
Study on Effects of Thermal Resistance and Thermal Buoyancy on
Oxygen Flow Patterns during Underground Coal Gasification
Wei Guo, Huan Liu, Zhibing Chang, Di Cao, and Shuqin Liu*

Cite This: ACS Omega 2021, 6, 32977−32986 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: The controllable growth of the cavity is the basis by
which underground coal gasification (UCG) can achieve stable
production, and the oxygen flow path and velocity are important
factors in determining the expansion rate of the cavity. In this
paper, a mathematical model of UCG in horizontal channels was
developed, and the effects of multiple factors, including temper-
ature, pressure, flow velocity, and the size of the cavity, on the flow
pattern, path, and velocity field distribution of oxygen in the cavity
were investigated by using COMSOL Multiphysics software. The
results showed that temperature and pressure were the influencing
factors of thermal buoyancy. In the established model, oxygen
formed a counter-clockwise air vortex at the gas injection port
under normal pressure, and the range of the air vortex and the gas
flow rate increased with the increase in temperature. In the high-temperature area located in the center of the cavity, the
phenomenon of oxygen throttling occurred, and the oxygen flow velocity increased. When the maximum temperature in the cavity
was over 850 °C, gas back-mixing occurred at the end of the cavity. Under pressurized conditions, the air vortex at the inlet and
back-mixing phenomenon at the outlet disappeared. The flow velocity and the cross-sectional area of the cavity determined the
thermal resistance. In the model, the flow velocity was between 0.045 and 0.40 m/s and there were both airflow vortices and back-
mixing. In addition, with the expansion of the cavity, back-mixing progressively decreased at the outlet and the airflow vortex
changed from counter-clockwise to clockwise.

1. INTRODUCTION

Underground coal gasification (UCG), as an in situ chemical
conversion and mining technology, can not only be used for the
exploitation and utilization of deep and unminable coal seams
but can also recover coal resources from abandoned mines.
Therefore, it is an important component of the theoretical
systems, including green mining, fluidized mining, and precision
development of coal resources, and an advantageous supple-
ment to conventional coal mining methods.1−3 In addition,
given significant technical advantages such as good security, low
investment, high efficiency, and low pollution, this technology is
also deemed to be the focus of harmless coal mining and the
strategic direction for technological innovation.4−6 The UCG
transforms physical mining into chemical mining, realizes
unmanned underground mining, and avoids the occurrence of
mine accidents. Furthermore, it also eliminates the environ-
mental impact above the ground, reduces the fugitive dust from
coal mining and transportation, avoids the stacking of gangue,
and minimizes the risk of subsidence.7−9 The process of UCG
can be described as shown in Figure 1. First, vertical or
directional drilling is carried out from the ground to the coal
seam, and the holes are communicated inside the coal seam to
form a gasification reaction channel. After that, the coal seam is
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Figure 1. Diagram of the UCG.
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ignited on one side of the tunnel, and gasification agent is
injected from one end of the borehole, including air, oxygen,
carbon dioxide, or water vapor. The gasification agent and coal
chemically react in the gasification channel to produce an
oxidation zone, a reduction zone, and a dry distillation zone. The
gasification ash remains underground to generate combustible
gas withH2, CO, and CH4 as themain components, namely, coal
gas. The generated gas is discharged from other boreholes.10

As the degree of technology has rapidly increased throughout
the 21st century, modern UCG technology (based on horizontal
wells of coal seams) and mobile gas injection equipment has
become increasingly mature.10,11 By having a retractable
injection of oxygen, cavities can be continuously formed in the
coal seam, thus allowing for a continuous production of syngas,
which provides the foundations for the expansion of the scale.
However, the stability of gas production caused by the expansion
of the combustion chamber is still a technical problem for
UCG.As one of the important phenomena affecting UCG
performance, the expansion of the cavity is the key element in
controlling the stability of the UCG process.12 The cavity is the
area created by the gasification process, which consists of a cavity
bottom, a roof rock, and a void space between them.13 At the
beginning of the UCG process, an exothermic reaction of coal
combustion is usually required to create a sufficiently large
underground cavity. Under oxygen injection conditions, the
cavity continues to expand and the volume of the central oxygen-
free channel constantly increases as the reaction progresses, thus
causing poor contact conditions between oxygen and the coal
walls. The combustion of flammable gases in the cavity is
enhanced, and even the combustion process becomes the
dominant reaction, thus resulting in a decrease in the effective
components of the outlet gas and degradation in the quality of
the gas.14 In the UCG reaction process, the expansion of the
cavity involves the reaction between the gasifying agent and the
coal wall.15 The combustion rate is limited not only by the
chemical reaction rate but also by the diffusion rate of oxygen to
the channel wall.16−18 Therefore, in the high-temperature
reaction zone, the flow pattern and changing law of oxygen are
essential to control the UCG process.
Due to the complexity of the UCG process, there has been an

increasing number of studies on the UCGmodel to improve the
UCG reaction system and to make a significant contribution to
the development of coal underground gasification. Prabu
established a model to demonstrate that the oxygen flow rate
has a significant effect on the shape of the cavity. At low flow
rates, the reaction is confined to a small area in the cavity, which
appears to be spherical. At high flow rates, the oxygen flow rate
affects the expansion of the combustion cavity in the axial and
radial directions. The shape of the cavity is a typical teardrop
shape,19,20 and the composition of the gasification agent has a
little effect on the shape of the cavity.21 However, the author did
not study the specific flow of oxygen in the combustion cavity.
Park and Edgar22 adopted a one-dimensional model to study the
development of the early stage of the UCG process. The results
indicated that, in the early stage of gasification, the development
of the cavity is mainly driven by the oxygen content of the
injected gas and the reaction activity of coal itself; later in the
UCG process, the gasification properties are the principal
contributing factor. However, the model failed to simulate
oxygen flow. Perkins et al.23 simulated the profile of the velocity
range in the combustion cavity and studied the influence of well
spacing on the gas velocity profile. However, the velocity field of
the gas flow in the cavity was not thoroughly investigated. In

addition, Bhutto24 et al. employed the CFD simulation method
to evaluate the cavity in combination with the residence time
distribution. In this study, the UCG cavity was used as a
simplified network of an ideal reactor, and the simulation results
reflected the velocity distribution in the cavity. Samdani13,25

used CFD to simplify the complex combustion cavity to a model
consisting of a radial plug flow reactor and a continuous stirred-
tank reactor. Despite intensive studies on the nonideal flow
pattern in the cavity, the influencing factors of the gas flow
pattern remain largely unexplored.
In summary, the mechanism in the previous literature has not

yet been studied in great detail, especially for the flow pattern of
oxygen under the action of thermal buoyancy and thermal
resistance, which has caused the chemical reaction mechanism
in the cavity to not be elucidated. Therefore, the purpose of this
paper was to develop a mathematical model of UCG in
horizontal channels, and the effects of temperature, pressure,
flow velocity, and the size of the cavity on the flow pattern path
and velocity field distribution of oxygen in the cavity were
investigated by using COMSOL Multiphysics commercial
software. Consequently, the effects of thermal buoyancy and
thermal resistance on oxygen flow characteristics were
identified.

2. RESULTS AND DISCUSSION
The flow field in the cavity directly affected the diffusion and
distribution of oxygen and determined the chemical reaction
rate and the stability of the UCG process. The flow of oxygen in
the cavity was primarily influenced by thermal resistance and
thermal buoyancy. Thermal buoyancy is a type of thermal
convection that is caused by circulating flow from changed fluid
pressure or density due to the existence of a nonuniform
temperature field.26 As shown in eq 1, ρ is a function related to P
and T, P is the system pressure (Pa), R is the gas constant [8.314
J/(mol*K)], T is the system temperature (K), wi is the mass
concentration of the component i (%), andMi is the molar mass
of the component i (g/mol). Therefore, temperature and
pressure play decisive roles in the flow of oxygen. Thermal
resistance is a drag of gas flow driven by a pressure drop when
the gas passes through the high-temperature zone and when the
volume expands.27 As shown in eq 2, S is the cross-sectional area
of the combustion cavity (m2),φ is the total absorbed heat of gas
per unit time and volume in the fire source area [J/(m*s)], and
Q is the gas volume flow rate (m3/s). Moreover, the thermal
resistance is related to the gas flow rate and the cross-sectional
area of the cavity. To study the influence of thermal resistance
and thermal buoyancy, four variables of temperature, pressure,
gasification agent flow rate, and the shape and size of the cavity
were examined to explore the influence of oxygen flow.
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2.1. Influence of the Temperature Field on Oxygen
Flow. UCG is a self-heating equilibrium process. The
temperature field in the gasifier plays an important role in the
UCG reaction, which not only affects the chemical reaction rate
but also affects the flow of oxygen. Temperature can not only
directly change the density of the airflow in the cavity, generate
thermal buoyancy, and affect the flow state of the gas but it can
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also generate thermal resistance, which causes the appearance of
thermal blockages and affects the viscosity resistance coefficient
and kinetic energy of the flowing gas.27 To study the influence of
the temperature field on the oxygen flow, four different
temperature fields, as shown in Table 1, were set up in the
cavity. In the model, the gasification agent flow rate was 0.045
m/s and the ratio of H2O (g)/O2 was 2:1.

Figure 2 is a schematic diagram of oxygen flow under different
temperature fields in the cavity. Oxygen flows forward into the
high-temperature zone, and a counter-clockwise airflow vortex,
which is caused by thermal buoyancy and thermal resistance in
the high-temperature zone, is formed near the inlet. The higher
the temperature, the greater the gas density difference and
thermal buoyancy. Additionally, the kinetic energy of the high-
temperature gas increases, and the vortex range of the gas flow
increases. When the highest temperature is 1250 °C, the flow
velocity in the vortex reaches 0.06 m/s. In the middle of the
cavity, the gas flows from the high-temperature zone to the low-
temperature zone, and the gas volume expands when subjected
to heat, thus resulting in decreased pressure and throttling. The
cross-section of the cavity is reduced, which increases the flow
velocity. The higher the temperature, the more obvious the
decrease in pressure and the faster the oxygen flow rate. When
the maximum temperature is 1250 °C, the flow velocity reaches
0.06 m/s, and when the maximum temperature is 650 °C, the
flow velocity reaches 0.022 m/s. When the maximum temper-
ature is lower than 850 °C, there is no obvious back-mixing
phenomenon due to the relatively low temperature and the
unobvious influence of the flow field on the airflow. When the

maximum temperature is greater than 850 °C, a certain amount
of back-mixing occurs due to the large oxygen flow velocity at the
end of the cavity. The higher the temperature, the greater the
kinetic energy of the gas; additionally, back-mixing is obvious
due to the uneven velocity field distribution.
Figure 3 shows the flow flux of oxygen on the surface of the

cavity under various temperature field distributions. The higher
the temperature, the greater the oxygen flux at the top of the
cavity. When the maximum temperature is 1025 °C, the
maximum oxygen flux reaches 0.02 mol/(m2*s). The higher the
temperature, the greater the oxygen concentration in the coal
wall. In addition, a chemical reaction may cause a violent
reaction on the surface and consume a large amount of oxygen.
Furthermore, the porosity of the top increases, which causes a
large amount of oxygen to contact the wall of the cavity.

2.2. Effect of the Pressure Field on Oxygen Flow. Due
to the fact that the UCG reaction is conducted underground, the
reaction process is affected by the formation pressure. Perkins28

found that the greater the pressure in the cavity, the faster the gas
reaction rate and the greater the expansion rate. Three variable
parameters of reactor pressure, including 1, 3, and 5 MPa, were
selected to study the flow of oxygen in the cavity. In the model,
the maximum temperature was 1250 °C, the ratio of H2O (g)/
O2 was 2:1, and the gas flow rate was 0.045 m/s.
According to thermal buoyancy eq 1, the thermal buoyancy is

directly proportional to pressure. After the oxygen enters the
cavity, it flows to the top of the cavity, which is affected by the
inlet pressure, thermal buoyancy, and high-temperature thermal
resistance. After the pressure is increased to 1 MPa, the
maximum gas flow velocity in the cavity increases by
approximately 0.06 m/s for every increase of 1 MPa. In the
middle and outlet of the combustion cavity, oxygen also flows to
the top of the cavity due to the outlet pressure and pressure
difference caused by throttling. Due to the fact that the oxygen
level velocity at the outlet is small, there is no back-mixing
phenomenon. It can be predicted that if a reaction occurs, a large
amount of oxygen will participate in the heterogeneous reaction
with coal, thereby increasing the axial expansion rate. The study

Table 1. Temperature Field Distribution in the Cavity

Tmax (°C) Tmin (°C)

A 1250 850
B 1050 650
C 850 450
D 650 250

Figure 2. Oxygen flow under different temperature distributions. The maximum temperature is (A) 1250, (B) 1050, (C) 850, and (D) 650 °C.
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of a zero-dimensional submodel created by Perkins28 showed
that the expansion rate of the fuel cavity increases with
increasing pressure. This conclusion is verified from the
numerical simulation (Figure 4).
2.3. Effect of the Velocity Field on Oxygen Flow. The

study associated with the two-dimensional model of Harloff29

predicted that the axial expansion rate of the cavity increases
monotonically with the gas flow velocity. The increase in gas
flow velocity improves the velocity of a large amount of gas
flowing into the wall of the cavity, thereby increasing coal
consumption and cavity growth.13 To study the effect of flow
velocity on the oxygen flow in the combustion cavity, 10 variable
parameters of different flow velocities were selected, including
0.025, 0.030, 0.035, 0.040, 0.045, 0.1, 0.2, 0.3, 0.4, and 0.5 m/s.
In the model, the highest temperature was 1250 °C, the ratio of
H2O(g)/O2 was 2:1, and the pressure was normal.
From thermal resistance eq 2, it can be concluded that, at a

certain temperature, the thermal resistance is proportional to the
square of the flow rate. When the flow velocity is lower than
0.035m/s, the oxygen flow rate is relatively slow and the thermal
resistance is relatively small. The flow field has a little effect on
the flow of oxygen; there is no airflow vortex, and the gas slowly
fills the combustion cavity. When the flow velocity is greater
than 0.035 m/s, the thermal resistance increases to hinder the
gas flow. When the flow velocity is between 0.035 and 0.40 m/s,
the thermal resistance increases to hinder the gas flow. Under
the combined action of thermal buoyancy and thermal
resistance, a counter-clockwise airflow vortex is produced and
the airflow vortex area increases with increasing inlet flow
velocity. A part of the gas flows toward the top of the cavity
under the influence of the vortex, and a part flows along the
horizontal channel. When the flow velocity is greater than 0.40
m/s and due to the fact that the flow velocity is too large, most of

the gas flows out along the horizontal channel and the gas flow
vortex disappears. In the middle of the combustion cavity, the
gas flow velocity becomes larger due to throttling.When the flow
velocity is between 0.035 and 0.40 m/s, the back-mixing
phenomenon occurs at the end of the cavity. The greater the air
inlet flow velocity, the more obvious the back-mixing. When the
flow velocity is greater than 0.40 m/s, the oxygen that flows to
the top of the cavity decreases and the back-mixing gradually
disappears. The airflow vortex can promote the reaction of
oxygen with the wall of the combustion cavity, and the backflow
canmake the oxygenmore fully react with the gas in the cavity to
produce high-quality coal gas components. Therefore, the most
ideal flow velocity range is 0.045−0.40 m/s (Figure 5).

2.4. Influence of Cavity Geometry on Oxygen Flow.
The expansion of the cavity in all directions gradually increases
with the operating time. According to studies by Daggupati15

and Jowkar,30 the parameters at different operating times are
selected, and the expansion length in every direction is shown in
Figure 6 and Table 2.
According to the thermal resistance eq 2, it can be concluded

that the cross-sectional area of the cavity and the thermal
resistance are inversely proportional when other conditions are
unchanged. Although the thermal resistance becomes larger, no
back-mixing occurs at the outlet of the cavity. This is mainly
attributed to the small cross-sectional area of the combustion
cavity in the gas injection pipe as well as the fast gas flow rate and
the counter-clockwise flow of the gas along with the vortex.
When the cavity gradually increases, the gas still flows counter-
clockwise along with the vortex, with the airflow at the outlet
being chaotic and back-mixing occurring. When the cavity
continues to increase, the cross-sectional area of the gas injection
port cavity becomes larger, the oxygen horizontal flow rate slows
down, and the oxygen moves to the top of the cavity under the

Figure 3.Oxygen flux in the combustion cavity under different temperature distributions. (e−h) Oxygen flux of the combustion cavity under the four
conditions of (A−D).
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influence of thermal buoyancy and thermal resistance. The gas in
the airflow vortex changes from counter-clockwise to clockwise,
and the phenomenon of back-mixing at the outlet is more
obvious.

3. CONCLUSIONS

This paper developed a mathematical model of underground
gasification in a horizontal channel and explored the influence of

the temperature field distribution, pressure, gasification agent
flow velocity, and cavity size on the flow of oxygen in the cavity.

1. When oxygen enters the combustion cavity, a counter-
clockwise flow vortex is formed near the air inlet. The
higher the temperature, the larger the airflow vortex area
and the faster the oxygen flow velocity. In the middle of
the cavity, a throttling phenomenon occurs due to the
thermal expansion of airflow volume, thereby causing the
flow velocity to increase. In addition, a certain amount of

Figure 4.Oxygen flow under different pressures. (A,C,E) Front views of oxygen flow under various pressures and (B,D,F) vertical views of oxygen flow
under various pressures.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05017
ACS Omega 2021, 6, 32977−32986

32981

https://pubs.acs.org/doi/10.1021/acsomega.1c05017?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05017?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05017?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05017?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 5. Oxygen flow at different flow velocity. (A).0.025 m/s (B).0.030 m/s (C).0.035 m/s (D).0.040 m/s (E).0.045 m/s (G).0.10 m/s (H).0.20
m/s (L).0.30 m/s (M).0.40 m/s (N).0.50 m/s.
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back-mixing appears at the end of the cavity when the
maximum temperature is above 850 °C; the higher the
temperature, the more pronounced the back-mixing.

2. Under pressurized conditions, the air vortex near the air
inlet disappears. After the pressure is increased to 1 MPa,
the maximum gas flow velocity in the cavity increases by
0.06 m/s for every 1 MPa of increased pressure. In the
middle and rear parts of the combustion cavity, most of
the oxygen flows to contact the wall of the cavity. The
oxygen level velocity at the outlet is relatively small, and
no back-mixing will occur.

3. When the flow velocity is between 0.035 and 0.40 m/s, a
counter-clockwise air vortex is generated; the greater the
inlet rate i, the larger the air vortex area. When the flow
velocity is between 0.045 and 0.40 m/s, the back-mixing
phenomenon occurs at the outlet of the cavity. For the
cavity, the optimal flow velocity is 0.045−0.40 m/s.

4. The oxygen flows counter-clockwise along with the vortex
when the size of the cavity is relatively small, and there is
no back-mixing phenomenon at the outlet. As the cavity
increases in size, oxygen still flows counter-clockwise
along the vortex, whereas back-mixing gradually occurs at
the outlet. When the cavity continues to increase, the
cross-sectional area becomes larger, the oxygen vortex
flow changes from counter-clockwise to clockwise, and
the back-mixing phenomenon at the outlet becomes
noticeable.

4. MATHEMATICAL MODEL ESTABLISHMENT
UCG is an extremely complex process because it encompasses
different disciplines, ranging from flow to heat andmass transfer.

This study simulated theUCGprocess of horizontal channels. In
terms of the numerical simulation of the oxygen flow in the
cavity, the urgent issues that needed to be addressed included
the coupling interactions among gas seepage flow, the
temperature conduction and convection, and the coal seam
pressure field. Given the complexity of the UCG process, the
following assumptions were made to study the flow of oxygen in
the cavity.
(1) Coal is homogeneous and isotropic. The joints and faults

in coal are ignored. The diffusivity and thermal
conductivity in different directions are identical, and the
cavity is horizontally symmetrical.

(2) Accidental circumstances, such as the collapse of the coal
seam and the impact of the generated ash on the model,
are negligible.

(3) Only diffusion and convection are considered in the
model, and the influence of heat radiation in the cavity is
ignored.

4.1. Governing Equation. After creating a reasonable
physical model in COMSOL software, the first step is selecting

Figure 6. Oxygen flow in different cavity sizes. (A−C) Oxygen flow in the three different cavity sizes in Table 2.

Table 2. Expansion of the Fuel Cavity in All Directions

B (cm) F (cm) H (cm) L (cm) W (cm)

A 0.5 7.4 1.6 0.67 1.2
B 1.15 8.86 1.8 0.8 1.5
C 1.3 9.6 2.2 1.08 1.8

Figure 7. Mathematical model of underground gasification in
horizontal coal seam channels.
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appropriate equations from the model of COMSOL to address
flow, pressure, and heat transfer. Then, the equations are added,
subtracted, and optimized according to the characteristics and
parameters tightly related to UCG, and control eqs 3−8 are
obtained.

(1) pressure field-governing equation. For UCG, the flow
phenomenon is more complicated. Although most of the
cavity is a laminar flow zone, the Reynolds number is
relatively large near the gas injection point and high-
temperature zone, and the gas flow state is turbulent.31,32

Darcy’s law is generally used to simulate the flow in the
laminar flow zone and is not applicable for simulating the
airflow in the cavity. To simulate the real gas-phase
motion and to consider the influence of dynamic viscosity
on the turbulence phenomenon, the Brinkman equation
was adopted in this paper, and the fluid was assumed to be
incompressible:

ρ ρ∂
∂

= ∇·[− + ] + +u
t

p K F g2
(3)

ρ ρ∂
∂

+ ∇· =
t

u( ) 0
(4)

μ μ= ∇ + ∇ − ∇·K u u u( ( ) )
2
3

( )T

(5)

where F is the stress source term, u is the gas flow velocity, m/s, μ
is the dynamic viscosity, kg/m·s, and ρ is the density of the
mixed gas, kg/m3.

(2) concentration field control equation. The gas flows in the
cavity and horizontal channel and the flow path and
velocity are affected by the concentration difference and
thermal buoyancy, thus forming a certain concentration
field.

∂
∂

+ ∇· + ·∇ = =
c
t

J u c R i Oi
i i i 2 (6)

= − ∇J D ci i i (7)

where ci is the concentration of the component i, mol/m3; Di is
the diffusion coefficient of the component i, mol/m2; and Ri is
the source term of the generation or reaction of the component i,
mol/m3.

(3) temperature field control equation. The heat transfer
mechanism has three basic forms: heat conduction,
convection heat transfer, and heat radiation.33 Among
them, the transmission of heat achieves heat transfer
through fluid flow, whereas thermal radiation realizes heat
transfer due to the object’s temperature emission of visible

Figure 8. Plan and top view of the cavity.

Table 3. Expansion of the Fuel Cavity in All Directions

B (cm) F (cm) H (cm) W (cm)

1.15 8.86 1.8 1.5

Figure 9. Temperature field distribution of the cavity.
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or invisible rays. In the UCG process, coal is continuously
burned and consumed, thus forming a cavity in the coal
seam. The gas flows in the combustion zone by means of
heat conduction and convective heat transfer and
radiation heat transfer is negligible.34 Because the reaction
process is a self-heating process and most of the thermal
radiation energy is absorbed by the gas in the cavity, the
temperature difference in the combustion area is not large.
The equations for heat conduction and convective heat
transfer are eq 8, in which, the second term in the equation
contains ug, which is a term related to speed, and its value
is larger than the value of thermal radiation. Therefore, in
order to simplify the calculation, the radiation heat
transfer is ignored in the model. Assuming isotropy, the
internal heat source in the temperature field of the coal
seam is the heat derived from the combustion of coal or
gas, and the temperature field control equation of the coal
seam is shown in eq 8.

ρ ρ∂
∂

+ ∇ = ∇· ∇ +C
T
t

C u T k T Q( ) ( )p pcq g cq (8)

where kcq is the equivalent thermal conductivity; (ρCp)cq is the
equivalent volumetric heat capacity at normal pressure; ρ is the
gas density, kg/m3;Cp is the specific heat capacity of the gas, J/
(kg·K); T is the temperature, K; t is the time, s; ug is the gas
velocity, m/s; and Q is the gas heat source sink.
4.2. Model Establishment. 4.2.1. Geometric Model. A

mathematical model of underground gasification in horizontal
coal seam channels was established. Because the field test scale is
too large to be suitable for simulation, according to similar
principles, the gasifier is scaled down to one of the experimental
facility to focus on oxygen flow research. Thermal resistance and
thermal buoyancy exist whether the UCG scale is large or small.
As shown in Figure 7, the coal size was 300× 250× 250mm, the
diameter of the gas injection pipe and the horizontal channel was
12 mm, the gas injection pipe length was 50 mm, and the
horizontal channel length was 250 mm. Coal is burned, and a
cavity is formed during the UCG process.
4.2.2. Cavity Model Establishment. In the UCG process, the

intensity of the flame in the vertical direction is approximately
twice that in the horizontal direction,35 which causes the coal
seam at the top of the flame upon warming to fall into the
horizontal channel due to the rapid development of cracks. The
high reaction activity of fresh coal seams that are exposed to the
horizontal channel increases the combustion intensity of coal
seams and makes the cavity “pear-shaped”. A schematic diagram
of the cavity is plotted in Figure 8. The expansion length in every
direction is represented by B, F, H, andW. The gasification agent
that was used in this study is oxygen and steam at a ratio of 1:2.
According to Daggupati15 and Jowkar,30 the expansion
parameters of the cavity are selected as shown in Table 3.
4.2.3. Temperature Field Model Establishment. After

oxygen flows into the horizontal channel in the UCG process,
a portion of it flows radially and contacts the coal wall to take
place in the heterogeneous reaction and to release heat,
accompanied by the production of CO, H2, CH4, and other
gases. The other part of the oxygen diffuses along the horizontal

channel and reacts homogeneously with the generated gas. The
temperature at the front end of the ignition port is the highest,
whereas the temperature on the wall of the cavity is relatively
low. Seifi et al.36 and other studies found that the temperature at
the front end of the gas injection pipe in the cavity is the highest,
which can be up to 1250 °C. Additionally, the temperature of the
coal wall is approximately 850 °C. The temperature is uniformly
reduced to the outside to simplify the temperature field. The
front and top views along the horizontal channel are shown in
Figure 9.

4.2.4. Proximate Analysis and Ultimate Analysis of the
Target Coal Sample.The simulated coal samples came from the
Baolige coal fields in the Xilin Gol League of Inner Mongolia in
China. Borehole sampling was used, and the sampling depth was
approximately 671.71−683.17 m. The proximate analysis and
ultimate analysis of coal are shown in Table 4.

4.2.5. Boundary Conditions.

(1). Pressure field boundary conditions

· =u n uinlet boundary conditions 0

=p poutlet boundary conditions 0

=uother boundary conditions are nonslip boundaries 0

(2). Concentration field boundary conditions
=c ci i ,0

When assuming that the gas is mainly controlled by
convection mass transfer, the diffusion flux at the outlet of the
gasifier is c.

· − ∇ =n D c c( )i i

The outlet boundary conditions are

· = ·N n c u ni i

When assuming that there is no mass transfer between the
gasifier wall and the outside during the gasification process, the
boundary condition of the coal seam is

· =N n 0i
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