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Abstract

Goaf gas drainage and residual-coal spontaneous-combustion prevention are often de-
signed independently, even though both are controlled by the same leakage-flow, oxygen-
transport and heat-release fields in a longwall goaf. This decoupled design may reduce
methane accumulation while unintentionally enlarging the oxidation zone. Taking the
No. 1217 fully mechanized working face of Zhongxing Coal Mine, Shanxi Province, China,
as an engineering prototype, this study develops an integrated laboratory-field numerical
framework to quantify the drainage-induced evolution of the three zones of spontaneous
combustion. Programmed temperature-rise experiments on the No. 2 coal seam were used
to determine the oxygen-consumption rate, heat-release intensity and apparent activation
energy under oxygen concentrations of 3-21%, yielding a critical oxygen concentration
of 5.9%. Bundle-tube monitoring and distributed optical-fiber temperature sensing de-
lineated the in situ three-zone boundaries, and a three-dimensional CFD model coupling
porous-media seepage, species transport and Arrhenius-type heat generation was vali-
dated against the field data, with most relative errors below 5%. Parametric simulations
for buried-pipe depths of 20, 30 and 50 m and negative pressures of 15 and 20 kPa reveal
a pronounced asymmetric response: drainage compresses and advances the return-side
oxidation zone toward the working face, but drives the inlet-side oxidation zone deeper
into the goaf by enhancing oxygen-bearing leakage. Within the investigated parameter
space, a buried depth of 30 m and a negative pressure of 20 kPa provide the best compro-
mise, reducing the return-side oxidation-zone width from 32 to 21 m and the upper-corner
methane concentration from 6.80% to 0.58%. The results demonstrate that drainage design
should be constrained simultaneously by methane dilution and oxidation-zone control,
and provide a quantitative basis for coordinating gas extraction with fire prevention in
gas-rich, oxidation-prone longwall panels.

Keywords: gas drainage; three zones of spontaneous combustion; oxidation zone width;
buried-pipe negative pressure

Processes 2026, 14, 2116

https://doi.org/10.3390/pr14132116


https://crossmark.crossref.org/dialog?doi=10.3390/pr14132116&domain=pdf&date_stamp=2026-06-29
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr14132116

Processes 2026, 14, 2116

2 of 26

1. Introduction

Residual-coal spontaneous combustion in goafs remains one of the most persistent
thermal hazards in underground coal mining. The difficulty of extinguishing coal-fire
hazards in the field demonstrates the practical significance of effective fire prevention and
control [1], while low-temperature oxidation studies show that the tendency toward self-
heating is strongly linked to coal structure and reaction kinetics [2]. Recent reviews further
indicate that spontaneous combustion remains difficult to predict because coal oxidation,
heat transfer and gas migration evolve concurrently in the goaf [3]. At the microscale, the
oxidation activity of functional groups governs the intrinsic reactivity of coal [4], whereas
air leakage controls whether oxygen can be continuously supplied to the reactive residual
coal [5].

Self-heating requires three concurrent conditions: reactive residual coal, a sustained
oxygen supply and a thermal environment in which oxidation heat cannot be dissipated
rapidly enough [6,7]. These conditions, through their spatial variation, define the conven-
tional heat-dissipation, oxidation and asphyxiation zones. Among them, the oxidation
zone is the decisive hazard zone because it combines sufficient oxygen with a residence
time long enough for low-temperature oxidation to develop. Accurate identification of this
zone is therefore a prerequisite for estimating the shortest spontaneous-combustion period
under low-temperature oxidation conditions [8] and for evaluating oxygen-concentration
effects in goaf environments [9]. Reliable prediction indices are also required to translate
laboratory oxidation behavior into field warning criteria [10]. Crucially, the same leakage-
flow field that supplies oxygen to the oxidation zone also governs methane migration
and accumulation in the goaf, so spontaneous combustion and gas transport cannot be
treated as independent processes [11]. Because methane—-air mixture transport in the goaf is
strongly affected by fractured medium flow, coupled flow models are essential for linking
fire-prevention analysis with gas-control design [12].

Gas drainage is indispensable for gassy and outburst-prone seams, and previous
work has shown that drainage parameters can directly modify the distribution of the
three zones of spontaneous combustion [13]. In parallel, nitrogen-based suppression and
liquid-nitrogen cooling have been investigated as fire-control measures for complex goaf
or large-area fire scenarios [14,15]. These studies are important, but drainage introduces
an additional coupling because the suction field simultaneously affects methane removal,
oxygen consumption and leakage redistribution [16]. Laboratory evidence further confirms
that oxygen supply controls low-temperature oxidation intensity [17], and buried-pipe
drainage can alter the three-zone structure by changing the goaf seepage field [18]. This
risk is amplified by the dynamic advance and progressive compaction of the goaf, which
continuously changes the leakage pathway and heat-source distribution [19].

The literature has also established several material-level foundations for the present
study. Mineral components such as FeS2 can significantly affect spontaneous-combustion
characteristics [20], while goaf gas-distribution prediction models provide a basis for evalu-
ating methane migration under mining conditions [21]. Foam-supported suppression has
improved direct fire-control practice [22], and heat-release-based methods have strength-
ened estimates of the shortest spontaneous-combustion period [23]. Early-warning studies
based on ethylene enrichment and auto-ignition temperature provide complementary crite-
ria for identifying hazardous heating stages [24,25]. Thermal-analysis research has refined
apparent-activation-energy evaluation [26], and index-range studies have helped define
usable low-temperature oxidation warning intervals [27]. Methane explosion propagation
experiments clarify the consequence of methane accumulation once ignition conditions
are present [28], whereas water-soaked coal tests reveal how moisture history changes
spontaneous-combustion risk [29]. Low-oxygen gas-analysis studies and comparisons be-
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tween raw and oxidized coal further demonstrate that warning indices depend on oxygen
availability and pre-oxidation state [30,31].

For drainage design, U-type goaf gas-extraction optimization provides a direct prece-
dent for parameter selection [32,33], and oxygen-concentration experiments help constrain
the oxidation boundary [34]. Numerical heating models of coal piles clarify heat accumu-
lation in porous coal systems [35], while inhibitor/inert-gas simulations and multi-stage
fire-control studies inform engineering prevention strategies [36,37]. Drainage-affected
spontaneous-combustion-zone formation has recently been analyzed numerically [38],
and studies of methane-interfered index gases and chemically altered coal emphasized
that early-warning indices are sensitive to both gas composition and coal surface chem-
istry [39,40]. Despite these advances, three specific gaps limit the use of the surveyed
literature as a design basis for drainage in oxidation-prone goafs. First, although drainage-
induced changes in the three-zone structure have been widely acknowledged, the pre-
dictions are typically inferred from CFD outputs alone and are seldom constrained by
synchronous in situ O, and temperature monitoring, leaving the predicted drainage benefit
unverified at the panel scale. Second, buried depth and negative pressure are commonly
treated as independent variables in parametric sweeps, even though they jointly deter-
mine the position and intensity of the suction field; their interaction—and the resulting
non-additive effect on oxidation-zone width—has not been quantified, so single-parameter
recommendations cannot be safely extrapolated. Third, optimization criteria have remained
focused on upper-corner methane reduction, while oxidation-zone control is usually ad-
dressed by a separate fire-prevention workflow; consequently the two objectives can pull
the drainage design in opposite directions without a formal trade-off being made explicit.
The present study addresses these three gaps in a single workflow: laboratory kinetics
constrain the source term, synchronous bundle-tube and optical-fiber measurements an-
chor the field three-zone structure, validated CFD resolves the depth—pressure interaction,
and a dual-objective criterion makes the methane/oxidation trade-off operational rather
than implicit.

Accordingly, this study establishes an experimental-field numerical workflow for
the No. 1217 working face in the Zhongxing Coal Mine. The specific objectives are
to (i) determine the critical oxygen concentration and temperature-dependent oxidation
parameters of the No. 2 coal; (ii) identify the field three-zone boundaries using both oxygen
concentration and temperature-gradient criteria; (iii) validate a three-dimensional CFD
model capable of reproducing the measured oxygen and temperature fields; and (iv) clarify
how buried depth and negative pressure jointly regulate the oxidation-zone morphology
and upper-corner methane concentration. The central focus of this work is a dual-objective
drainage criterion that links gas-control performance to fire-prevention safety, rather than a
site-specific parameter recommendation.

2. Engineering Background and Methodology
2.1. Overview of the No. 1217 Working Face

The No. 1217 fully mechanized working face is located in the northern wing of the
first mining district of Zhongxing Coal Mine and extracts the No. 2 coal seam in the lower
Permian Shanxi Formation, with the mine location and study-area context illustrated in
Figure 1. The seam has an effective thickness of 2.0-2.9 m, with an average of 2.4 m, and a
gentle dip of approximately 2-10 degrees. The working face is 1873 m long along strike
and 150 m wide along dip, and the goaf depth considered in the model is 200 m, sufficient
to cover the heat-dissipation, oxidation and asphyxiation zones. The panel is a retreating
longwall, advancing from the opening cut toward the stop line under U-type ventilation.
As the face retreats, fixed bundle-tube probes installed near the face are progressively left
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behind in the goaf, so the spatial profile reported in Section 4 corresponds to the steady
three-zone structure that develops behind a continuously retreating face rather than to a
moving boundary at a single instant. The low Protodyakonov coefficient of 0.8 indicates a

relatively broken coal structure, which favors heterogeneous leakage flow after caving.

1. Shanxi Province

4. Enlarged Map of Jiaocheng County
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Figure 1. Location of Zhongxing Coal Mine.

The proximate analysis indicates a moisture content of 0.71%, ash content of 17.15%,
volatile matter of 18.36%, fixed carbon of approximately 66% and sulfur content of 0.75%.
Although the coal is formally classified as Grade III in terms of spontaneous-ignition

propensity, the mine is gas-rich: the absolute methane emission of the mine reached
68.31 m3 min~! in 2022, and the projected emission of the No. 1217 face is approximately
10.17 m® min~!. The combination of moderate oxidation propensity and high methane

emission makes this panel a representative case for studying the compatibility between gas

drainage and spontaneous-combustion prevention.

2.2. Methodological Framework

The research framework consists of three mutually constrained modules. The lab-

oratory module provides the kinetic parameters and critical oxygen threshold required

to describe coal oxidation. The field-monitoring module supplies the in situ oxygen and

temperature profiles needed to identify the actual three-zone boundaries. The numerical

module, calibrated against these measurements, resolves the pressure, oxygen, methane

and temperature fields under alternative drainage configurations. This structure ensures

that the parametric simulations are grounded in both material-scale oxidation behaviour

and field-scale transport evidence.
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3. Experimental Characterization of the Spontaneous
Combustion Behavior

3.1. Apparatus and Procedure

Programmed temperature-rise experiments (Figure 2) were conducted on crushed coal
samples (particle size 0.18-0.25 mm) under six inlet oxygen concentrations—3%, 5%, 7%,
10%, 12% and 21%—covering the range from oxygen-deficient goaf conditions to those in
atmospheric air. The gas flow was held at 100 mL min~! and the sample was heated from
30 to 300 °C at 0.3 °C min !, a slow rate chosen to resolve the low-temperature oxidation
stages. Outlet gases were sampled at 10 °C intervals and analyzed by gas chromatography
(SP-3420A, Beijing Bei fen-Ruili, Beijing, China; £0.5% relative accuracy for O,, CO and
COy), and each condition was tested in triplicate.

Schematic Diagram of the Coal Sample Heating-Oxidation Experimental Apparatus
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Figure 2. Schematic of the programmed temperature-rise apparatus.

3.2. Indicator-Gas Evolution

The outlet O, profiles in Figure 3 indicate limited oxygen consumption below approxi-
mately 80 °C, followed by a rapid increase at higher temperatures. This transition marks the
shift from adsorption-dominated oxygen uptake to chemically controlled oxidation. The
increasing sensitivity of oxygen consumption to inlet oxygen concentration at an elevated
temperature supports the use of an Arrhenius-type source term in the numerical model.

As shown in Figure 4, CO is detected at the earliest stage of heating and increases
monotonically with temperature, supporting its use as the primary early-warning gas. Two
acceleration intervals are evident, near 80 °C and 120 °C, corresponding, respectively, to
the onset of sustained oxidation and the enhanced decomposition of oxygen-containing
functional groups. By contrast, the C;H, and CoH; responses in Figures 5 and 6 appear
only after higher temperature thresholds, making them more appropriate as secondary and
advanced indicators of self-heating development.
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Outlet O, volume fraction (%)

Figure 3. Outlet O, volume fraction as a function of temperature.
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Figure 4. Outlet CO volume fraction as a function of temperature.
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Figure 6. Outlet C;H; volume fraction as a function of temperature.

3.3. Oxygen-Consumption Rate, Heat-Release Intensity and Apparent Activation Energy

The volumetric oxygen-consumption rate calculated from the inlet-outlet oxygen
concentration difference and the gas-flow balance is plotted in Figure 7. It increases with
both temperature and inlet oxygen concentration, and the fitted exponential trends exhibit
high coefficients of determination, indicating that oxygen availability is a first-order control
on oxidation intensity. The heat-release intensity in Figure 8 follows the same trend,
confirming that oxygen consumption provides a reliable proxy for the thermal source
strength used in the CFD model.

5

—a— 21%

Oxygen Consumption Rate (mol - m3- s-1)

== o

0 50 100 150 200 250 300
Temperature (°C)

Figure 7. Oxygen-consumption rate as a function of temperature.

The apparent activation energy was obtained from the regression of In[In(Cy/C)]
against 1/T, where Cy and C are the inlet and outlet oxygen concentrations; the result-
ing oxygen-dependence is shown in Figure 9. The activation energy decreases from
65.4 k] mol~! at 3% O, to 41.2 k] mol~! at 21% O,, demonstrating that oxygen-deficient
conditions substantially suppress coal oxidation. Extrapolation of this relationship gives a
critical oxygen concentration of 5.9%, below which oxidation is kinetically inhibited. This
threshold is used as the lower boundary of the oxidation zone and as the cut-off for the
oxidation source term in the numerical model.
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Figure 9. Apparent activation energy as a function of oxygen volume fraction.

4. Field Monitoring of the Three Zones of Spontaneous Combustion
4.1. Layout of the Bundle-Tube and Optical-Fiber System

The bundle-tube monitoring layout is shown in Figure 10. Eight monitoring lines
were installed across the working face, each equipped with protected bundle-tube probes
for gas sampling. The probes were gradually buried as the face advanced, enabling oxy-
gen concentration to be mapped as a function of distance behind the face. A distributed
optical-fiber temperature sensor was arranged along the same path to obtain continu-
ous temperature information. The synchronized gas and temperature datasets provide
two independent criteria for identifying the three-zone boundaries.

4.2. Oxygen-Concentration Profile

The measured O, concentration profiles in Figures 11 and 12 and Table 1 decrease
with distance behind the working face on both sides of the goaf, but the attenuation rates
differ markedly. On the inlet side, oxygen-rich leakage penetrates deeper into the goaf,
whereas on the return side, oxygen decays more rapidly because of the smaller leakage
cross-section and stronger consumption along the return pathway. Using 18% O; as the
heat-dissipation/oxidation boundary and 8% O, as the oxidation/asphyxiation boundary,
the inlet-side oxidation zone is broader and extends farther into the goaf than the return-
side oxidation zone. This asymmetry is a key baseline against which the drainage-induced
disturbance is evaluated.
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Figure 11. Measured O, concentration on the inlet side of the goaf.
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Table 1. Measured O, volume fraction along the inlet and return sides of the goaf at the No. 1217
working face.

Distance Into Goaf (m) Inlet-Side O; (%) Return-Side O, (%)
0 20.05 20.58
10 21.21 19.91
20 18.76 20.61
30 17.57 18.93
40 17.69 16.40
50 16.25 11.99
60 14.64 5.12
70 12.34 4.34
80 8.67 1.64
90 6.81 1.76

100 3.35 —
110 3.84 —
120 1.20 —

The 8% field threshold is a conservative regulatory criterion that incorporates a safety
margin above the 5.9% kinetic threshold determined in the laboratory, accounting for in
situ sampling uncertainty and the spatial heterogeneity of the goaf oxygen field. The 5.9%
value is retained as the kinetic cut-off in the CFD source term, while 8% is used only for an
engineering classification of the three field-measured zones.

The fitted curves superimposed on Figures 11 and 12 provide a compact representation
of the measured oxygen profiles, with R? values of 0.976 for the inlet side and 0.935 for the
return side. These high goodness-of-fit values support interpolation of the 18% and 8%
oxygen thresholds and provide quantitative benchmarks for subsequent CFD validation.
Several inlet-side readings in the shallow region (0-35 m), including the 21.21% value at
10 m, marginally exceed the atmospheric oxygen fraction. This scatter is attributed to
two combined effects: (i) local re-circulation of fresh leakage air in the heat-dissipation
zone, where the bundle-tube sampling point can be drawn from a leakage channel rather
than a representative goaf volume; and (ii) the amplified relative uncertainty of in situ
oxygen sensors when measuring near the atmospheric reference. The scatter is confined to
the heat-dissipation zone, where the local O; is far from the partitioning thresholds (18%
and 8%) and the oxidation source term in Equation (3) is effectively zero. The polynomial
fit (R? = 0.976) remains within the field-monitoring uncertainty band, and the inferred
oxidation-zone boundary at 44 m on the inlet side lies well outside the scattered region, so
the three-zone identification is not affected by these points.

4.3. Temperature Profile and Three-Zone Partitioning by Temperature Gradient

Optical-fiber temperature profiles for the inlet and return sides are shown in
Figures 13 and 14. Inlet-side temperature rises from 16 °C at the face to a peak of 17.5 °C at
60-80 m before decaying to 15.5 °C beyond 100 m; return-side temperature peaks earlier
at 17.4 °C around 50 m and falls below 16 °C by 70 m. The deeper peak on the inlet side
mirrors the O,-based asymmetry of Section 4.2.

Applying the 1 °C/24 h temperature-rise criterion delineates an oxidation zone of
38-92 m (width 54 m) on the inlet side and 32-62 m (width 30 m) on the return side. The O,-
based partition of Section 4.2 (44-96 m and 32-64 m) agrees with the thermal partition within
6 m on both sides, providing cross-validation by two physically independent indicators.
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The inlet/return width ratio of 1.8 reflects the enhanced leakage flux on the inlet side,
which sustains low-temperature oxidation deeper into the goaf.
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Figure 13. Measured temperature profile on the inlet side of the goaf.
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5. Numerical Model and Validation
5.1. Geometry, Mesh and Governing Equations

A full-scale three-dimensional model was constructed to represent the inlet airway,
working face, return airway and 200 m deep goaf, as shown in Figure 15. The airway region
was treated as a conventional fluid domain, whereas the goaf was modeled as a porous
medium with spatially varying porosity and permeability. A mesh-independence check
confirmed that the selected resolution changed the predicted oxidation-zone width by less
than 1.5%.

L2

mined_out

L3

passage

outer2

inlet

Figure 15. Geometric model of the No. 1217 goaf.
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5.2. Governing Equations and Oxidation Source Term

The model solves the steady-state mass, momentum, energy and species-transport
equations. The airway is solved with the standard k-¢ turbulence model; the goaf is treated
as a porous medium with laminar flow, with the momentum equation augmented by a
Darcy—-Forchheimer resistance term

1
Si=-— (Wiui + 2PC2,i|”|Mi> 1)

where r is the viscous resistance coefficient (1/m?), C; is the inertial resistance coefficient
(1/m), uis the dynamic viscosity, p is the gas density and u is the superficial velocity.

Low-temperature oxidation of residual coal is introduced through an effective single-
step Arrhenius volumetric heat source linked to the local oxygen concentration:

qg=AH-A-Co, exp(—E,/RT) (2)

where q is the volumetric heat-source intensity, AH is the molar reaction enthalpy, A is the
pre-exponential factor and E, is the apparent activation energy taken from the programmed
temperature-rise experiments in Section 3. The oxygen-consumption source term used in
the species-transport equation is fitted from the laboratory data as

ng =0 -ky - ky, - 0.2047 - exp(0.01027T) 3)
02

with ky, = 0.25 (particle-size factor), ky, = 0.31 (coal-thickness factor) and Cy = 21% (reference
oxygen concentration). The methane source term is taken as a uniform volumetric mass
source of 7.2458 x 1077 kg/(m?3-s), corresponding to the measured goaf gas emission of
1.35 m3/min and a methane density of 0.7168 kg/m3. The oxidation source is deactivated
wherever the local O, concentration falls below the 5.9% kinetic threshold determined in
Section 3.

The single-step Arrhenius form is preferred over multi-step oxidation kinetics because
the kinetic parameters for individual elementary reactions (physical adsorption, chemical
adsorption, functional-group decomposition, secondary oxidation) cannot be indepen-
dently calibrated from field-feasible measurements at the engineering scale considered here.
Comparison of the validated O, and temperature fields with the bundle-tube and optical-
fiber data (Section 5.5) shows that the effective single-step formulation reproduces the field
profiles with relative errors below 5%, confirming that the simplification is adequate for
predicting the three-zone morphology at the panel scale.

5.3. Porosity and Permeability of the Goaf

The goaf is represented as a heterogeneous porous medium through a three-
dimensional extension of the “O-ring” caving model that resolves the variation of the
bulking factor in both horizontal and vertical directions. The bulking factor K;, at an
arbitrary point (x, y, z) is

Kp = Kp,min + Kp,maxl - Kp,min + (Kp,maXZ - Kp,maxl)gleiazdz} 2 [_al (dl + bl) (1 - eigoaO(dOJrho))} (4)

and the local porosity is obtained from

1
n(Kp,x,y,z) =1— K—p (5)
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The viscous and inertial resistance coefficients are then computed from a Carman-
Kozeny/Ergun-type relation using the local porosity:

“TI0 AT

D; i 1 35 (1—n)
N S ©)

where « is the permeability (m?) and Dp = 0.015 m is the harmonic mean diameter of the
caved rock fragments. The parameter values are listed in Table 2. Equations (4)—(6) are
implemented as a Fluent UDF written in C and applied cell-by-cell to the goaf domain.

Table 2. Parameters of the 3-D “O-ring” porosity /permeability model.

Symbol Description Value
Kip,max2) Bulking factor of initially caved rock 1.50
Kip,max1} Bulking factor near the working face (lower stratum) 1.15
Kip,min Compaction-stable bulking factor 1.10
&0, &1 Geometric adjustment parameters 0.233, 0.85
ap Decay rate along the face-to-opening-cut direction ~ 0.268 m~!
aj Decay rate at the lateral “triangular zones” 0.0368 m !
ap Decay rate toward the goaf roof 0.15m™!
Dp Harmonic mean diameter of caved rock 0.015m
dy, dq, ds Distance to the rib, face and roof boundaries local field
bo, b1 Depth- and face-direction adjustment offsets local field

Although the goaf is geometrically represented as a cuboid computational domain
rather than as an explicit caved-rock topology, the spatial heterogeneity of the goaf is not
lost. Equation (4) introduces direction-dependent decay rates (ag = 0.268 m~! from the
face, a; = 0.0368 m~! from the lateral boundaries and a, = 0.15 m~! from the roof), so the
porosity, permeability and inertial resistance vary continuously in all three directions inside
the cuboid. The resulting field reproduces the canonical “O-ring” caving pattern—high
porosity along the rib-side perimeter and progressive compaction toward the deep goaf
and the floor—within a regular computational domain. The cuboid simplification therefore
refers to the boundary shape only; the internal flow- and reaction-relevant heterogeneity
are carried entirely by the porosity and resistance fields.

5.4. Boundary Conditions and Physical Properties

Boundary conditions are summarized in Table 3. A velocity inlet of 2 m/s at 21 °C
with a composition of 21% O, and 78% Ny is imposed at the intake-airway entrance,
and an outflow condition is applied at the return-airway exit. The face-to-return-airway
pressure gradient is therefore not prescribed explicitly but emerges from the velocity-
inlet/outflow combination, which reproduces the measured face ventilation rate of approx-
imately 1116 m?3 /min. All six external boundaries of the goaf (L1-L6) are no-flux slip walls;
the airway side walls and the roof/floor are no-slip walls with no diffusive species flux.
The goaf-airway interface is treated as an internal coupling boundary. When drainage
is activated, the buried-pipe outlet is added inside the return-side goaf at the prescribed
depth (20, 30 or 50 m), with a pipe diameter of 326 mm, its center 2.1 m above the airway
roof, and an outflow boundary condition imposing the prescribed negative pressure of 15
or 20 kPa.
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Table 3. Boundary conditions of the CFD model.
Boundary Type Setting
inlet (intake airway) velocity inlet v=2m/s, T=21°C,21% Oy, 78% Ny
outlet (return airway) outflow -
L1-Lé6 (goaf external faces) wall (slip) no diffusive species flux

L0 (airway—goaf interface)  interface -

airway walls

(inner/outer/top/bottom) wall (no-slip) no diffusive species flux

@ 326 mm, 2.1 m above roof, depth

drainage pipe outlet outflow 20/30/50 m, AP = 15 or 20 kPa

The thermal boundary at the goaf roof, floor and lateral edges is treated as adiabatic.
This is the conventional treatment for engineering-scale goaf simulations, justified by
the fact that the modeled 200 m goaf depth places the conductive heat-loss surfaces well
outside the oxidation zone of interest, where the heat-transfer time scale through compacted
caved material substantially exceeds the residence time of leakage flow. Residual coal is
assigned a thermal conductivity of 0.9 W/(m-K), a density of 1410 kg/m3 and a specific
heat capacity of 1200 J/(kg-K). The gas-phase properties used for O,, N, and CHy are listed
in Table 4; the mixture is treated as an incompressible ideal gas with mass-weighted mixing
rules for thermal conductivity and viscosity, and binary diffusion is evaluated through
kinetic theory.

Table 4. Gas-phase properties.

Species Molecular Weight (g/mol) L-J o (A) L-J e/k (K) Specific Heat

O, 31.9988 3.458 107.4 placewise
polynomial

N, 28.0134 3.621 97.53 precewise
polynomial

CH, 16.04303 3.758 148.6 precewise
polynomial

thermal conductivity 0.0454 W/(m-K);
Mixture ideal-gas mixing viscosity 1.72 x 107> Pa-s; mass -

diffusivity 2.88 x 107> m?/s

5.5. Validation Against Field Measurements

Simulated O; and temperature profiles are compared with field measurements in
Figures 16 and 17, with zone-resolved errors summarized in Table 5. In the oxidation
zone—the controlling region for drainage design—relative errors of simulated O, remain
below 4% on both sides. In the heat-dissipation zone, errors rise to 5-7% on the return side,
attributable to operational heat sources not represented in the steady-state model and to
the inlet-side leakage scatter discussed in Section 4.2. In the asphyxiation zone, errors fall
below 2% as diffusive transport dominates.

The simulated three-zone boundaries reproduce the measured asymmetry quantita-
tively: the inlet-side oxidation zone (44-96 m, width 52 m) is 6 m deeper than the measured
zone (38-92 m, width 54 m) but matches its width within 4%; the return-side simulation
(32-64 m, width 32 m) lies within 2 m of the measurement. The baseline upper-corner
CHy4 of 6.80% matches the field value within 0.3 percentage points. Three independent
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comparisons—profile shape, zone boundary and upper-corner CHy—thus confirm the
model’s predictive validity.
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Figure 16. Comparison of simulated and measured O, concentrations on both sides of the goaf.

Table 5. Comparison of measured and simulated three-zone boundaries for the No. 1217 working face.

Method Side  Heat Dissipation (m) Oxidation (m) Asphyxiation (m)
Measured Inlet 0-38 38-92 (54) >92
Measured Return 0-32 32-62 (31) >62
Simulated Inlet 0-44 44-96 (52) >96
Simulated Return 0-32 32-64 (32) >64

The O, and temperature contours in Figures 18 and 19 reveal the canonical “O-ring”
pattern: a rib-side high-O, band decaying toward the compacted deep goaf, with an inlet-
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biased oxidation ring surrounding a low-temperature asphyxiation core—consistent with
the porosity field of Equation (4) and serving as the basis for the response-surface analysis
of Section 6.5.
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Figure 17. Comparison of simulated and measured temperatures on both sides of the goaf.

The sensitivity of three-zone predictions to the cuboid geometric assumption can be
bounded by the present validation results. The simulated O, and temperature profiles
agree with the bundle-tube and optical-fiber measurements with most relative errors below
5%, including in the near-face region (0-35 m from the face) where drainage effects are most
pronounced. This level of agreement is achieved without resolving an explicit caved-rock
topology, indicating that for the three-zone-scale quantities of interest—oxidation-zone
width and upper-corner CHs—the boundary geometry contributes substantially less than
the internal heterogeneity field. A fully explicit caved-rock geometry would refine local
features but is unlikely to change the panel-scale three-zone partitioning that drives the
proposed drainage criterion.
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Figure 18. Simulated O, concentration distribution and three-zone delineation.
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Figure 19. Simulated temperature distribution in the goaf.

6. Mechanism of Buried-Pipe Gas Drainage in the Three Zones
6.1. Drainage Scenarios

The drainage cases listed in Table 6 were designed by combining three buried-
pipe depths of 20, 30 and 50 m (measured from the return-airway end into the goaf)
with two negative pressures of 15 and 20 kPa. A no-drainage case was retained as the
baseline. All other material, kinetic and ventilation parameters were kept identical to
the validated model so that the resulting differences could be attributed directly to the
drainage configuration.

Table 6. Buried-pipe drainage scenarios for the No. 1217 working face.

Scenario Buried Depth (m) Negative Pressure (kPa)
0 (baseline) — —
1 20 15
2 20 20
3 30 15
4 30 20
5 50 15
6 50 20

The parameter window of 20-50 m buried depth and 15-20 kPa negative pressure
was selected on engineering rather than statistical grounds. The lower bound of 20 m
corresponds to the minimum standard length of the buried drainage pipe used at the
site. Depths below this value would place the inlet too close to the working face, where
the suction would draw fresh ventilation air directly into the pipe (leakage short-circuit)
rather than CHy-rich goaf gas, eliminating the drainage benefit. The upper depth of 50 m
approaches the oxidation/asphyxiation transition; beyond this depth, the drainage point
disturbs the previously stable seepage in the compacted deep goaf and can paradoxically
enlarge the oxidation zone. The pressure range of 15-20 kPa is bounded above by the
rated capacity of the existing surface drainage station and below by the minimum suction
needed to overcome airway-to-pipe resistance under the 1116 m?/min face ventilation rate.
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Scenarios outside this window were therefore considered neither operationally accessible
nor physically informative for the present design problem.

6.2. Influence of Drainage Activation on Three-Zone Distribution

Activating buried-pipe drainage reorganizes the three-zone distribution in an asym-
metric manner, as shown by Figure 20 and Table 7. In the no-drainage baseline, the inlet-side
oxidation zone extends over 44-96 m (width: 52 m), the return-side oxidation zone extends
over 32-64 m (width: 32 m), and the upper-corner CHy4 concentration reaches 6.80%. Once
drainage is activated, the return-side oxidation zone is compressed in all six cases, with
widths ranging from 21 to 31 m, and the upper-corner CHy concentration decreases to
0.58-3.14%. The response on the inlet side is opposite: the oxidation-zone start migrates
from 44 m in the baseline to 55-62 m under drainage, and the inlet-side width increases
to 57-63 m. These data demonstrate that drainage improves methane control and reduces
return-side oxidation-zone exposure, but it also strengthens oxygen-bearing leakage toward
the inlet side. This asymmetric trade-off is the core mechanism that must be considered in
drainage design.

Table 7. Simulated three-zone parameters and upper-corner methane concentration for the No. 1217
working face under different drainage scenarios.

. Negative Inlet-Side Return-Side Upper-
. Buried e 4 L. Inlet A Return
Scenario Depth (m) Pressure Oxidation Width (m) Oxidation Width (m) Corner
P (kPa) Zone (m) Zone (m) CHy (%)
0 — — 44-96 52 32-64 32 6.80
1 20 15 55-112 57 30-60 30 3.14
2 20 20 57-115 58 27-55 28 2.33
3 30 15 58-116 58 25-49 24 0.75
4 30 20 60-121 61 22-43 21 0.58
5 50 15 59-121 62 25-56 31 1.55
6 50 20 62-125 63 21-50 29 1.22

6.3. Effect of Buried Depth

The effect of buried depth is supported quantitatively by the scenario results in Table 7.
At a negative pressure of 15 kPa, increasing the buried depth from 20 to 30 m shifts the
return-side oxidation zone from 30-60 m to 25-49 m and reduces its width from 30 to
24 m; the upper-corner CH, concentration simultaneously decreases from 3.14% to 0.75%.
However, when the depth is further increased to 50 m, the return-side oxidation zone
expands again to the range of 25-56 m, with a width of 31 m and an upper-corner CHy
concentration of 1.55%. The same non-monotonic pattern is observed at 20 kPa: the return-
side width decreases from 28 m at 20 m depth to 21 m at 30 m depth, but rebounds to
29 m at 50 m depth. These data indicate that buried depth does not produce a simple
monotonic improvement. Instead, the drainage inlet is most effective when it is positioned
near the oxidation/asphyxiation transition, where suction can both extract accumulated
methane and cut off the inward oxygen flux before the flow enters a compacted, low-
permeability region.
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Figure 20. Simulated O, concentration contours under different drainage scenarios for the No. 1217

working face.

6.4. Effect of Negative Pressure

Negative pressure mainly controls the intensity of the suction field, and its influence is
also evident from Table 7. At a buried depth of 20 m, increasing the negative pressure from
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15 to 20 kPa reduces the return-side oxidation-zone width from 30 to 28 m and lowers the
upper-corner CHy concentration from 3.14% to 2.33%. At 30 m depth, the same pressure
increase compresses the return-side oxidation zone from 25-49 m to 22-43 m, reducing
its width from 24 to 21 m, while CHy decreases from 0.75% to 0.58%. At 50 m depth, the
return-side width decreases from 31 to 29 m and CHy from 1.55% to 1.22%. Thus, stronger
negative pressure consistently improves methane removal and compresses the return-side
oxidation zone. The cost is that the inlet-side oxidation zone also moves deeper and widens,
for example from 58-116 m to 60-121 m at 30 m depth, confirming that negative pressure is
an effective but non-neutral control variable.

6.5. Joint Response of Buried Depth and Negative Pressure

To complement the single-parameter analyses in Sections 6.3 and 6.4, the six scenario
results in Table 7 are presented as response surfaces in Figure 21, showing the return-side
oxidation-zone width and the upper-corner CHy concentration as joint functions of buried
depth and negative pressure.
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Figure 21. Response surfaces of oxidation-zone width and upper-corner CHy versus buried depth
and negative pressure.

The surfaces reveal a clear depth—pressure interaction. The oxidation-zone width is
non-monotonic in depth, tracing a V-shape with a minimum near 30 m, but monotonic
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in pressure. Moreover, the pressure effect is amplified at the optimal depth: raising the
pressure from 15 to 20 kPa reduces the width by 12.5% at 30 m, but only by 6.7% and 6.5% at
20 m and 50 m, respectively—the two parameters are therefore not additive. In Figure 21b,
the 1% CHy feasible region spans approximately 28-45 m at 20 kPa but narrows to 30—40 m
at 15 kPa. The preferred configuration (30 m, 20 kPa) thus occupies the unique location
where the oxidation-zone valley and the methane-feasible region intersect, which is the
visual expression of the dual-objective drainage criterion.

6.6. Identification of the Optimal Drainage Parameter Pair

The preferred configuration was identified using two explicit criteria: the return-side
oxidation-zone width should be minimized, and the upper-corner CHy4 concentration
should remain below 1%. According to Table 7, only Scenarios 3 and 4 satisfy the methane
criterion, with CHy concentrations of 0.75% and 0.58%, respectively. Among them, Sce-
nario 4, corresponding to a buried depth of 30 m and a negative pressure of 20 kPa, gives
the narrowest return-side oxidation zone, 22-43 m, with a width of 21 m. Although the
buried-pipe inlet at 30 m lies within this oxidation zone, the local suction reduces the O,
flux into the deep goaf and shortens the residence time, which together produce the smallest
return-side oxidation footprint among the six scenarios. Compared with the no-drainage
baseline, this configuration reduces the return-side width from 32 to 21 m, a decrease
of 34.4%, and lowers CHy from 6.80% to 0.58%. Although the inlet-side oxidation zone
widens from 52 to 61 m, the return-side fire-risk reduction and methane-control effect are
jointly superior to the other tested cases. The optimum therefore follows from the tabulated
scenario comparison rather than from a qualitative judgement alone.

7. Discussion

The results show that drainage control is not a single-objective methane-removal
problem, but a coupled regulation problem involving leakage flow, oxygen residence
time and heat release. The observed asymmetry can be interpreted as the superposition
of the natural ventilation leakage field and the drainage-induced suction field within a
heterogeneous porous medium. On the inlet side, the two fields are broadly aligned;
therefore, drainage strengthens oxygen transport into the goaf and pushes the oxidation
zone deeper. On the return side, the suction field shortens the oxygen residence time near
the pipe inlet and increases evacuation efficiency, thereby compressing the oxidation zone.
This explains why the same drainage parameter can simultaneously reduce upper-corner
methane and redistribute the spontaneous-combustion hazard. Consequently, methane
concentration alone is not a sufficient optimization target; the oxidation-zone width and its
migration direction must be evaluated together with gas-control performance.

For field implementation, the most important implication is that the buried-pipe
inlet should be positioned according to the three-zone structure rather than according to
installation convenience alone. The scenario comparison indicates that an intermediate
depth of 30 m provides better coordination than either 20 m or 50 m, because it places
the suction action near the oxidation/asphyxiation transition while avoiding excessive
disturbance in the compacted deep goaf. Negative pressure should also be treated as
a bounded control variable. Increasing pressure from 15 to 20 kPa improves methane
control in all tested cases, but it also expands the inlet-side oxidation zone; therefore,
further pressure increases should be accompanied by field verification rather than assumed
to be beneficial. In practice, drainage optimization should combine upper-corner CHy
monitoring with CO, C,Hy and CH, tracking, so that the gas-control benefit and the
spontaneous-combustion risk can be assessed in the same operational framework.
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The widening of the inlet-side oxidation zone is a genuine consequence of the drainage
criterion and must be addressed by complementary controls. The most direct measure is
co-deployment with goaf nitrogen injection, which the No. 1217 panel already operates
under a four-stage program covering normal advance, slow-advance preventive injection,
active injection upon detection of CO/CyHy/CyHy, and end-of-panel sealing. The design
targets an inert oxygen concentration below 7% using a nitrogen flow of 486 m>/h at 97%
purity, delivered by a QTD2000/97 system.

Because nitrogen acts on the oxygen-supply term of Equation (3) rather than on the
leakage geometry, it suppresses inlet-side oxidation even when drainage has widened the
inlet-side oxidation zone, effectively decoupling the dual-objective drainage optimization
from the inlet-side fire-prevention requirement. This is reinforced by densified CO/CyHy
monitoring and optical-fiber sensing extended to 55-62 m on the inlet side, together with
rib-side spray sealants that reduce the oxygen flux feeding the leakage band described by
Equation (4).

The interpretation should nevertheless be bounded by the assumptions of the present
model. The goaf is represented as a quasi-steady porous medium, so the transient advance
of the working face, time-dependent compaction and local collapse-induced permeability
changes are not fully resolved. The oxidation kinetics are also expressed through an
effective single-step Arrhenius formulation, which is appropriate for engineering-scale
simulation but cannot distinguish physical adsorption, chemical adsorption and functional-
group decomposition. In addition, the parameter space is limited to field-feasible buried
depths and negative pressures; the response beyond this range may not remain linear.

Beyond the six tested scenarios, the robustness of the 30 m/20 kPa recommendation
can be bounded by physical reasoning rather than additional simulations. The V-shaped
depth dependence and the monotonic pressure dependence shown in Figure 21 are struc-
tural features of the underlying mechanism—the spatial alignment between the suction
inlet and the oxidation/asphyxiation transition, and the magnitude of the superposed suc-
tion field—rather than artefacts of the specific operating values, so the qualitative shape of
the response surfaces is expected to persist across moderate variations in the face advance
rate and ventilation supply. The position of the oxidation-zone width minimum, however,
is tied to the depth of the oxidation/asphyxiation transition, which migrates with the
advance rate (a faster advance shortens the residence time and shifts the transition deeper)
and with ventilation supply (higher airflow shifts it deeper through enhanced leakage).
For a panel operating substantially away from the present 1116 m?/min ventilation rate
or the 60 m/month preventive-injection threshold, the optimum depth should therefore
be re-located along the 18%/8% O, boundaries identified by in situ monitoring before the
30 m value is adopted directly. The 20 kPa pressure recommendation is more transferable
because it sits at the rated capacity of the surface drainage station and exerts a monotonic
effect across the depth range.

Validation status and planned post-implementation verification. The 30 m/20 kPa
recommendation is a model-based prediction. The CFD model is validated against the
no-drainage baseline three-zone structure with zone-resolved relative errors below 5%
on both sides (Section 5.5, Figures 16 and 17), and the additional physics introduced by
buried-pipe drainage—a localized outflow sink superimposed on an already-validated
porous-medium seepage field—is a standard CFD construction that introduces no new
fitting parameters. The drainage predictions therefore inherit the validation of the baseline
model rather than relying on free assumptions. Direct verification by bundle-tube and
optical-fiber re-survey of the No. 1217 panel under the proposed configuration is scheduled
for the next mining cycle and constitutes the natural next step.
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Applicability to other coal types and geological settings. The 30 m/20 kPa recom-
mendation is specific to the No. 1217 panel. Three factors limit direct transfer: the kinetic
parameters (E, = 41.2-65.4 k] mol !, critical O, = 5.9%) reflect the No. 2 Shanxi-Formation
coal and shift with coal rank; the goaf porosity field depends on the immediate-roof bulk-
ing factor; and the 1116 m® min~—! U-type ventilation fixes the leakage-flow magnitude.
What transfers across mines is the design logic rather than the numerical optimum: the
buried-pipe inlet should be positioned at the in situ oxidation/asphyxiation transition
identified by the workflow proposed here (programmed temperature-rise testing, bundle-
tube/optical-fiber mapping, CFD response-surface analysis bounded by the 18%/8% O,
thresholds), not at a fixed depth.

Future work should therefore couple moving-boundary goaf evolution with multi-step
oxidation kinetics and apply multi-objective optimization to a broader parameter space,
ideally supported by continuous field monitoring after drainage-parameter adjustment.

8. Conclusions

This study developed a coupled laboratory-field numerical framework to clarify how
buried-pipe gas drainage reshapes the three zones of spontaneous combustion in a longwall
goaf. The main conclusions are as follows.

(1) Programmed temperature-rise experiments show that the apparent activation energy
of the No. 2 coal decreases from 65.4 k] mol~! at 3% O, to 41.2 k] mol~! at 21% O,. A
critical oxygen concentration of 5.9% was identified, and CO, C;H4 and Co,H, were
confirmed as staged indicator gases for early, intermediate and advanced self-heating.

(2) Field monitoring delineated asymmetric three-zone boundaries in the goaf. The inlet-
side oxidation zone is wider and extends farther behind the working face than the
return-side oxidation zone, reflecting stronger oxygen-bearing leakage on the inlet
side. The validated CFD model reproduced the measured oxygen and temperature
fields with most errors below 5%.

(3) Buried-pipe drainage produces a dual effect: it compresses the return-side oxidation
zone and reduces upper-corner methane concentration, but simultaneously drives
oxygen deeper along the inlet side and enlarges the inlet-side oxidation zone. This
asymmetric response is controlled by the superposition of the ventilation leakage field
and the drainage suction field.

(4) Buried depth and negative pressure regulate different aspects of the response.
Depth determines the spatial alignment between the pipe inlet and the oxida-
tion/asphyxiation transition, whereas negative pressure determines the strength of
the suction field. Their combined action, rather than either parameter alone, controls
the compatibility between methane control and spontaneous-combustion prevention.

(5) The preferred configuration in the investigated parameter space is a buried depth of 30
m and a negative pressure of 20 kPa. This scheme reduces the return-side oxidation-
zone width from 32 to 21 m and lowers the upper-corner methane concentration
to 0.58%, providing a practical parameter set for the No. 1217 working face and a
transferable optimization criterion for similar gas-rich longwall panels.
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