone and describing the cavity shape. In terms of 510 

estimating the cavity volume of the gasification zone, in experiment 1, the voxelization method had an 511 

error of 6.4% after the experiment was completed, while the Delaunay triangulation approach had an 512 

error of 15.2%. The voxelization method improved the accuracy by 8.8% compared to the Delaunay 513 

triangulation approach. In experiment 2, the voxelization method had an error of 7.4% after the 514 

experiment was completed, while the Delaunay triangulation approach had an error of 15.4%. The 515 

voxelization method improved the accuracy by 8% compared to the Delaunay triangulation approach. 516 

From the comparison of the gypsum profiles in the later stage of the experiment, the voxelization method 517 

can describe the cavity shape more accurately. 518 

(4) The stoichiometric method, the Delaunay triangulation approach, and the voxelization method 519 

each have their own advantages and disadvantages. The stoichiometric method has good overall 520 
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performance in estimating the cavity volume, with small errors, but it cannot describe the three-521 

dimensional shape of the gasification zone. The Delaunay triangulation approach is suitable for 522 

evaluating the cavity of the convex gasification zone. The voxelization method can provide a more 523 

accurate estimation of the cavity volume and the three-dimensional shape of the gasification zone based 524 

on an empirical relationship supported by preliminary experimental data for a specific type of 525 

underground gasification experiment. The three methods can be used in combination to effectively and 526 

accurately estimate the changes in the cavity of the gasification zone. 527 
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 13 

Abstract:  14 

In this study, the impact of oxygen flow rate on the cavity of the gasification zone was analyzed 15 

through two experiments using a coaxial hole model. The oxygen flow rate was controlled between 3 16 

L/min and 5 L/min for experiment one and between 7.5 L/min and 15 L/min for experiment two. For the 17 

estimation of the cavity volume of the gasification zone in UCG, the stoichiometric method, the Delaunay 18 

triangulation approach, and the voxelization method were used. The actual gasification zone cavity 19 

volume change was obtained by dividing the coal consumption monitored by electronic mass balance by 20 

the apparent density of the coal. After analyzing and comparing the cavity volumes of the gasification 21 

zone obtained by the three estimation methods with the actual cavity volume of the gasification zone, the 22 

results showed that the stoichiometric method had an estimation error of less than 6.5%. The Delaunay 23 

triangulation approach could reduce the estimation error for the convex cavity volume of the gasification 24 

zone to within 10%. The voxelization method could reduce the estimation error for the cavity volume of 25 

the gasification zone to below 8% and accurately describe the shape of the cavity.  26 

Keywords:  27 

Underground coal gasification (UCG); Stoichiometry; Cavity growth; Gasification zone; Voxelization 28 

method; The Delaunay triangulation approach 29 

1 Introduction 30 

Underground coal gasification (UCG) is a technology used to recover combustible gases such as H2, 31 
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CO, and CH4 by burning coal with gasification agents (air, O2, water vapor, etc.) delivered through 32 

injection wells. This technique is mainly applied in deep coal seams, low coal seams and unworkable 33 

coal seams by conventional methods [1-3]. As gasification proceeds, the coal is continuously consumed, 34 

and a cavity in the gasification zone will gradually form between the injection and production wells; the 35 

volume of this cavity will continue to expand as gasification proceeds, thus causing increased damage to 36 

the coal seam, which may lead to a series of problems such as gas leakage, ground subsidence, and 37 

groundwater contamination [4-7]. Therefore, it is necessary to monitor cavity expansion in the gasification 38 

zone and to estimate the volume change in the gasification zone using an efficient and accurate method. 39 

Scholars from various countries have conducted a series of studies on the monitoring and control of 40 

Underground Coal Gasification (UCG). For example, researchers have focused on studying the 41 

combustion state in the gasification zone during cavity growth [8-11]. Additionally, many scholars have 42 

also investigated other aspects of cavity growth: Perkins et al. modeled the cavity with a packed bed 43 

model or as a free channel model, and the form of the channel was mostly considered to be cylindrical 44 

or rectangular [12-17]. Samdani et al. predicted the chamber-scale UCG cavity growth rate with an in-house 45 

developed computational fluid dynamics (CFD) model and compared it with the data obtained from 46 

chamber experiments [18-24]. Mehdi Najaf et al. used multivariate nonlinear regression analysis to establish 47 

a new model for predicting the cavity growth rate, which can be used to estimate the cavity growth rate 48 

under any given set of parameters [25]. C. Hsu, Blinderman et al. studied the formation of cavities during 49 

in situ gasification using the forward combustion linking (FCL) method [26] and determined the shape of 50 

the cavities using microfocus X-ray computed tomography [27]. Xiaopeng Liu et al. established a 51 

numerical calculation model for the temperature field inside the cavity with varying thermal parameters 52 

using the explicit finite difference method. They estimated the diffusion range of temperature inside the 53 

combustion cavity [28]. V. Prabu et al. studied the formation of UCG cavities under different experimental 54 

conditions and analyzed the results. The findings showed that the shape and formation rate of cavities 55 

were significantly affected by the oxygen flow rate, and they also highlighted the importance of ash 56 

content in cavity growth [29, 30]. 57 

It is important to understand the development of gasification zone cavities to establish safe UCG 58 

technology. As the gasification process progresses, the appearance of thermal stresses inside the coal 59 

body leads to the generation of cracks, and the locations of these cracks can be detected by acoustic 60 

emission (AE) monitoring, making it possible to monitor cavity growth using AE technology. As the 61 

cracks expand, the oxidation surface area of the coal seam increases, and combustion and gasification 62 

occur in a chain reaction-like manner. Therefore, the combustion and gasification zones will expand and 63 

move. In previous studies, AE monitoring technology was used to estimate the evolution of cavities, 64 

along with temperature monitoring and analysis of product gas composition. However, there have been 65 

few experimental studies that combine the relative energy of AE with the location of AE sources to 66 

estimate the expansion of cavities during the entire UCG process.  67 

To achieve the objectives of this study, the stoichiometric method [31,32], the Delaunay triangulation 68 

approach [33], and the voxelization method were used to estimate the cavity volume of the gasification 69 

zone, and the relationship between coal consumption, gas composition, and temperature distribution was 70 

assessed. The stoichiometric method was used to estimate the volume of the gasification cavity by 71 
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analyzing the gas composition, while the Delaunay triangulation approach and the voxelization method 72 

were used to estimate the volume of the gasification cavity by analyzing the AE source information. The 73 

stoichiometric method was used to estimate the cavity volume of the gasification zone by calculating the 74 

oxygen reaction amount and the carbon content of coal during the UCG process. The formula derivation 75 

of this method was based on the conservation of elements in the UCG chemical reaction process. 76 

Furthermore, the Delaunay triangulation approach and the voxelization method utilize AE technology as 77 

a monitoring tool to estimate the location and magnitude of AE events in the gasification zone by 78 

analyzing the waveform of elastic waves caused by thermal stress during the coal gasification process 79 

[34]. Based on this, the combustion gasification area of coal can be estimated, and the gasification zone 80 

can be visualized. The Delaunay triangulation approach, which takes the Lawson algorithm as its core 81 

idea, estimates the gasification cavity volume by constructing a tetrahedral mesh based on the source 82 

positions. On the other hand, the voxel method estimates the volume by combining the relationship 83 

between the AE source positions and the relative energy. The actual gasification zone cavity volume 84 

change was obtained by dividing the coal consumption monitored by electronic mass balance by the 85 

apparent density of the coal. The effectiveness of the three methods was verified by comparing and 86 

analyzing the estimated volumes obtained from the three methods with the actual change in gasification 87 

cavity volume. 88 

 89 
Fig. 1. Experimental system diagram. 90 

2 Materials and methods 91 

2.1 Experimental apparatus 92 

The underground gasification system used in this experiment is shown in Fig. 1. The experiment 93 

was conducted using coal blocks. The coal samples were provided by Hokkaido Mining Company, Japan, 94 

and the industrial and elemental analyses of the coal samples are shown in Table 1. The whole coal body 95 

was cut and put into a sealed iron barrel (Fig. 2 a, b). The length and width of the coal body were 96 

controlled at 19~21 cm, the height was 24~26 cm, and refractory cement was poured between the coal 97 
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body and the iron barrel. The entire underground gasification system was placed on an electronic mass 98 

balance, allowing real-time observation of coal mass changes during the gasification process. The 99 

gasifying agent was injected using a combination of an air compressor and an oxygen generator, with 100 

flow control achieved through the use of a supersonic flowmeter. For this experiment, the cooled product 101 

gas was passed through a synthetic gas cooling device before being cooled further and dried in a drying 102 

box to remove impurities such as tar. Temperature sensors and AE sensors were installed on both sides 103 

of the coal seam to monitor the gasification zone temperature and AE signals, respectively. The cleaned 104 

product gas was then fed into a gas chromatograph for analysis. 105 

 106 

(a)                         (b)                          (c) 107 

Fig. 2. Sensor arrangement, furnace body and output gas for successful ignition. (a) Coal block cutting. 108 

(b) Gasification furnace. (c) Successful ignition 109 

 110 

Table 1 Industrial and elemental analyses of coal. 111 

Calorific Value 

(MJ/kg) 

Proximate Analysis (wt.%)  Ultimate Analysis (wt.%) 

Moisture Ash Volatiles Fixed Carbon  C H N S O 

31.48 1.10 8.10 44.90 45.90  75.00 5.78 1.23 0.07 9.71 

2.2 Experimental procedure 112 

 113 

  (a)                                      (b) 114 

Fig. 3. Feed gas flow during the gasification experiments. (a) Experiment 1. (b) Experiment 2. 115 

For this experiment, a coaxial tube was used, which consisted of an inner and outer tube. The inner 116 

tube was used to inject a mixture of oxygen and air as the gasifying agent, while the outer tube was used 117 
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to output the product gas after gasification. The distance between the tube opening and the coal bottom 118 

was 3 cm, and the diameter of the passage inside the tube was 3 cm. The experiment began by igniting 119 

the bottom of the coal with ignition materials such as sawdust, followed by the injection of a mixture of 120 

air and oxygen. The experiment used an adsorption-type oxygen making machine (product code: 121 

20D089101) to produce oxygen. The device uses high-quality molecular sieves as adsorbents and utilizes 122 

the PSA (PRESSURE SWING ADSORPTION) variable pressure adsorption principle to directly obtain 123 

oxygen from compressed air. By mixing with the air output from the air compressor, a mixed gas with a 124 

stable oxygen concentration of 50% can be output. The ultrasonic flowmeter used in this experiment 125 

employs the principle of time difference propagation. Ultrasonic sensors are installed at two positions, 126 

upstream and downstream, to measure the speed of sound propagation from upstream to downstream and 127 

from downstream to upstream in order to calculate the fluid flow rate. In addition, the ultrasonic 128 

flowmeter includes an integrated thermometer and barometer, which can be used to correct the flow rate 129 

and pipe diameter to provide a corrected value output at standard conditions (0 ℃, 1 atm). The minimum 130 

measurable flow rate is 0.5 L/min, with a minimum measurable flow rate of 1 L/min when considering 131 

the diameter of the pipe used. Due to limitations arising from the precision of the measuring instrument 132 

and operational technique, the measurement error of the flow rate is ±0.01 L/min.  133 

Experiment 1 was divided into three stages (1a, 1b, and 1c) based on changes in oxygen flow rate. 134 

In stage 1a (0-3 h), the oxygen flow rate was 3 L/min; in stage 1b (3-5 h), it was 4 L/min; and in stage 135 

1c (5-8 h), it was 5 L/min. Experiment 2 was divided into four stages (2a, 2b, 2c, and 2d). In stage 2a (0-136 

3.5 h), the oxygen flow rate was 7.5 L/min; in stage 2b (3.5-4.5 h), it was 10 L/min; in stage 2c (4.5-5.5 137 

h), it was 12.5 L/min; and in stage 2d (5.5-7 h), it was 15 L/min, as shown in Fig. 3. The product gas was 138 

cooled and dried to remove tar and other impurities before being analyzed using a gas chromatograph. 139 

Gas composition data were recorded every half hour on average. The experiment was ended by 140 

extinguishing the fire using N2. 141 

 142 

  (a)                                        (b) 143 

Fig. 4. Layout of sensors. (a) Piezoelectric acceleration transducers. (b) Thermocouples. 144 
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Temperature changes were monitored using K-type thermocouples, which were arranged in layers 145 

according to their distance from the ignition point. The first layer, consisting of thermocouples T11 and 146 

T21, was placed near the ignition point, and subsequent layers were placed 5 cm apart from each other. 147 

The second layer consisted of thermocouples T12 and T22, and the third layer consisted of thermocouples 148 

T13 and T23, as shown in Fig. 4. Thermocouples T11-T13 on the right side of the gasification channel 149 

were placed closer to the channel at a distance of 3 cm, while thermocouples T21-T23 on the left side 150 

were placed farther away at a distance of 5 cm. AE signals were monitored using piezoelectric 151 

acceleration sensors. The physical nature of AE is the rapid release of elastic waves due to the local 152 

energy of the material. In the process of underground coal gasification, AE activity is mainly caused by 153 

thermal stress that leads to coal fracturing. The AE sensors and temperature sensors were arranged 154 

perpendicular to each other in terms of their distribution direction. All six AE sensors were inserted into 155 

the coal seam at a depth of 1 cm, as shown in Fig. 4. The thermocouples and AE sensors were arranged 156 

in the same way for both experiments. In addition, the weight of the gasifier was recorded every half 157 

hour using an electronic scale. After the experiment was completed, gypsum slurry was injected into the 158 

coal body and allowed to dry. The gasifier was then cut open along the center of the coal body, including 159 

the refractory cement. 160 

3 Results and discussion 161 

3.1 Relationship between coal seam temperature distribution and coal consumption 162 

3.1.1 Monitoring of coal consumption by electronic mass balance 163 

The entire underground gasification system was placed on an electronic scale, and the actual coal 164 

consumption during stages 1a, 1b, 1c, 2a, 2b, 2c, and 2d was monitored and is shown in Table 2 165 

(calculated dry coal density = 0.92 g/cm3). Overall, coal consumption in the gasification zone increased 166 

significantly with increasing oxygen flow rate, indicating that a higher oxygen flow rate leads to a faster 167 

reaction rate. Similar results, where the gasification zone cavity volume significantly increases with 168 

increasing oxygen flow rate, have been reported in the literature [30]. 169 

Table 2 Coal consumption by stage. 170 

Experiment 

no. 
Stage 

Total 

time 

(h) 

Feed flow rate 

(L/min) Oxygen 

concentration 

(%) 

Time 

interval 

(h) 

Coal 

consumption 

(g) 

Coal 

consumption 

rate (g/h) 

Cavity 

expansion 

rate (cm3/h) O2 

Oxygen-

enriched 

air 

1 

1a 

8 

3.0 6 

50% 

0-3 885.5 295.2 320.8 

1b 4.0 8 3-5 544.9 272.4 296.1 

1c 5.0 10 5-8 936.5 312.2 339.3 

2 

2a 

7 

7.5 15 

50% 

0-3.5 2270.2 648.6 705.0 

2b 10.0 20 3.5-4.5 593.7 593.7 645.3 

2c 12.5 25 4.5-5.5 630.5 630.5 685.4 

2d 15.0 30 5.5-7 1041.6 694.4 754.8 
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3.1.2 Temperature change 171 

 172 
     (a)                                        (b) 173 

Fig. 5. Temperature profiles. (a) Experiment 1. (b) Experiment 2. 174 

Fig. 5 shows the temperature variation curves with time during the gasification process. The overall 175 

observations indicated that the coal seam temperature rose sharply in the early stage of the experiment, 176 

and the rising trend of the coal seam temperature slowed in the middle and late stages of the experiment. 177 

Observations of temperature during experiment 1 revealed that the sharp increase in temperature 178 

did not occur at the ignition point (T11), but rather at T12 above the ignition point, where the temperature 179 

change was more dramatic than at T11. The temperature rise was particularly apparent near the gas 180 

injection port, where T12, T22, T13, and T23 showed a rapid increase, indicating that the gasification 181 

zone did not start from the area around the ignition point, but rather from the vicinity of the injection 182 

port. This may be due to the effect of the low oxygen flow rate (3 L/min), which caused the oxygen 183 

concentration at the ignition point to be lower than that near the injection port. The temperature recorded 184 

by T12 rose rapidly to approximately 800℃ at approximately 2 h, while the temperatures recorded by 185 

T11 and T21 remained below 200℃. As experiment 1 progressed to approximately 5 h and the oxygen 186 

flow rate increased (5 L/min), the temperatures of T13 and T23 above the gasification channel increased 187 

more quickly, indicating that the combustion gasification zone was expanding towards the gas outlet 188 

direction, as shown in Fig. 5(a). 189 

In experiment 2, the temperature at the ignition point (T11) increased significantly, reaching 190 

approximately 1300℃ after approximately 1 h. At the same time, with the injection of a high oxygen flow 191 

rate (7.5 L/min), the temperature of T21 at the bottom, far from the gas outlet direction also increased 192 

rapidly. This is different from the change in T21 observed in experiment 1. It can be inferred that under 193 

high flow rate conditions, the gasification zone first develops downwards from the injection port, then 194 

expands to the surrounding upper part, and finally expands outwards along the gas outlet direction, as 195 

shown in Fig. 5(b). 196 
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3.1.2 Correlation analysis between temperature and coal consumption rate 197 

 198 

 (a)                                       (b) 199 

Fig. 6. Relationship between temperature and coal consumption rate. (a) Experiment 1. (b) Experiment 200 

2. 201 

Fig. 6 shows the curves of the average temperature and coal consumption rate of the gasification 202 

zone over time for the two experiments. During the first two hours of both experiments, the gasification 203 

zone was in the ignition stage, and the gasification state was unstable. After 2 h, there was a strong 204 

correlation between the two parameters, and the coal consumption rate increased with increasing average 205 

temperature of the gasification zone. In experiment 1, the coal consumption rate peaked at 0.32 kg/h 206 

when the average temperature of the gasification zone reached its highest point of 800.3℃. In experiment 207 

2, the coal consumption rate peaked at 0.74 kg/h when the average temperature of the gasification zone 208 

reached its highest point of 1154.8℃. We also found that the coal consumption rate changed dramatically 209 

with the changes in temperature, as seen in the period between 3.5 h and 6 h in experiment 2. 210 

 211 

(a)                                       (b) 212 

Fig. 7. Differential average temperature and differential coal consumption rate curves. (a) Experiment 213 

1. (b) Experiment 2. 214 

By using the first-order forward difference method to analyze the coal consumption rate and average 215 

temperature data of experiments 1 and 2, we obtained Fig. 7, where the differential coal consumption 216 

rate represents the overall change in the gasification zone coal consumption rate between two adjacent 217 

time points, and the differential average temperature represents the overall change in the gasification 218 
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zone temperature between two adjacent time points. From the overall trend, there is a strong correlation 219 

between the differential average temperature and the differential coal consumption rate, which is 220 

particularly evident in experiment 2. As experiment 2 progressed from stages 2a, 2b, and 2c to stages 2b, 221 

2c, and 2d, the difference in average temperature increased by 58.4℃, 70.3℃, and 62.6℃, respectively, 222 

while the difference in coal consumption rate increased by 0.21 kg/h, 0.22 kg/h, and 0.20 kg/h. With the 223 

rapid changes in oxygen flow rate, the difference in average temperature also changed rapidly, and the 224 

difference in coal consumption rate showed the same trend as the difference in average temperature, as 225 

shown in Fig. 7(b). 226 

3.2 Estimation of cavity growth in the gasification zone by gas composition 227 

3.2.1 Product gas composition 228 

  229 

   (a)                                        (b) 230 

Fig. 8. Composition of the gas generated during gasification. (a) Experiment 1. (b) Experiment 2. 231 

By comparing the concentrations of CO and H2 in the product gas at three stages of experiment 1 232 

and four stages of experiment 2, we found that the changes in CO and H2 concentrations were closely 233 

related to the oxygen flow rate. In stage 1a of experiment 1, the gasification zone reaction state was 234 

unstable. In stage 1b, with increases in the oxygen flow rate and in the internal temperature of the coal, 235 

there was a significant increase in CO and H2 concentrations. After further increasing the oxygen flow 236 

rate and entering stage 1c, the concentrations of CO and H2 showed a decreasing trend. Overall, in 237 

experiment 2, the oxygen flow rate was too high, and the concentrations of CO and H2 in the product gas 238 

showed a decreasing trend. 239 

3.2.2 Volume estimation based on stoichiometry 240 

Stoichiometry was used to estimate the UCG gasification process, and the chemical reactions during 241 

the underground gasification process were represented by the elemental balance equation given in 242 

Equation (1), where H2, CO, CO2 and CH4 are the main components of the dry gas, and their 243 

concentrations in the generated gas are represented by p, q, r, and s, respectively. The values of m and n 244 

were obtained through the elemental analysis of the coal sample, while α and β represent the equilibrium 245 

constants of O2 and H2O, respectively. γ, δ, ε, and η represent the gas yields of H2, CO, CO2 and CH4, 246 
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respectively. 247 

            
m n 2 2 2 2 4CH O O H O H CO CO CH                        (1) 248 

The gas composition of the main product gases and the stoichiometrically estimated coal consumption at 249 

different oxygen flow rates are presented in Table 3. 250 

Table 3 Gas concentrations and coal consumption at different oxygen flow rates. 251 

Stage 
O2 

(%) 

N2 

(%) 

CO2 

(%) 

CO 

(%) 

CH4 

(%) 

H2 

(%) 

Coal 

consumption 

(g) 

1a 2.3 34.04 13.43 20.80 3.27 17.96 832.1 

1b 0.0 34.10 19.57 20.90 2.11 15.78 523.0 

1c 0.0 36.78 26.14 14.30 2.36 12.35 889.9 

2a 0.0 28.71 13.81 24.91 4.01 19.70 2133.9 

2b 0.0 32.37 24.51 15.66 2.86 13.10 569.6 

2c 0.0 34.09 26.71 15.48 2.06 10.64 604.1 

2d 0.0 36.43 29.11 13.65 1.25 8.32 994.7 

Table 4 compares the estimated cavity volume of the gasification zone obtained by stoichiometry 252 

and the actual cavity volume of the gasification zone at each stage. Due to the unstable gasification 253 

situation in the early stage of the experiment, the estimation errors of stages 1a and 2a were 6.04% and 254 

6.0%, respectively, while the estimation errors of the other stages were all less than 5%. The best stage 255 

for estimation was stage 1b, with an estimation error of 4.01%. Overall, in experiment 1, the actual cavity 256 

volume of the gasification zone was 2572.7 cm3, and the estimated total volume was 2440.1 cm3, which 257 

was 5.2% smaller than the actual volume. In experiment 2, the actual cavity volume of the gasification 258 

zone was 4930.5 cm3, and the estimated total volume was 4332 cm3, which was 5.1% smaller than the 259 

actual volume. These results indicate that this theory can be used to estimate the gasification chamber 260 

volume accurately. 261 

Table 4 Changes in the estimated volume by stoichiometry and the actual cavity volume of the 262 

gasification zone. 263 

Stage 1a 1b 1c 2a 2b 2c 2d 

Cavity volume by stoichiometric 

method (cm3) 
904.3 568.5 967.3 2319.5 619.1 656.6 1081.2 

Actual cavity volume (cm3) 962.5 592.2 1017.9 2467.6 645.3 685.4 1132.2 

Error (%) 6.04 4.01 4.98 6.00 4.06 4.20 4.50 
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3.3 Estimation of cavity growth in the gasification zone by AE 264 

3.3.1 AE source location calibration 265 

 266 

(a)                                      (b) 267 

Fig. 9. Results of AE source location. (a) Experiment 1. (b) Experiment 2. 268 

The AE source location calibration results were obtained by applying the least-squares iterative 269 

algorithm [35], as shown in Fig. 9. The location of the AE source was calculated by combining the arrival 270 

time of the primary wave and the coordinates of each AE sensor. The center of the sphere represents the 271 

location of the source, and the AE events generated during different oxygen flow rate stages were divided 272 

into different phases. Experiment 1 was divided into three stages, namely, 1a, 1b, and 1c, while 273 

experiment 2 was divided into four stages, namely, 2a, 2b, 2c, and 2d. Different colors were assigned to 274 

different stages, and the size of the spheres represents the relative energy. The degree of extension of the 275 

coal seam fractures during the gasification process can be represented by the relative energy of AE, 276 

denoted as Ae, which is calculated as the square of the range of AE source energy A0, according to 277 

Equation (2). 278 

                                        𝐴0 =
1

𝑁
∑ (𝐴𝑗 × 𝐿𝑗)                 

2

0eA A𝑁
𝑗=1                         (2) 279 

Here, Lj represents the distance between the calibration location of the AE source and the jth AE 280 

sensor, N is the number of AE sensors, and Aj is the maximum amplitude of the waveform obtained from 281 

the jth AE sensor. 282 

In both experiments, the majority of the AE sources were concentrated around the coaxial hole and 283 

moved upward with time. During stages 1a and 2a, the AE sources were mainly distributed at the gas 284 

injection port and the ignition point, indicating that the fracture activity was most intense during these 285 

two stages and more cracks appeared. During stages 1b, 1c, 2b, 2c, and 2d, the fractured area mainly 286 

evolved from the gas injection port to the top gas outlet. Compared to experiment 1, experiment 2 had a 287 

larger number of large-scale AEs caused by the high oxygen flow rate, and during stage 2b, the AE 288 

sources began to spread upward in large numbers. During stages 2c and 2d, the AE sources spread to the 289 

edge of the coal seam. This phenomenon indicated that gasification started from the ignition point and 290 
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gradually moved outward and upward, and high oxygen flow rates caused AE sources to spread upward 291 

more quickly. 292 

3.3.2 Volume estimation based on the Delaunay triangulation approach 293 

To study the cavity volume in the gasification zone, the Delaunay triangulation method was used 294 

based on the results of AE source positioning. This method is a geometric technique of combining given 295 

point source data into triangles. In this method, the circumcircle of each triangle does not contain any 296 

other point source data, so the triangles formed by each division are closest to equilateral triangles. The 297 

Delaunay triangulation method is widely used as an automatic element division method [33] in various 298 

numerical simulation software programs. 299 

The process of 2D Delaunay triangulation began by creating a super triangle that contains all the 300 

source points and then inserting the concentrated source point data one by one. The triangle whose 301 

circumcircle contains the inserted point is called the influence triangle of that point. The common edges 302 

of the influence triangles were removed, and the inserted point was connected to all the vertices of the 303 

triangles to complete the insertion of the source data into the Delaunay triangulation data set. This process 304 

was repeated until no more points needed to be added. This step was then extended to 3D. Then, a sphere 305 

was created that contains all the source points. The maximum and minimum points of the X, Y, and Z 306 

axes in the source point data were found, and the center coordinates of each axis were calculated. When 307 

the maximum values are maxX, maxY, and maxZ and the minimum values are minX, minY, and minZ, 308 

the center coordinates centerX, centerY, and centerZ for each axis are given by Equation (3). 309 

                                                   𝑐𝑒𝑛𝑡𝑒𝑟𝑋 =  
1

2
(𝑚𝑎𝑥𝑋 + 𝑚𝑖𝑛𝑋) 310 

                                                   𝑐𝑒𝑛𝑡𝑒𝑟𝑌 =  
1

2
(𝑚𝑎𝑥𝑌 + 𝑚𝑖𝑛𝑌) 311 

                                                  𝑐𝑒𝑛𝑡𝑒𝑟𝑍 =  
1

2
(𝑚𝑎𝑥𝑍 + 𝑚𝑖𝑛𝑍)                                                                 (3) 312 

Then, the radius was calculated using Equation (4), and by adding 0.1 to the radius, a new radius r 313 

that contained all the source point data was obtained. 314 

           𝑟 =  √(𝑐𝑒𝑛𝑡𝑒𝑟𝑋 − 𝑚𝑖𝑛𝑋)2 + (𝑐𝑒𝑛𝑡𝑒𝑟𝑌 − 𝑚𝑖𝑛𝑌)2 + (𝑐𝑒𝑛𝑡𝑒𝑟𝑍 − 𝑚𝑖𝑛𝑍)2 + 0.1              (4) 315 

The coordinates of the four points of the circumscribed tetrahedron, P1, P2, P3, and P4, were 316 

obtained using the center coordinates of the axis and the radius r. The coordinates of P1, P2, P3, and P4 317 

are given by Equation (5): 318 

                  𝑃1(𝑥1, 𝑦1, 𝑧1,) = (𝑐𝑒𝑛𝑡𝑒𝑟𝑋,  3𝑟,  𝑐𝑒𝑛𝑡𝑒𝑟𝑍) 319 

                  𝑃2(𝑥2, 𝑦2, 𝑧2,) = (𝑐𝑒𝑛𝑡𝑒𝑟𝑋 − 2𝑟√2,  𝑐𝑒𝑛𝑡𝑒𝑟𝑌 − 𝑟,  𝑐𝑒𝑛𝑡𝑒𝑟𝑍) 320 

                  𝑃3(𝑥3, 𝑦3 𝑧3,) = (𝑐𝑒𝑛𝑡𝑒𝑟𝑋 + 𝑟√2,  𝑐𝑒𝑛𝑡𝑒𝑟𝑌 − 𝑟,  𝑐𝑒𝑛𝑡𝑒𝑟𝑍 + 𝑟√6) 321 

                  𝑃4(𝑥4, 𝑦4, 𝑧4,) = (𝑐𝑒𝑛𝑡𝑒𝑟𝑋 + 𝑟√2,  𝑐𝑒𝑛𝑡𝑒𝑟𝑌 − 𝑟,  𝑐𝑒𝑛𝑡𝑒𝑟𝑍 − 𝑟√6)                        (5) 322 
Finally, the concentrated source point data were inserted one by one using a method called 323 

incremental insertion. Fig. 10 shows the tetrahedral division performed by the incremental insertion 324 

method. To determine if an inserted point was contained within the circumscribed sphere of the 325 

tetrahedron, the center coordinates O (x0, y0, z0) and radius R of the circumscribed sphere were obtained 326 
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using Equations (7) and (8). If the inserted source point was located inside the circumscribed sphere of 327 

the tetrahedron, the common edges of the tetrahedron were removed, and the inserted point was 328 

connected to all the vertices of the tetrahedron. This process of tetrahedral division was repeated until no 329 

more points needed to be added. 330 

                                                 𝑉 = 1/6 ||

𝑥2 − 𝑥1 𝑦2 − 𝑦1 𝑧2 − 𝑧1

𝑥3 − 𝑥1 𝑦3 − 𝑦1 𝑧3 − 𝑧1

𝑥4 − 𝑥1 𝑦4 − 𝑦1 𝑧4 − 𝑧1

||                                               (6)  331 

 332 
Fig. 10. The incremental insertion method was used to perform tetrahedral division. 333 
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                                              𝑦0 = 1/120𝑉2
|
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2 𝑥1 𝑧1 1
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                                              𝑧0 = 1/120𝑉2
|
|

𝑥1
2 + 𝑦1

2 + 𝑧1
2 𝑥1 𝑦1 1

𝑥2
2 + 𝑦2
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|                                      (7) 336 

       
2 2 2

1,2.3,4i i iR x x y y z z i                                    (8) 337 

The Delaunay triangulation approach did not consider the weights of points, and it was necessary 338 

to preprocess the point cloud data. AE data with relative energy below 0.001 were regarded as small 339 

cracks and excluded, and AE data outside the coal body beyond a certain distance from the centroid of 340 

the AE source distribution was also excluded [34]. The processed AE source point cloud data were used 341 

to construct a three-dimensional tetrahedral mesh model. The basic unit of the Delaunay triangulation 342 

process was a tetrahedron, and its volume could be obtained using Equation (8). Based on the results of 343 

experiment one and experiment two, the estimated and actual changes in cavity volume of the gasification 344 

zone at various flow rates are summarized in Table 5. 345 

 346 
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Table 5 The changes in the estimated volume obtained by the Delaunay triangulation approach and the 353 

actual cavity volume of the gasification zone. 354 

Stage 1a 1b 1c 2a 2b 2c 2d 

Cavity volume determined 

by the Delaunay 

triangulation approach (cm3) 

1048.1 663.3 1252.0 2862.4 695.6 748.4 1381.2 

Actual cavity volume (cm3) 962.5 592.2 1017.9 2467.6 645.3 685.4 1132.2 

Error (%) 8.90 12.00 23.00 16.00 7.80 9.20 22.00 

 355 

The shapes of the cavity of the gasification zone obtained by the Delaunay triangulation approach 356 

are shown in Figs. 11 and 12. Subfigures 1a, 1b, and 1c represent the results of experiment one at 0-3 h, 357 

0-5 h, and 0-8 h, respectively. Subfigures 2a, 2b, 2c, and 2d represent the results of experiment two at 0-358 

3.5 h, 0-4.5 h, 0-5.5 h, and 0-7 h, respectively. As shown in Table 5, the estimation errors were all less 359 

than 25%, with a minimum of 7.8% during stage 2b. The maximum estimation error of 23% occurred 360 

during stage 1c. The reason for the estimation error may be that this method cannot describe nonconvex 361 

regions. Therefore, if the combustion zone contains nonconvex regions, this method may include them 362 

in the gasification zone, resulting in overestimation of the cavity volume and coal consumption in the 363 

gasification zone. 364 

 365 

Fig. 11. Results of Delaunay triangulation to estimate the cavity of the gasification zone (Experiment 366 

1). (1a) 0-3 h cavity effect. (1b) 0-5 h cavity effect. (1c) 0-8 h cavity effect. 367 

368 

Fig. 12. Results of Delaunay triangulation to estimate the cavity of the gasification zone (Experiment 369 

2). (2a) 0-3.5 h cavity effect. (2b) 0-4.5 h cavity effect. (2c) 0-5.5 h cavity effect. (2d) 0-7 h cavity 370 

effect. 371 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



15 

 

3.3.3 Volume estimation based on the Delaunay triangulation approach 372 

Due to the limitations of the Delaunay triangulation approach in estimating the cavity volume of the 373 

gasification zone and its inability to describe nonconvex regions, the point cloud data used in this study 374 

considered only the AE source point coordinates and did not consider other AE data. To minimize errors, 375 

a voxel-based method was proposed for volume evaluation. This method can describe nonconvex regions 376 

and considers the relative energy of AE as the weight of the point. Voxels with a size corresponding to 377 

the relative energy of AE were assigned to the source points to represent the cavity volume of the 378 

gasification zone. 379 

 380 

 381 

(a)                                          (b) 382 

Fig. 13. Voxel representation method. (a) 3D mesh segmentation of the coal body. (b) Overlap of 383 

voxels. 384 

In the voxelization method, the coal body was divided into a three-dimensional grid with 40 385 

divisions in the x and z directions and 50 divisions in the y direction, creating a total of 40 × 40 × 386 

50 cubes, as shown in Fig. 13(a). Each cube is called a voxel, and each voxel was assigned a volume of 387 

0.125 cm3 (the original coal body was 20 × 20 × 25 cm3, and each voxel's volume is equivalent to 388 

1/80,000 of the original coal body). Based on the relative energy of AE within a certain range, values 389 

were input into the voxels, as shown in Fig. 13(b), which displays the data for two different AE source 390 

points with energy sizes of 3 × 3 × 3 and 4 × 4 × 4 voxels. The common portion of the two 391 

source points is the overlapping section (2 × 2 × 2 voxels), and the advantage of this method is that 392 

the overlapping section is not double-counted when assigning values to the voxels. This method can 393 

accurately estimate the cavity volume in the gasification zone, thereby accurately estimating the coal 394 

consumption. The sum of the values input into the voxels was used as the volume of the reactive coal. 395 
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 396 

   (a)                                      (b) 397 

Fig. 14. (a) Relative energy vs. volume. (b) Relative energy vs. volume. (Relative energy is below 398 

0.011) 399 

In this method, the relative energy data of the AE source points and the actual gasification zone 400 

volume data from the two experiments were analyzed and compared. It was found that the relationship 401 

between the two data sets was well described by a linear function. Thus, a linear regression was 402 

performed to derive an empirical formula that related the actual cavity volume in the gasification zone 403 

to the relative energy of the AE source points. The relative energy of the AE source points and the 404 

estimated volume were linearly correlated with a correlation coefficient of 0.996, as shown in Fig. 14. 405 

Fig. 14 shows that the data points with relative energy values below 0.011 were more scattered than 406 

those with relative energy values above 0.011. Therefore, an error analysis was performed separately for 407 

the data points with relative energy values below 0.011. The points that deviated from the fitting curve 408 

corresponded to 7.8% of the total number of AE events, and the associated volume accounted for 9.6% 409 

of the total volume corresponding to all AE events with relative energy values below 0.011. In terms of 410 

the total number of events, the points that deviated from the fitting curve corresponded to 7.2% of the 411 

total number of AE events, and the associated volume accounted for 4.1% of the total volume 412 

corresponding to all AE events. 413 

Using the empirical formula obtained from Fig. 14, the cavity volume changes in the gasification 414 

zone at various oxygen flow rates in the two experiments were estimated. The voxel-based method was 415 

used to estimate the cavity volume changes at each flow rate, and the results were compared with the 416 

actual cavity volume changes, as shown in Table 6. The estimation error was the smallest during stage 417 

2d, with a maximum error of 4.0%. The maximum error of stage 2a was 10.1%, and the errors in each 418 

stage were less than 11%, indicating that the AE source point position information combined with the 419 

relative energy can indeed accurately estimate the cavity volume of the gasification zone. 420 
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Table 6 The changes in the estimated volume obtained by the voxelization method and the actual 426 

cavity volume of the gasification zone. 427 

Stage 1a 1b 1c 2a 2b 2c 2d 

Cavity volume by the voxelization 

method (cm3) 
1022.1 634.9 1081.0 2716.8 684.0 716.2 1177.4 

Actual cavity volume (cm3) 962.5 592.2 1017.9 2467.6 645.3 685.4 1132.2 

Error (%) 6.20 7.20 6.20 10.10 6.00 4.50 4.00 

The morphology of the gasification zone obtained by the voxelization method is shown in Figs. 15 428 

and 16. Subfigures 1a, 1b, and 1c represent the voxel results for experiment 1 at 0-3 h, 0-5 h, and 0-8 h, 429 

respectively. Subfigures 2a, 2b, 2c, and 2d represent the voxel results for experiment 2 at 0-3.5 h, 0-4.5 430 

h, 0-5.5 h, and 0-7 h, respectively.  431 

      432 

Fig. 15. Results of the voxelization method to estimate the cavity of the gasification zone (Experiment 433 

1). (1a) 0-3 h cavity effect. (1b) 0-5 h cavity effect. (1c) 0-8 h cavity effect. 434 

 435 

Fig. 16. Results of the voxelization method to estimate the cavity of the gasification zone (Experiment 436 

2). (2a) 0-3.5 h cavity effect. (2b) 0-4.5 h cavity effect. (2c) 0-5.5 h cavity effect. (2d) 0-7 h cavity 437 

effect. 438 

3.3.4 Model Errors and Limitations 439 

In summary, the chemical stoichiometry method, Delaunay triangulation method, voxel method, 440 

and weighing method are used to calculate the expansion velocity of the gasification cavity. The 441 

limitations of the chemical stoichiometry method include the lack of consideration for tar filtered by the 442 

filtration system and volatile substances present during the gasification process. As shown in Figure 17(a), 443 

this estimation method generally underestimates the expansion velocity of the cavity, with a maximum 444 
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estimation error of 6.04% in Stage 1a and a minimum estimation error of 4.01% in Stage 1b. Furthermore, 445 

the chemical stoichiometry method cannot estimate the shape of the gasification cavity. 446 

As for limitations, the Delaunay triangulation method is not suitable for nonconvex sets. Nonconvex 447 

sets have complex topological structures in their boundary regions, making it impossible to establish a 448 

continuous and reasonable triangular mesh through nearest neighbour relationships. It may also generate 449 

triangles with extreme shapes, leading to overestimated results. As shown in Figure 17(b), this method 450 

generally overestimates the expansion velocity of the cavity, with a maximum estimation error of 23% 451 

in Stage 1c and a minimum estimation error of 7.8% in Stage 2b. 452 

The limitation of the voxel method lies in the fact that the size of the voxels affects the accuracy 453 

and resolution of the estimation results. If the voxels are too large, they cannot accurately describe the 454 

detailed structures within the cavity, resulting in inaccurate estimation results. If the voxels are too small, 455 

the computational complexity and storage requirements will increase. As shown in Figure 17(c), this 456 

method generally overestimates the expansion velocity of the cavity, with a maximum estimation error 457 

of 10.1% in Stage 2a and a minimum estimation error of 4.0% in Stage 2d. Additionally, both the voxel 458 

method and triangulation method are greatly influenced by the accuracy of acoustic emission for rupture 459 

monitoring rather than the algorithms themselves. Improving the accuracy of acoustic emission for 460 

rupture monitoring will effectively enhance the accuracy of these two prediction models. 461 

  462 

Fig. 17. The actual value of cavity expansion rate and the estimated value of the gasification zone. (a) 463 

The stoichiometric method (b) The Delaunay triangulation approach (c) The voxelization method 464 

After the experiment, we cut the coal sample along the center and compared the profiles obtained 465 
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by the Delaunay triangulation approach and the voxelization methods, as shown in Fig. 18. The typical 466 

nonconvex areas are highlighted using yellow circles. For experiment 1, the voxelization method had an 467 

estimation error of 6.4% for the cavity volume in the gasification zone at the end of the experiment, while 468 

the Delaunay triangulation approach had an error of 15.2%. Therefore, the voxelization method was 8.8% 469 

more accurate than the Delaunay triangulation approach. For experiment 2, the voxelization method had 470 

an estimation error of 7.4%, while the Delaunay triangulation approach had an error of 15.4%. Therefore, 471 

the voxelization method was 8% more accurate than the Delaunay triangulation approach. From the 472 

profiles of the areas numbered 1-3 in the figure, it can be seen that the voxelization method has 473 

advantages in estimating the cavity volume of the gasification zone and describing the shape of the cavity 474 

and can better address the problems of the Delaunay triangulation approach in overestimating the volume 475 

due to inaccurate shape description of nonconvex areas. Finally, the error calculated by overlapping the 476 

profile with the triangulation image and the voxelized image is shown in Table 7. It is found that the 477 

estimation of section area by triangulation method is closer to the original section area. The reason we 478 

speculate here is that the original section actually contains a portion of the unvaporized area, which would 479 

be accounted for by triangulation, but not by voxel. In the future, we will consider improving the grouting 480 

material and filling the cavity with more suitable materials to ensure higher accuracy. 481 

 482 

Fig. 18. (a) Actual profile (Experiment 1). (b) Profile obtained by the Delaunay triangulation approach 483 

(Experiment 1). (c) Profile obtained by the voxelization method (Experiment 1). (d) Actual profile 484 

(Experiment 2). (e) Profile obtained by the Delaunay triangulation approach. (Experiment 2). (f) Profile 485 

obtained by the voxelization method (Experiment 2). 486 
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Table 7 To compare the section area obtained through voxelization and triangulation with the section 489 

area obtained from actual cutting. 490 

Section type Experiment 1 Experiment 2 

Section area by the Delaunay triangulation approach (cm2) 246.00 396.90 

Section area by the voxelization method (cm2) 236.10 350.52 

Actual section area (cm2) 267.06 397.74 

Error (the Delaunay triangulation approach) (%) -7.89 -0.21 

Error (the voxelization method) (%) -11.59 -11.87 

 491 

4. Conclusion 492 

(1) The oxygen flow rate in the gasification agent is one of the main factors affecting the coal 493 

consumption rate in gasification. Overall, as the oxygen flow rate increases, the coal consumption rate 494 

significantly increases. Specifically, when the oxygen flow rate increased from 3 L/min to 15 L/min, the 495 

coal consumption rate increased from 295.2 g/h to 694.4 g/h. Moreover, there is a strong correlation 496 

between the differential average temperature and differential coal consumption rate. With drastic changes 497 

in oxygen flow rate, the differential average temperature quickly changes, and the differential coal 498 

consumption rate shows the same trend as the differential average temperature. 499 

(2) AE monitoring combined with Delaunay triangulation is a useful means of visualizing the three-500 

dimensional gasification zone. As the number of AE sources increases, the Delaunay triangulation 501 

approach can estimate the shape of the gasification zone in different flow rate stages in real time. The 502 

combination of AE monitoring and the Delaunay triangulation approach has good performance in 503 

estimating the cavity volume of the convex gasification zone. Specifically, when the oxygen flow rate is 504 

3 L/min, the estimation error is 8.9%, and when the oxygen flow rate is 10 L/min, the estimation error is 505 

7.8%. According to past underground gasification experiments, a convex gasification zone is generally 506 

formed under good experimental conditions. Therefore, this method is suitable for estimating the volume 507 

of the convex gasification zone. 508 

(3) Compared with the Delaunay triangulation approach, the voxelization method is more effective 509 

in estimating the cavity volume of the gasification zone and describing the cavity shape. In terms of 510 

estimating the cavity volume of the gasification zone, in experiment 1, the voxelization method had an 511 

error of 6.4% after the experiment was completed, while the Delaunay triangulation approach had an 512 

error of 15.2%. The voxelization method improved the accuracy by 8.8% compared to the Delaunay 513 

triangulation approach. In experiment 2, the voxelization method had an error of 7.4% after the 514 

experiment was completed, while the Delaunay triangulation approach had an error of 15.4%. The 515 

voxelization method improved the accuracy by 8% compared to the Delaunay triangulation approach. 516 

From the comparison of the gypsum profiles in the later stage of the experiment, the voxelization method 517 

can describe the cavity shape more accurately. 518 

(4) The stoichiometric method, the Delaunay triangulation approach, and the voxelization method 519 

each have their own advantages and disadvantages. The stoichiometric method has good overall 520 
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performance in estimating the cavity volume, with small errors, but it cannot describe the three-521 

dimensional shape of the gasification zone. The Delaunay triangulation approach is suitable for 522 

evaluating the cavity of the convex gasification zone. The voxelization method can provide a more 523 

accurate estimation of the cavity volume and the three-dimensional shape of the gasification zone based 524 

on an empirical relationship supported by preliminary experimental data for a specific type of 525 

underground gasification experiment. The three methods can be used in combination to effectively and 526 

accurately estimate the changes in the cavity of the gasification zone. 527 
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