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(e Fluent computational fluid dynamics software was used to study the relevant factors affecting the maximum commutation half
cycle for thermal countercurrent oxidation of low-concentration gas in coal mine ventilation. Based on orthogonal experiments, the
maximum commutation half cycle for thermal countercurrent oxidation of the exhaust gas in the coal mine ventilation under 25
working conditions with the combination of different methane concentrations, inlet speeds, porosities, and oxidation bed filling
lengths is investigated. SPSS data processing software was used to perform regression analysis on the numerical simulation data, and a
mathematical model for predicting the maximum commutation half cycle under the influence of four factors was obtained.(rough
experiments, the mathematical model of the maximum commutation half cycle by the numerical simulation was verified. After
introducing the wall heat loss correction coefficient, the complete prediction model of the maximum commutation half cycle was
obtained. Comparing the experimental test value with the calculated value using the corrected model, the relative error was not more
than 3%. (e complete mathematical model corrected can be applied to the design calculation of the maximum commutation half
cycle for thermal countercurrent oxidation of low-concentration gas in actual coal mine ventilation.

1. Introduction

Coal is a fossil energy source which provides about 30% of
the total energy consumption in the world [1–3]. Plenty of
environmental problems and natural disasters may occur
during coal mining, i.e., roof fall, gas, fire, and dust pol-
lution [4–6]. Coal mine ventilation gas is the second most
important greenhouse gas after carbon dioxide, and the
effect of a unit mass of gas on the atmospheric greenhouse
effect is 21 times that of the same mass of carbon dioxide.
Coal mine ventilation is one of the main sources of in-
dustrial gas emissions. Reducing coal mine ventilation gas
can reduce the greenhouse gas emissions. At the same
time, the main component of the ventilation gas is
methane, which is a high-quality and clean gas energy.

(erefore, reasonable recovery and utilization of coal mine
ventilation gas have the dual significance of energy saving
and environmental protection. (e coal mine ventilation
has the characteristics of large discharge amount, low gas
concentration, and unstable concentration, making it
difficult for coal mine ventilation gas to be burned directly
without auxiliary fuel using traditional burners. At pres-
ent, thermal countercurrent oxidation is one of the main
technologies to achieve the reduction in low-concentra-
tion gas emission and rational utilization of coal mine
ventilation. (e key of this technology is to continuously
change the flow direction of the gas fed into the reactor so
that the ventilation gas can absorb heat and warm up in the
heat accumulator to ensure the self-sustainability of the
methane oxidation process [7–9].
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So far, most studies on the thermal countercurrent
oxidation of low-concentration gas in coal mine ventilation
have focused on the temperature field of thermal counter-
current oxidation, methane conversion rate, and oxidation
bed resistance and its influencing factors, while few studies
on the maximum commutation half cycle for thermal
counterflow oxidation of low-concentration gas in coal mine
ventilation have been reported [10–15]. (e authors of [16]
reported the theoretical calculation formula of maximum
half cycle of the reciprocating inert porous medium burner,
which comprehensively considered the relationship of
mutual restriction between the length of the burner, the gas
supply parameters, the heating value of the gas, and the
physical properties of the porous medium. However, the
formula involved too many parameters. In addition to the
burner length, methane concentration, inlet velocity, and
porosity, the calculation also required adiabatic combustion
temperature, the highest temperature of the combustion
zone, effective thermal conductivity, etc. (us, practical
application has certain limitations, and the calculation
formula did not consider the influence of wall heat loss. In
this study, the orthogonal design and numerical simulation
were combined to analyze the four influencing factors for the
maximum commutation half cycle, and the mathematical
model of the maximum commutation half cycle was ob-
tained through regression analysis. (en, the obtained
mathematical model was verified by the experiment of
thermal countercurrent oxidation of low-concentration gas
in coal mine ventilation, and the wall heat loss coefficient
was introduced to correct the model. Finally, a complete
prediction model of the maximum commutation half cycle
was obtained, which can provide theoretical guidance for the
design and operation of thermal countercurrent oxidation
units for low-concentration gas in coal mine ventilation.

2. Principle of Thermal Countercurrent
Oxidation of Coal Mine Ventilation Gas

As shown in Figure 1, when the device is started, the oxi-
dation bed is preheated by the electric heating element, so
that the central temperature reaches the ignition tempera-
ture (800°C). Coal mine ventilation gas flows into and
through the oxidation bed in one direction, and the gas is
heated by the heat exchange medium (honeycomb ceramic
heat storage body). (e temperature is continuously in-
creased until the methane is oxidized.(en, the hot oxidized
gas continues to move to the other end of the oxidation bed,
transferring heat to the heat exchange medium and grad-
ually cooling down. With the continuous entry of gas, the
temperature on the inlet side of the oxidation bed gradually
decreases and the temperature on the outlet side gradually
increases. Before there is enough heat on the inlet side to
heat the gas to the oxidation temperature, the commutation
begins and the gas flow reverses. (e key of the oxidation
device is to continuously change the flow direction of the gas
fed into the oxidation bed, so that the gas absorbs heat and
warms up in the heat storage body, so as to ensure the self-
sustainment of the oxidation process. At the same time, a
heat exchanger is installed in the middle of the device to

recover part of the heat of the reaction, which is used to
produce hot water or to generate power.

3. Numerical Simulation Scheme of Maximum
Commutation Half Cycle

3.1. Influencing Factors of Maximum Commutation Half
Cycle. (e thermal countercurrent oxidation of low-con-
centration gas in coal mine ventilation needs to choose a
suitable commutation half cycle. If the commutation half
cycle is too small, it will cause a large amount of exhaust gas
to be blown away without having time to oxidize during the
commutation. In addition, the switching process causes
instability of the air flow inside the device, which will in-
evitably cause adverse effects on the oxidation of methane.
(erefore, the reversing time should be appropriately ex-
tended within the allowable range of the device to reduce the
impact of the reversing process of the gas flow on the ox-
idation of methane. Moreover, extending the reversing time
can increase the service life of the solenoid valve. However,
an excessively large commutation half cycle will result in an
excessively high outlet temperature, which is not conducive
to heat accumulation. When the commutation half cycle is
higher than the critical value, the highest temperature area of
the oxidation bed is close to the outlet, the width of the high-
temperature platform is too small, the exhaust gas cannot be
completely oxidized, and the thermal countercurrent oxi-
dation cannot be self-sustained. (is critical commutation
half cycle is regarded as the maximum commutation half
cycle of thermal countercurrent oxidation.

(e influencing factors of the maximum commutation
half cycle for thermal countercurrent oxidation of low-
concentration gas in coal mine ventilation include methane
concentration, air inlet velocity, oxidation bed porosity,
filling length, filling materials and physical properties of
ventilation gas, and heat loss on the oxidation bed wall. (e
thermal countercurrent oxidation bed is usually filled with
honeycomb ceramics and mostly made of cordierite and
mullite. (e physical properties of these two materials are
relatively close. (e methane concentration of coal mine
ventilation gas is low, and the influence of methane con-
centration changes on its physical properties can be ignored,
so the exhaust gas can be approximated as air. (erefore, the
physical parameters of the filling material and the ventilation
gas are fixed and can be considered as known quantities in
the calculation. (e wall heat loss is related to the thermal
insulation performance of the oxidation bed device and the
ambient temperature, and its influence on the maximum
half cycle of the commutation is more complicated, so it is
temporarily ignored in the numerical simulation analysis.
(erefore, the factors affecting the maximum commutation
half cycle of thermal countercurrent oxidation are simplified
to four factors, i.e., methane concentration, inlet velocity,
oxidation bed porosity, and filling length. (is study first
summarizes the mathematical model for the maximum
commutation half cycle of thermal countercurrent oxidation
under the action of 4 factors, then makes reasonable cor-
rections to the mathematical model by considering the
thermal insulation performance of the thermal
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countercurrent oxidation system, and finally obtains a
complete prediction mathematical model for the maximum
commutation half cycle.

3.2. Calculation Model. In this paper, we simulated a self-
designed thermal countercurrent oxidation device for coal
mine ventilation, with the ventilation gas processing capa-
bility of 500m3h. (e thermal oxidation bed was a hori-
zontal structure, and the air flowed left and right in the
oxidation bed. (e oxidation bed had a length of 2.0m, a
width of 0.8m, and a height of 0.8m, filling with several
square honeycomb ceramics with the same specifications.
Since the gas flow channels in the oxidation bed were evenly
distributed and the equivalent diameter of the gas flow
channels was much smaller than the size of the oxidation
bed, the thermal oxidation bed can be considered as a
uniform porous medium, and the equivalent continuous
method can be used for simulation.

(e simulation of the thermal countercurrent oxidation
reaction of ventilation gas involves many aspects, including
heat conduction, convection, radiation, and chemical

reaction. (e detailed simulation of the process is compu-
tationally intensive. For simplicity, the following assump-
tions were made in the study [17–20]:

(1) Honeycomb ceramics have good thermal conduc-
tivity and radiation ability, and the entire oxidation
bed has a good thermal insulation performance. (e
temperature distribution in the oxidation bed is
uniform. (us, the simulation can be simplified to a
one-dimensional problem.

(2) Honeycomb ceramics have a large specific surface
area, and the convective heat transfer coefficient
between gas and solid is large enough. (erefore,
there is a local thermal equilibrium between the gas
and the solid, that is, their temperatures are equal at
any point (single temperature model).

(3) (e porous medium is an optically thick medium.

(4) (e chemical reaction is simplified into a single-step
overall reaction:

state equation: ρg �
p

RT
, (1)

continuity equation: ε
zρg

zt
+

z
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Figure 1: Schematic diagram of the thermal countercurrent oxidation device.
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energy equation: (1 − ε)
z
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composition equation: ε
z

zt
ρgYi( ) + z
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ρguYi( ) � − z

zx
Ji + εωi. (5)

(e radiative transfer heat of porous media can be ap-
proximately described by the Rosseland model:

qx(x) � −
16

3

σT3

α

dT

dx
. (6)

In the formulas, the subscript s represents the solid
scalar and the subscript g represents the gas scalar. In the
momentum equation (3), Cx is the internal resistance
coefficient of porous media. In the energy equation (4), the
effective thermal conductivity keff � ke + kr is used as the
thermal conductivity, where kr � (16/3)(σT

3/α), in which
α is the attenuation coefficient (m−1) and σ is the Ste-
fan–Boltzmann constant, 5.672×10−8W/(m·K); ke is the
equivalent thermal conductivity of gas and solid, and its
calculation method can be found in the literature [11]. ωi is
the mass generation rate of the ith substance, hi is the
specific enthalpy of the ith substance, H is the heat of
reaction, Yi is the mass fraction of the ith substance, and Ji is
the diffusion flux of component i, Ji � ρgDi∇Yi.

3.3. Single Value Condition

3.3.1. Boundary Conditions. Considering the ventilation gas
mixture as an ideal gas, the inlet boundary condition uses the
velocity inlet boundary condition to describe the ventilation
gas flow at the inlet of the oxidation bed and the mass
fraction of each component in the ventilation gas. (e flow
direction is perpendicular to the inlet plane, and the air
temperature is set to 300K. (e outlet of the oxidation bed
uses the pressure outlet boundary. Assuming that the flow is
fully developed, the first derivative of the outlet boundary in
the normal direction is zero. It is also necessary to define the
“reflux” condition on the pressure outlet boundary, which is
a practical boundary condition when fluid enters the cal-
culation domain from the outside and a backflow occurs on
the pressure outlet boundary. (e strong oxidation reaction
in the thermal oxidation bed may cause the backflow
phenomenon at the outlet. (e composition of the backflow
gas is air, so the mass fraction of methane is 0 and the mass
fraction of oxygen is 0.23.

3.3.2. Commutation Conditions. (e time that the ventila-
tion gas continuously flows in one direction in the oxidation
bed is called a half commutation cycle, and the commutation
action is completed instantaneously without time. (e flow
state, temperature, and physical property parameters of the
gas as well as the physical property parameters of the ceramic
honeycomb body did not change before and after the
commutation moment.

(e ventilation gas enters the oxidation bed from one
end of the oxidation bed and changes direction after lasting
for a half cycle. (e original pressure outlet becomes a
velocity inlet. (e inlet velocity and direction and gas
composition are the same as the previous half cycle. (e
original velocity inlet becomes pressure outlet, the export
parameter setting is the same as the first half cycle. In this
way, a forward-reverse continuous flow time of the mixed
gas in the oxidation bed constitutes a commutation cycle,
and this cycle is carried out until it enters a stable state. In
Fluent, the periodic switching of boundary conditions was
realized by running the journal file, and the cyclic calculation
was completed.

3.3.3. Initial Conditions. Prior to system operation, the
oxidation bed needs to be preheated to reach the temper-
ature required for the ventilation gas oxidation, so as to
enable the device to operate self-sustainably. Studies have
shown that, after the oxidation bed enters stable operation,
the operating state has nothing to do with the start-up
process.(erefore, in the numerical simulation in this study,
the influence of the start-up process of the oxidation bed was
not considered, and only the influence of physical param-
eters and operating parameters on the performance of the
oxidation bed during the operation was investigated.
Meanwhile, the initial temperature of the porous medium
was set to the temperature distribution function of the
oxidation bed at the end of the start-up process, and the UDF
program was imported into Fluent to realize the initiali-
zation of the temperature field of the oxidation bed. (e
initial concentration and temperature were the same as the
parameters of the inlet ventilation gas.

3.4. Numerical Simulation Solutions. (is study combined
orthogonal design and numerical simulation to investigate
the maximum commutation half cycle. Orthogonal exper-
imental design is an experimental design method that
studies multiple factors and multiple levels. It can achieve
results equivalent to a large number of comprehensive ex-
periments with the minimal number of tests. Before the
orthogonal test, the test plan was first determined through
the orthogonal table. (e influencing factors of the maxi-
mum commutation half cycle for the thermal countercur-
rent oxidation of low-concentration gas in coal mine
ventilation include methane concentration, air inlet velocity,
oxidation bed porosity, filling length, filling materials,
physical properties of ventilation gas, and heat loss on the
oxidation bed wall. (e thermal countercurrent oxidation
bed is usually filled with honeycomb ceramics, mostly made
of cordierite and mullite. (ese two materials have relatively
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close physical properties. (e methane concentration of coal
mine ventilation gas is low, and the influence of methane
concentration changes on its physical properties can be
ignored, so the exhaust gas can be approximated as air. (e
physical parameters of the filling material and the ventilation
gas were fixed; thus, they were considered as quantities in the
calculation. (e wall heat loss is related to the thermal
insulation performance of the oxidation bed device and the
ambient temperature, and its influence on the maximum
half cycle of the commutation is more complicated.
(erefore, the wall heat loss was temporarily ignored in the
numerical simulation analysis.

(erefore, the four influencing factors of the maximum
commutation half cycle (T), i.e., methane concentration (c),
inlet velocity (υ), oxidation bed porosity (ε), and filling
length (L), were used as independent variables for orthog-
onal design. According to the preliminary site inspection
and actual measurement, comprehensively considering the
oxidation effect and application conditions of the exhaust
gas, we determined the level range corresponding to the four
factors and designed the orthogonal test table. Meanwhile, in
order to highlight the uniformity of the selected values and
the disparity of results, the experimental program was
designed in an equally spaced manner, with 5 levels for each
factor. (us, the “4 factors, 5 levels” orthogonal experi-
mental design method was adopted in the study. Based on
the above parameters and spatial location determination
principles, the orthogonal test table was designed. (e
factors and levels are shown in Table 1.

4. Simulation Results and Analysis

In order to investigate the influencing factors of the max-
imum commutation half cycle for the thermal counter-
current oxidation of low-concentration gas in coal mine
ventilation, a total of 25 working conditions with the
combination of different methane concentrations, inlet
velocities, porosities, and oxidation bed filling lengths
through orthogonal tables were used to perform numerical
simulation. (e simulation results are shown in Table 2.

According to the theory of orthogonal test, each factor
was averaged at the same level to obtain the comprehensive
average value of each factor at the same level. (en, the
difference between the maximum value and the minimum
value among the average values of different levels of each
factor was calculated to obtain the range (r) of each influ-
encing factor. (e range value can reflect the significance of
the influence of the factor on the result. (e larger the range
value, the greater the difference in the level of the factor and
the more important the factor. (rough the range analysis,
the influences of each factor on the different maximum
commutation half cycle of thermal countercurrent oxidation
can be derived. Figure 2 shows the fitting curves and ranges
of the comprehensive average of the 4 factors.

It can be found from Figure 2 that the range between the
maximum and minimum values of the inlet velocity is the
largest among the four factors, indicating that the inlet velocity
is the most important factor affecting the maximum com-
mutation half cycle for the thermal countercurrent oxidation of

low-concentration gas in coal mine ventilation. (e influence
of the 4 factors on the maximum commutation half cycle of
thermal countercurrent oxidation can be ordered from high to
low as υ>L> c> ε. From Figure 2(a), as methane concentra-
tion increases, the maximum commutation half cycle gradually
increases, which is mainly because the increase of the methane
concentration in the exhaust gas leads to the increase of the
heat entering the oxidation bed. Figure 2(b) shows that, as the
inlet velocity increases, the maximum commutation half cycle
gradually decreases. (is is mainly because the increased inlet
velocity causes the increase in the outlet heat loss, thereby
reducing the commutation time. Figures 2(c) and 2(d) show
that the maximum commutation half cycle increases with the
increase of the oxidation bed filling length and decreases with
the increase of the porosity of the oxidation bed. (e reason is
that when the porosity of the oxidation bed is larger, the solid
area is smaller and the heat storage capacity of the oxidation
bed is worse; thus, the fresh exhaust gas cools the inlet end
more vigorously and the reversing time is shortened. As the
filling length of the oxidation bed increases, the length of the
oxidation bed preheating section is also correspondingly in-
creased, and the heat stored in the oxidation bed increases,
thereby prolonging the reversing time.

Table 1: Influencing factors and levels of the orthogonal test.

Group number c (%) υ (m/s) L (m) ε

1 0.25 0.10 0.6 0.65
2 0.50 0.15 0.8 0.70
3 0.75 0.20 1.0 0.75
4 1.00 0.25 1.2 0.80
5 1.25 0.30 1.4 0.85

Table 2: Numerical simulation results.

Test number c (%) υ (m/s) L (m) ε T (min)

1 0.25 0.10 0.6 0.65 20.63
2 0.25 0.15 0.8 0.70 14.32
3 0.25 0.20 1.0 0.75 10.28
4 0.25 0.25 1.2 0.80 7.23
5 0.25 0.30 1.4 0.85 4.73
6 0.50 0.10 0.8 0.75 28.51
7 0.50 0.15 1.0 0.80 17.09
8 0.50 0.20 1.2 0.85 10.36
9 0.50 0.25 1.4 0.65 25.98
10 0.50 0.30 0.6 0.70 7.20
11 0.75 0.10 1.0 0.85 25.05
12 0.75 0.15 1.2 0.65 51.54
13 0.75 0.20 1.4 0.70 36.02
14 0.75 0.25 0.6 0.75 9.30
15 0.75 0.30 0.8 0.80 7.68
16 1.00 0.10 1.2 0.70 81.71
17 1.00 0.15 1.4 0.75 48.31
18 1.00 0.20 0.6 0.80 11.11
19 1.00 0.25 0.8 0.85 8.07
20 1.00 0.30 1.0 0.65 22.95
21 1.25 0.10 1.4 0.80 67.89
22 1.25 0.15 0.6 0.85 12.68
23 1.25 0.20 0.8 0.65 33.63
24 1.25 0.25 1.0 0.70 27.12
25 1.25 0.30 1.2 0.75 21.25
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5. Establishment and Correction of
Mathematical Model

5.1. Multiple Nonlinear Regression Equation. According to
the fitting curve of the comprehensive average of the four
factors, the influence of the filling length of the oxidation bed
on the maximum commutation half cycle is linear, while the
influence of the exhaust gas inlet velocity, methane con-
centration, and porosity on the maximum commutation half
cycle is nonlinear, which can be more suitably described by
the power function. On the basis of the above numerical
simulation analysis, combined with the theoretical calcu-
lation formula of the maximum half cycle of the recipro-
cating inert porous medium burner in the literature [9], the
relationship between the maximum half cycle and the
influencing factors can be determined by the following
objective function:

T � a1L(1 − ε)
a2υa3ca4 , (7)

where a1 is the coefficient to be solved; a2, a3, and a4 are the
indexes to be solved; T is the maximum commutation half
cycle, min; L is the length of the oxidation bed, m; ε is the

porosity of the oxidation bed; c is the methane concentration
of the ventilation gas, %; and υ is the air inlet velocity, m/s.

According to the 25 sets of sample data in Table 2, we
selected nonlinear regression in SPSS, input the regression
model into the model expression, and set the initial value
and constraints.(en, the coefficient to be solved, a1, and the
indexes to be solved, a2, a3, and a4, were calculated, and the
calculation equation of the maximum commutation half
cycle was obtained as follows:

T � 23.433L(1 − ε)1.189υ− 1.088c0.654. (8)

From the calculated statistical report, it can be found that
the relative deviation between the numerical simulation data
and the formula calculation data did not exceed 10%, and R2

was 0.997. It can also be seen from the comparison result in
Figure 3 that there is a good agreement between the formula
calculation results and the numerical simulation results.

5.2. Verification and Revision of Mathematical Model. In
order to experimentally verify the prediction mathematical
model of the maximum commutation half cycle obtained by
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numerical simulation regression analysis, an experimental
system for thermal countercurrent oxidation of low-con-
centration gas in coal mine ventilation was established. (e
experimental system consisted of five parts: gas supply
system, temperature acquisition system, water cooling sys-
tem, gas composition analysis system, and the device body.
(e entire experimental system is shown in Figure 4. (e
compressed air from the air compressor was mixed with the
methane gas from the methane cylinder at a certain volume
ratio through the regulator valve and pressure reducing valve
to obtain the simulated ventilation gas. (e time relay and
the solenoid valve cooperated with each other to make the
simulated gas enter and discharge alternately from both ends
of the oxidation bed of the device body. Fifteen thermo-
couples were evenly arranged in the direction of the central
axis of the oxidation bed in the device body to monitor the
temperature of the oxidation bed along the axis and at the
inlet and outlet. (e temperature data was collected through
the acquisition card and displayed and stored in the com-
puter in real time. (e preheating temperature and heating
power of the electric heater were controlled by using the
temperature controller. In order to protect the solenoid
valve, water coolers were provided at both ends of the device
body to cool the outlet high-temperature exhaust gas. (e
gas chromatograph was used to detect the methane con-
centration in the intake and exhaust gas online.

After connecting the experimental system and ensuring
the air tightness of the experimental instruments, equip-
ment, and connecting parts, the experiment can begin. (e
experimental steps are as follows:

(1) Turn on the main power switch of the device and
power up the system. (en, start the air compressor
to make the gas enter the air tank for storage first,
and the air compressor is kept in an open position.

(2) Turn on the time relay, set the commutation time,
and the commutation control system will start to
work. Turn on the computer connected to the data

acquisition card and open the data acquisition op-
erating system on the computer. Set the channels and
parameters that need to be collectedm and display
the indicated values of each parameter in real time.

(3) Open the methane cylinder container and adjust the
outlet pressure to 0.2MPa through the pressure
reducing valve.

(4) Subsequently, open the valves for air and methane
and adjust them to their preset flow rates, and then
make corresponding fine adjustments to make the
displayed value consistent with the preset value.

(5) Run the system under a fixed commutation cycle.
When the temperature difference between the cur-
rent circle and the next cycle does not exceed 0.1°C,
the system can be considered in the stable operation.
After the measured parameters have reached the
required values, the system is considered to be
successfully started. (en, we can start the formal
experiments.

(6) Adjust the parameters of each operating condition
according to the experimental conditions. After the
adjustment, the system is allowed to run for a certain
period of time. (en, determine whether the system
is in a stable state or not by observing the difference
in temperature between the measured points of the
oxidation bed in two consecutive cycles. After the
condition stabilizes, the data can be collected and
recorded. In the next working condition, repeat the
above process to obtain the corresponding experi-
mental results.

(7) At the end of the experiment, first turn off the
methane gas source, close the methane pressure
reducing valve, stop data collection, save the ex-
perimental data, and then turn off the computer.

(8) Turn off the flow meter, and then turn off the air
source and the periodic commutation control
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Figure 3: Comparison of numerical simulation values and formula calculation values.
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system. Turn off the power of the console, properly
store the experimental instruments, and end the
experiment.

(9) For the next experiment, repeat the above operation.

Four specifications of honeycomb ceramics were used in
the experiment, two of which had the porosities of 0.56 and
0.70, with a square channel shape; and the other two had the
porosities of 0.36 and 0.4, with a circular channel shape. (e
channel was square. (e filling length of the oxidation bed
was determined by the filling quantity of the honeycomb
ceramics. (e experiment only investigated the two cases
with filling lengths of 0.8m and 1.2m. (e methane con-
centration of the simulated gas was adjusted by controlling
the two gas flow rates, and the inlet velocity was controlled
by the intake valve. (e commutation half cycle of the
thermal countercurrent oxidation was manually set by the
time relay. By changing the methane concentration, inlet
velocity, porosity, and filling length, the measured values of
the maximum commutation half cycle under the five
combined working conditions were obtained. (e measured
values were compared with the calculated values, as shown
in Table 3.

From the test results in Table 3, it can be found that the
experimental results of the maximum commutation half
cycle under the five working conditions measured were
smaller than the calculated values by the uncorrected for-
mula, and the relative error exceeded 15%.(e reason is that
the empirical calculation formula summarized from by

numerical simulation is based on the assumption that there
is no heat loss on the wall. In practice, because of the
temperature difference between the device wall and the
environment, there will be a part of heat loss, resulting in a
shorter maximum commutation half cycle. (erefore, the
empirical formula based on the numerical simulation needs
to be further corrected to be suitable for the practical sit-
uation. (e wall heat loss correction coefficient k was in-
troduced to obtain the following complete mathematical
model of the maximum commutation half cycle of thermal
countercurrent oxidation:

T � 23.433kL(1 − ε)1.189υ− 1.088c0.654, (9)

where k is the wall heat loss correction coefficient, which is
related to the thermal insulation performance of the device,
generally set to 0.8-0.9. (e thermal insulation perfor-
mance of the device body of this experimental system is
poor. (us, the wall heat loss coefficient was set to k � 0.82
for correction. As shown in Table 3, after correction, the
relative error between the calculated value and the mea-
sured value does not exceed 3.0%, indicating that the
maximum commutation half cycle calculated by the
complete mathematical model is consistent with the
measured data. (erefore, the obtained formula can be
applied to the design calculation of the maximum com-
mutation half cycle for thermal countercurrent oxidation
system of low-concentration gas in the actual coal mine
ventilation.
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Figure 4: Experimental system for thermal countercurrent oxidation of low-concentration gas in coal mine ventilation (1: air compressor; 2:
methane cylinder; 3: regulating valve; 4: pressure reducing valve; 5: one-way valve; 6: flame arrester; 7: rotor flow meter; 8: mixer; 9: intake
main valve; 10: intake sampling valve (usually closed); 11: solenoid valve; 12: time relay; 13: device main body; 14: cooler; 15: thermocouple;
16: collection card; 17: computer; 18: exhaust gas sampling valve (usually closed); 19: gas chromatograph; 20: draft fan).
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6. Conclusions

In this study, the orthogonal experiment design method was
used to obtain the maximum commutation half cycle for
thermal countercurrent oxidation of coal mine ventilation
gas under 25 working conditions using the Fluent com-
putational fluid dynamics software. In addition, the rela-
tionship between the maximum commutation half cycle and
various factors was analysed. From the results of the nu-
merical simulation analysis, it can be seen that the maximum
commutation half cycle was closely related to the methane
concentration of ventilation gas, the inlet velocity, the po-
rosity of the honeycomb ceramic, and the filling length of the
oxidation bed. When other conditions were constant, the
maximum commutation half cycle of thermal countercur-
rent oxidation increased with the increase of intake methane
concentration of ventilation gas and filling length, while
decreased with the increase of air inlet velocity and porosity
of oxidation bed. On this basis, the SPSS data processing
software was used to perform regression analysis on the
numerical simulation data, and the multiple regression
equations with four influencing factors including methane
concentration, inlet velocity, porosity, and filling length of
oxidation bed were obtained. (e deviation between the
predicted values and the data simulation values was small,
and the degree of fit was high. In addition, the maximum
commutation half cycle obtained by the numerical simu-
lation was verified by experiments. After introducing the
wall heat loss correction coefficient, the complete mathe-
matical model for the calculation of the maximum com-
mutation half cycle was obtained. (e experimental results
and the calculated results after correction were compared,
and the relative error was not more than 3%. (e complete
mathematical model after correction can be applied to the
design calculation of the maximum commutation half cycle
for thermal countercurrent oxidation of low-concentration
gas in the actual coal mine ventilation. Because of the
limitation of experimental parameters, the prediction model
has certain limitations.(erefore, to improve the accuracy of
the maximum commutation half cycle prediction, it is
necessary to supplement a larger amount of numerical
simulations and experiments, as well as more accurate data
fitting methods.
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