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COAL SELF-IGNITION IN LONGWALL FACES: INFLUENCE OF MOISTURE CONTENT
AND POROSITY

Abstract. This article is devoted to the processes of coal self-heating and self-ignition during its storage and trans-
portation. The relevance of this topic is explained by the high fire hazard of coal stockpiles, which can lead to significant
economic losses, emissions of toxic substances, and emergency situations.

The aim of this study is to construct a mathematical heat balance model that takes into account coal moisture and
porosity and enables the prediction of critical stockpile sizes at which self-heating process becomes dangerous.

The object of the study is a coal mass, and the subject of analysis includes the physicochemical processes of low-
temperature oxidation, heat transfer, and moisture evaporation.

The methodological basis of this study includes: application of a differential heat balance equation; description of
reaction kinetics using the Arrhenius law; use of the Frank-Kamenetskii criterion to determine the critical size Lc; numeri-
cal calculations and graphic representation of dependencies in Python environment (NumPy, Matplotlib).

The results of the study showed that moisture content has a stabilizing effect by increasing the critical size of stock-
piles and reducing the probability of their self-ignition; increased porosity reduces critical size of the stockpiles and en-
hances the risk of their self-heating; the most dangerous combination is dry and highly porous coal, for which even rela-
tively small stockpiles can reach a critical condition; maintaining moisture content at a level of 10-15% significantly re-
duces the risk of spontaneous ignition even at high porosity.

The practical significance of the research lies in the fact that the developed model can be used for the design and
operation of coal storage facilities. Application of the Frank-Kamenetskii criterion makes it possible to establish safe
stockpile dimensions, determine the necessity of dividing stockpiles into separate sections, and substantiate measures
for parameter control and limitation of oxygen access.

The scientific novelty of the research consists in the development of a generalized mathematical model of the heat
balance in the porous coal environment, which for the first time simultaneously takes into account the influence of mois-
ture content and porosity on the oxidation kinetics, thermal conductivity and thermal stability of the system. The obtained
results provide a transition from theoretical analysis to practical engineering solutions, which is of great importance for
improving industrial safety during coal handling operations.

Keywords: self-ignition, coal, moisture content, porosity, temperature.

1. Introduction

One of the main causes for increased hazard during mining operations in mines is
explosions and fires [1, 2, 3]. In particular, the key factor contributing to the devel-
opment of methane-air mixture explosions and fires is the process of self-heating and
subsequent self-ignition [4, 5]. Explosions occur in working faces, when, in addition
to the source of fire, an elevated methane concentrations are generated [6], which are
formed due to the adsorption of bound methane from coal [7, 8] and the diffusion of
free gas [6, 7]. Such explosions often result in severe accidents with serious conse-
quences [9, 10]. While the process of methane release has been studied in sufficient
detail, the mechanism and prediction of coal self-ignition remain poorly understood.

Coal self-ignition during mining, storage and transportation also presents a seri-
ous hazard [11, 12, 13]. This process is caused by low-temperature oxidation of coal
with air oxygen accompanied by heat release. If the rate of heat release exceeds the
heat removal capacity, the temperature in the coal mass rises, which may lead to igni-
tion. The influence of moisture content and porosity is a key factor determining coal
resistance to spontaneous ignition [14].
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Coal self-ignition is one of the most dangerous and, at the same time, latent risk
factors [11, 12, 13] occurred during long-term storage and transportation of fuel re-
serves. Unlike open flame sources, this process begins unnoticed, starting with slow
chemical reactions on the surface of a coal particle, accompanied by heat release. Un-
der conditions of insufficient cooling and limited heat transfer, thermal energy accu-
mulates within the coal mass, gradually leading to a temperature rise and the transi-
tion to more active stages of oxidation.

The probability of spontaneous ignition is influenced by numerous factors [15, 16,
17]: particle size, volatile matter content, moisture content, porosity, aeration condi-
tions, and geometry of stockpiles or waste heaps. Among these factors, moisture con-
tent and porosity are of particular importance, as they determine the balance between
the rate of exothermic oxidation and the efficiency of heat exchange.

The practical significance of studying these processes is extremely high [18, 19,
20]. Spontaneous ignition leads not only to the loss of valuable fuel but also to large-
scale fires accompanied by the emissions of toxic gases and products of incomplete
ignition, as well as a threats to human life and infrastructure. Economic damage in-
cludes direct coal losses, fire-fighting costs, degradation of mine workings, and wors-
ening of the region environmental safety. Therefore, the development of theoretical
models that take into account the effects of moisture content and porosity is a neces-
sary basis for predicting the stability of coal masses and for designing effective pre-
ventive measures [21-23].

This study focuses on mathematical modeling of the heat balance in a porous coal
medium with taking into account moisture content and structure parameters. The
formulas used enable to make a quantitative assessment of the critical size of the sys-
tem, at which a stable state can exist without the transition to spontaneous ignition.
Such a formulation of the problem provides a basis for comparing theoretical results
with experimental data and practical observations during coal mining or storage on an
industrial scale.

The purpose of the study is to analyze the influence of moisture content and po-
rosity of coal on its proneness to self-ignition using mathematical modeling of the
heat balance.

2. Methods

The research methodology includes the following stages:

1) selection of parameters (moisture content w and porosity &);

2) formulation of heat balance equations;

3) application of the Frank-Kamenetskii criterion;

4) numerical calculations and graphical representation of results;

5) analysis of results and comparison with literature data

To achieve this purpose, a methodology was developed that included the follow-
ing steps:

1) Selection of model factors and parameters. Moisture content (w) and porosity
(¢) were identified as key factors, as they largely determine the balance between heat
release during oxidation and heat dissipation. In addition, the following physico-
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chemical properties of coal were considered: thermal conductivity, heat capacity,
density, and activation energy of the oxidation reaction.

2) Formulation of heat balance equations. The study is based on a differential heat
transfer equation with a heat source (oxidation reaction) and a cooling term (evapora-
tion of moisture). The Arrhenius equation was used to describe the Kinetics, and the
thermal conductivity was corrected for porosity.

3) Application of the Frank-Kamenetskii criterion. The critical size of the coal
mass (L) was adopted as an integral criterion for the risk of the coal self-ignition.
This criterion makes it possible to predict the geometric dimensions of the stockpile
at which the heat released during oxidation can no longer effectively dissipated.

4) Numerical calculations and graph construction. To analyze the dependence of
L. on moisture content and porosity, numerical calculations were performed using
typical coal parameters (see Table 1). The following dependencies were constructed:
Lc versus moisture content (w) at a fixed porosity; L. versus porosity (¢) at a fixed
moisture content; and a combined dependence map L¢(w, ¢) .

5) Comparison with literature data. The obtained dependencies were compared
with the results reported by other authors [3, 6, 7, 12, 24, 25], which made it possible
to assess the adequacy of the proposed model and to identify practical mechanisms.

3. Theoretical parts

Physicochemical processes. The process of coal self-ignition includes the follow-
ing stages [1, 4]: slow oxidation of coal at low temperatures; heat release and temper-
ature rise; acceleration of the reaction with increasing temperature; ignition upon
reaching a critical value.

Justification of the equations and physical mechanisms:

Heat balance. The heat balance equation describes heat accumulation in the coal
mass, heat removal by conduction, and heat sources/sink: low-temperature oxidation
(exothermic), moisture phase transformations (endothermic losses for evaporation),
and other losses. This approach corresponds to the standard representation for reac-
tive porous media under conditions of low convection velocities.

Oxidation kinetics (Arrhenius). The initial stage of self-heating is caused by
chemisorption and subsequent oxidation of active coal sites by oxygen. At low tem-
peratures, the reaction rate follows the Arrhenius law with effective activation energy
of 40-120 kJ/mol; the concentration factor reflects the availability of O, in the pores.

Effect of moisture content r(w). Surface water partially blocks active sites and O,
diffusion, thereby reducing the oxidation rate. Furthermore, moisture evaporation
during heating consumes heat (L,), which increases the critical size of the system.
The empirical relationship r(w)=ry/(1+aw) approximates the suppression of reaction
rates at increasing moisture content.

Effective thermal conductivity ke(e). In porous media, factor ke can be estimated
using mixture rules: the contribution of the solid matrix and the gas phase is propor-
tional to their volume fractions. A simple linear model ket = ks (1-¢) + kg € is used as
a lower-bound estimate for isotropic pore structure; it is consistent in order of magni-
tude with more detailed correlations for porous media.
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Oxygen accessibility and porosity. Increasing in porosity ¢ enlarges contact sur-
face of the coal mass with the atmosphere and increases the reaction area; in the
model, this is taken into account by the factor f(c), which increases with ¢ and thereby
reduces the critical size L.

Frank—Kamenetskii criterion and critical size L.. The critical size is obtained from
the stable-state balance between heat release due to the oxidation reaction and heat
removal by conduction. The unperturbed solution leads to the dimensionless Frank—
Kamenetskii parameter; when this parameter is exceeded, the stable state of cooling
ceased to exist, and thermal breakdown occurs. In the given notation, L. represents a
practical expression of threshold for geometrically simple systems.

Mathematical model. Basic equation of heat balance is expressed as [11]:

oT ow
pcpg:V'(kVT)—’_(_AH)r_vaE_QZoss’ (1)

where p is the coal density, kg/m3; Cp is the heat capacity, J/(kg K); T is the tempera-
ture, K; k is the thermal conductivity, W/(m-K); 4H is the heat of reaction, J/mol; r is
the reaction rate, mol/(m3-s); L, is the heat of evaporation, J/kg; w is the moisture
content; Qioss IS the heat loss.

The Kinetics of the oxidation reaction (Arrhenius) [14] is expressed as:

E

a

r=A-e RT .CO,, 2)

where A is the pre-exponential factor; E, is the activation energy, J/mol; R is the univer-
sal gas constant, J/(mol-K); T is the temperature, K; CO; is the oxygen concentration.
Effective thermal conductivity taking into account porosity [12] is expressed as:

kot =ks-(1—&)+kg £, (3)

where ks is the thermal conductivity of the solid phase; kg is the gas thermal conduc-
tivity; ¢ is the porosity.
Effect of moisture content [14] is expressed as:

)
r(w) ltaw’ 4)

where r, is the base reaction rate; o is a coefficient reflecting the moisture effect; w is
moisture content (%).
Critical size according to the Frank-Kamenetskii criterion [14] is expressed as:

Lo JSkeﬁ (T;g: -7,

: ()

where L. is the critical size, m; ke is the effective thermal conductivity, W/(m-K);
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Tign IS the ignition temperature, K; T, is the ambient temperature, K; g™ is the volu-
metric rate of heat release, W/m?®,

Equation (1) describes the balance between heat release and heat exchange. The
Arrhenius equation (2) represents the oxidation kinetics. Formula (3) takes into account
the effect of porosity on thermal conductivity. Formula (4) shows the inhibitory effect
of moisture. Formula (5) defines the critical size according to the Frank-Kamenetskii
criterion.

To assess the influence of moisture content (w, 0-30%) and porosity (g, 0.2-0.6),
a quasi-stable-state approximation was applied. The main parameters used for the
numerical calculation are given in Table 1.

Table 1 — Parameters used in numerical calculation

No. Parameter Designation Unit Value
1 | Coal density p kg/m3 1300
2 | Thermal conductivity of solid Ks W/(m-K) 0.25
3 | Thermal conductivity of gas Kg W/m-K) 0.026
4 | Heat capacity C J/(kg-K) 1200
5 | Activation energy E. j/mol 7.5-10*
6 | Gas constant R J/(mol-K) 8.31
7 | Oxygen diffusion coefficient D m?/s 2-107°
8 | Initial temperature To K 293
9 | Ignition temperature Tign K 700

10 | Porosity e — 0.2-0.6

11 | Moisture content W % 0-30

12 | Coefficient of moisture content effect a — 0.03-0.05

4. Results and discussion

Numerical calculations of heat balance equations, including the Arrhenius law
and Frank-Kamenetskii criterion, were performed in the Python software package
(NumPy, Matplotlib). The results obtained from the calculations are shown in Figures
1-4 and Table 2.

Effect of moisture content.
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Figure 1 — Effect of moisture on critical size
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An analysis of the graph shows that increase of moisture content leads to an in-
crease in the critical size L., hereby reducing the probability of self-heating. This is
explained by the fact that part of the released heat is consumed for moisture evaporat-
ing, hereby reducing the probability of self-ignition.

Effect of porosity.
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Figure 2 — Effect of porosity on critical size

Analysis of the graph (Figure 2) shows that as porosity increases, the critical size
L. decreases, thereby increasing the risk of coal self-heating. This effect occurs be-

cause higher porosity leads to enhance of oxygen accessibility to the coal fuel reduc-
ing efficiency of heat removal.
Combined effects of factors.

Combined Effect of Moisture and Porosity 128

10 15
Maisture, %

Figure 3 — The greatest risk associated with dry and porous coal. Greater water content stabilizes
the system. The combined analysis showed that dry and porous coal represents the most hazardous
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3D Surface: Combined Effect
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Figure 4 — 3D-surface showing the dependence of the critical size on moisture content and po-
rosity. A pronounced tendency: the greatest risk is observed in dry and porous coal

Table 2 — Obtained parameters

Parameter Symbol Typical values
Porosity € 0.2-0.6
Thermal conductivity Keft 0.2-1.0W/m-K
Density p 800 — 1400 kg/m3
Heat capacity Cp 700 — 1200 J/kg-K
Activation energy Ea 40 — 120 kJ/mol
Latent heat Ly 2.2 -2.6 MJ/kg

Examples of critical size L. calculation:

L.~ 0.80 m (w=10%, £=0.30)

L.~ 0.55 m (w=0%, ¢=0.30)

L.~ 1.15 m (w=20%, £=0.30)

L.~ 0.60 m (w=10%, £=0.50)

Analysis of graph 1. It can be seen that with an increase in moisture content, the
critical size L. increases. This means that moistened coal is less prone to self-ignition,
since a portion of the heat is consumed for evaporation of moisture and suppression
of reaction activity.

Analysis of graph 2. An increase in porosity leads to a decrease in the critical size
L.. Consequently, a more porous structure of coal enhances oxygen accessibility and
reduces the efficiency of heat removal, thereby increasing the probability of self-
heating.

Analysis of graph 3. The contour map clearly reflects the areas with high risk: low
moisture content and high porosity correspond to minimum values of L.. On the con-
trary, the combination of high moisture content and low porosity creates safer condi-
tions.

Analysis of Graph 4. The three-dimensional surface demonstrates a synergistic ef-
fect: the greatest danger is observed at simultaneous low moisture content and high
porosity. As moisture content increases, the surface rises, reflecting the enhanced sys-
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tem stability.

Below are some examples, which justify the performed calculations of the critical
size L. (Table 3).

Example 1. Baseline scenario: at moisture content w = 10% and porosity ¢ = 0.30
we get L. =~ 0.80 m (according to the model calibration). This means that a coal layer
thinner than 0.8 m is resistant to self-heating, while at greater thickness thermal
breakdown is possible.

2. Dry coal (w = 0%) and the same porosity ¢ = 0.30. In this case, the oxidation
rate is higher, and the calculation gives L. = 0.55 m. Thus, a decrease in moisture
content sharply reduces the critical size and increases the risk.

Example 3. Wet coal (w = 20%) at ¢ = 0.30. The calculation gives L. = 1.15 m.
The moisture evaporation significantly absorbs heat and stabilizes the system.

Example 4. The effect of porosity: at w = 10% and ¢ = 0.50, the critical size de-
creases to L = 0.60 m. This is associated with increased oxygen accessibility and
lower thermal conductivity of the porous structure.

Table 3 — Below is summary table of examples of calculated critical sizes

Scenario Moisture content, w % Porosity, & Critical size, L¢, m
Baseline 10 0.30 0.80
Dry coal 0 0.30 0.55
Wet coal 20 0.30 1.15
Porosity 10 0.50 0.60

Discussion of the results.

The conducted modeling confirms, in agreement with previous studies [26, 27,
etc.], that two key factors—moisture content and porosity—have a significant influence
on the coal self-healing process Action of these factors is multidirectional.

Influence of moisture content. Moisture content is one of the main parameters that
determine the tendency of coal to self-heat. Water directly affects both the kinetics of
oxidation reactions and the thermal processes inside the porous medium. At low
moisture content (less than 5%), the surface of the particles remains nearly dry, which
ensures free access of oxygen and activates low-temperature oxidation reactions.

The results of calculations and graphical analysis confirmed that an increase in
moisture content is accompanied by an increase in the critical size L. This effect can
be explained by two main mechanisms: first, a decrease in the rate of oxygen diffu-
sion to the surface of coal particles; and second, the cooling effect of moisture evapo-
ration, which partially dissipates the heat generated as a result of oxidation reactions.
At a moisture content of about 10-15%, coal becomes significantly less prone to self-
heating. However, when moisture content exceeds 20%, it causes a number of nega-
tive consequences that are not only technological, but also safety-related. Excessive
water changes the physical properties of coal: it loses flowability, becomes sticky,
and is more difficult to transport. Particles adhere to each other, causing caking of
material in bunkers, wagons, and stockpiles.

Caking limits air circulation between the coal layers, creating areas without oxy-
gen access - the so-called anaerobic zones. In these areas, microorganisms can devel-
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op, which would consume residual oxygen and release gases (methane, carbon diox-
ide), hence contributing to the heat accumulation. With further drying or disturbance
of the layer, such areas come into contact with air again, potentially causing a sudden
acceleration of oxidation and local self-heating.

Thus, excessive moisture content does not prevent self-heating, but only changes
its nature: the outer layers remain cold, while potentially dangerous hotspots of heat
are formed inside the caking masses.

Influence of porosity. An increase in porosity ¢ reduces the critical size L., which
implies an intensification of the coal proneness to self-ignition. This effect is associ-
ated with enhanced oxygen access to the internal zones of the material and reduced
effective thermal conductivity at high porosity. Coal with a developed pore structure
(lignite and subbituminous coal) is particularly prone to this process.

It should be noted that porosity is an important structural characteristic of coal,
which significantly affects thermal processes, the rate of oxidation and the tendency
to self-heating. As porosity increases, the volume of pore space involved in oxygen
diffusion and heat retention also increases. This factor determines the intensity of
chemical reactions in the internal zones of the coal mass and the degree of its thermal
insulation.

Thus, porosity is one of the main factors determining the thermal stability of coal:
an increase in porosity sharply elevates the risk of self-heating. Therefore, this char-
acteristic must be taken into account during such coal storage and transportation. In
other words, porosity is one of the key structural properties that affect the processes
of heat transfer, oxygen diffusion and oxidation rate. Higher total porosity increases
the volume of pore space, in which heat accumulates and chemical reactions occur,
which in turn determine the tendency of coal to self-heating. As is known, porosity is
classified as open and closed [4, 22].

Coals with a well-developed open pore structure, in particular lignite and subbi-
tuminous coals are characterized by high reactivity and a significant internal surface
area. Such coals quickly adsorb oxygen and are prone to self-heating even at moder-
ate temperatures. For comparison, anthracites, which predominantly have closed po-
rosity, are characterized by a higher density and higher thermal conductivity, so their
critical size L. is significantly larger. Therefore, an increase in open porosity signifi-
cantly raises the risk of self-heating; therefore, controlling this property during coal
storage and processing is crucial for preventing self-ignition.

In addition, high proportion of closed pores in coal can lead to local accumulation
of heat in its volume without intensive gas exchange. This is explained by the fact
that closed pores do not have an outlet to the surface of the particles, that is, the air or
gases inside them are isolated from the external environment. When slow oxidation
or gas sorption reactions occur within the coal, a certain amount of heat is generated
in these isolated volumes, which cannot be effectively dissipated due to the lack of
gas exchange. Under such conditions, heat is transferred only by thermal conductivi-
ty, which is much less efficient than convective cooling in a system with open pores.

Gradually, the temperature in such isolated pores can rise, while the gases con-
tained within them (water vapor, oxidation products, methane and other volatile sub-
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stances) expand and create internal pressure. Under this pressure, the coal structure
partially cracks, opening new micropores through which oxygen begins to enter.
This, in turn, activates the oxidation process and contributes to further heating of the
coal material. As a result, a local self-heating hotspot is formed, which can gradually
spread deeper into the coal mass.

Therefore, even when closed porosity predominates, coal remains potentially
dangerous in terms of self-heating, especially during long-term storage without ade-
quate heat dissipation. That is why, when assessing the thermal stability of coal
masses, it is important to take into account not only the overall porosity, but also the
ratio between open and closed pores, which determine the nature of heat and gas ex-
change within the material.

Combined effect of moisture content and porosity. Porosity and moisture content
are interrelated parameters that jointly determine the thermal stability of a coal mass.
Their combined effect is manifested in a change of the critical size L. — the minimum
thickness of the coal layer at which the danger of spontaneous ignition arises. Increased
porosity contributes to a more intensive oxygen access to reactive centers and enhances
the oxidation rate, which leads to a decrease in L.. At the same time, moisture acts in
the opposite direction - it partially blocks the pore space, absorbs some of the heat gen-
erated during evaporation, and reduces the intensity of oxidation reactions.

The greatest danger arises for dry and highly porous coal, where two factors
combine: easy oxygen access and low thermal conductivity. Under such conditions,
even a relatively small amount of material can heat up faster than the heat is dissipat-
ed, resulting in a minimum critical size L.. This implies that self-heating can occur
even in relatively small stockpiles or bunkers.

Maintaining optimal moisture content (10-15%) can partially compensate for the
negative impact of high porosity. Moisture reduces the oxygen access to the internal
pores, increases effective thermal conductivity and acts as a natural regulator of the
heat balance by removing some of the heat through the evaporation process. There-
fore, moisture content control is one of the most effective ways to reduce the risk of
self-heating of porous coals.

In practical terms, this means that during storage of lignite and subbituminous
coal, both excessive drying and over-wetting should be avoided. The optimal mois-
ture level provides a stable thermal regime and reduces the probability of transition of
slow oxidation processes to the stage of spontaneous ignition.

The practical significance of the Frank-Kamenetskii criterion should also be not-
ed. The use of the critical size Lc makes it possible to directly link the thermophysi-
cal properties of coal with design parameters, for example, of storage facilities. If the
dimensions of the stockpiles exceed the calculated size Lc, it is necessary to imple-
ment measures such as dividing the stockpile into separate smaller sections, limiting
stack height, enhanced temperature monitoring, and the use of thermal insulation
coatings. In this way, the proposed model facilitates the transition from theoretical
evaluations to engineering solutions with direct practical application in industrial
safety.
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Comparison with literature data. The obtained results are in good agreement with
the data reported in the works of Clemens (1996) [16], Beamish & Arisoy (2008)
[17], Zhang (2021) [18], Minieiev S. [4] and other authors, which confirms the ade-
quacy and reliability of the developed model. Taking into account the interaction of
moisture content and porosity in a single calculation apparatus allows for more relia-
ble prediction of critical storage conditions of coal masses and determination of pa-
rameters of safe operation.

Practical significance of the obtained results. The results of this study demon-
strate the necessity of comprehensive control of coal storage conditions. In particular,
it is important to regulate moisture content, control compaction of stockpiles, contin-
uously monitor the temperature field and apply the L. criterion while designing stor-
age systems [27, 28]. The implementation of these measures significantly reduces the
risk of accidents and contributes to improvement of industrial safety.

Prospects for further research are to expand the developed mathematical model
and adapt it to more complex conditions that correspond to real mining and storage
systems. First of all, it would be advisable to take into account the influence of such
factors as distribution of the coal particles by their size, the air exchange rate, the
presence of impurities, as well as the non-uniform distribution of temperature and
moisture within stockpiles. This approach would improve the accuracy of predicting
thermal stability and develop more universal engineering methods for assessing the
risk of spontaneous ignition.

Further research may be focused on experimental verification of the obtained the-
oretical dependences through laboratory and field measurements of temperature fields
in coal masses. Another relevant direction is the creation of a software package for
automated calculation of the critical size L. and prediction of the self-heating onset
time taking into account real environmental parameters. An important task is to de-
velop a real-time temperature and moisture monitoring system for using sensor tech-
nologies and machine learning algorithms. The implementation of these directions of
further research will contribute to establishing a modern scientific and technical base
for preventing fires in the metallurgical industry.

5. Conclusions

1. The conducted research allowed for comprehensive assessment of the influence
of moisture content and porosity on the proneness of coal to self-heating and self-
ignition, which holds both scientific and practical significance for the mining indus-
try. The proposed model of heat balance in a porous coal environment made it possi-
ble to quantitatively describe the conditions of the transition from a stable thermal
regime to a dangerous of thermal-breakdown state. It was found that the interaction
between moisture content and porosity has a complex but predictable nature, which
determines the thermal stability of coal masses.

2. Increasing moisture content contributes to the stabilization of the system by re-
ducing the oxidation rate and absorbing a portion of the thermal energy during evapo-
ration. At the same time, excessive drying or low moisture content activates self-
heating reactions. On the other hand, higher porosity increases oxygen access to reac-
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tive zones, reduces effective thermal conductivity, and promotes heat accumulation,
making porous structures more prone to self-ignition. The greatest danger is the com-
bination of low moisture content and high porosity, when even relatively small vol-
umes of coal can reach thermal instability.

3. The developed mathematical model makes it possible to predict the critical size
of stockpiles depending on the coal physical parameters, providing a foundation for
engineering solutions aimed at preventing fires. The practical results of the study can
be the basis for improving storage technologies, designing control systems and in-
creasing the level of industrial safety.

4. The findings confirm that the combination of theoretical analysis, numerical
modeling and engineering interpretation of the problem provides a new level of un-
derstanding of the processes of coal self-ignition - from fundamental laws to real
technological applications. Their novelty, scientific and practical significance are
highlighted below:

5. The scientific significance of this study lies in the comprehensive analysis of
the influence of coal moisture and porosity on the processes of its self-heating and
self-ignition using mathematical modeling of the heat balance. A generalized physi-
co-mathematical model is proposed, which combines the processes of low-
temperature oxidation, phase transformations of moisture and heat transfer in a po-
rous medium. The model is based on the differential equation of heat conductivity
with an internal heat source and takes into account the energetic contribution of
chemical reactions, heat evaporation and losses through thermal conductivity. This
approach makes it possible to describe the mechanism of transition from a stable state
to a thermal breakdown, to determine the critical conditions under which self-ignition
occurs, and to quantitatively assess their dependence on the structural and physical
parameters of coal. The results of the study deepen the scientific understanding of
thermochemical processes in coal masses and can be used to improve theoretical
models of fire hazard in mining and storage facilities.

6. The scientific novelty of the work lies in the development of a generalized
mathematical model of heat balance in a porous coal environment, which, for the first
time, simultaneously takes into account the influence of moisture content and porosi-
ty on the oxidation kinetics, thermal conductivity and system thermal stability. For
the first time, an integrated approach was applied to determine the critical size L. us-
ing the Frank—Kamenetskii criterion with considering the interaction of these two fac-
tors, which allowed quantitative description of the region of coal thermal stability in
the coordinates {w, ¢}. The obtained dependences showed that an increase in mois-
ture content contributes to an increase in the critical size and reduces the coal prone-
ness to self-ignition, whereas higher porosity, on the contrary, reduces the critical size
and increases the risk of thermal instability. This approach creates a foundation for
the formation of scientifically grounded methods for predicting and preventing coal
self-heating in industrial conditions, and also expands the practical application of the
Frank—Kamenetskii criterion in mining thermophysics.

7. The practical significance of the study lies in the direct applicability of the ob-
tained results to improving safety during coal storage, transportation and processing.
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The developed model allows determination of the critical sizes of stockpiles depend-
ing on moisture content and porosity, setting allowable storage parameters and venti-
lation conditions. The calculated dependencies enable identification of optimal ranges
of moisture content (10-15%) and porosity (up to 0.35), at which the risk of self-
heating is minimal. On this basis, recommendations can be developed for moisture
regulation, stockpile compaction, division of large storage facilities into separate sec-
tions, as well as to create automated thermal monitoring systems. For example, regu-
latory documents recommend that the removal of coal-rock accumulations from re-
serve coal storages should be performed within periods not exceeding the incubation
period of spontaneous ignition, etc. [4, 28, 29].

Practical implementation of the proposed measures will reduce fuel losses, pre-
vent fires in coal storage facilities, and improve industrial and environmental safety
in the coal mining industry
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CAMO3AWMAHHSA BYrinngA y BUIMKOBUX BUBOSAX: BMNUB BONOrOCTI TA NOPUCTOCTI
Minees C.I1.

AHorauis. CtaTtTa npucBsueHa A0CIMKEHHIO NPOLIECIB CAMOHArpiBaHHs Ta camMo3aiMaHHs BYrinns npu 36epiraqHi
Ta TPAHCMOPTYBaHHI. AKTYanbHICTb TEMM 0OYMOBEHa BUCOKOK NOXEXHO HeBEe3nekow ByrinbHMX WwTabenis, 34aTHOK
NPWU3BECTU A0 3HAYHUX EKOHOMIYHUX BTPAT, BUKULiB TOKCUMHWX PEYOBWH Ta aBapiHWUX CUTyaLlil.

MeToto poboTn € nobyaosa maTemMaTUUHOI MOAENi TENNOBOrO GanaHcy 3 ypaxyBaHHAM BOMOrOCTi Ta MOPUCTOCTI
BYFiNNS, WO AO3BOMSE NPOrHO3yBaTH KPUTUYHI pO3MipK LWTabenis, y SKUX NpoLeC CaMoHarpiBaHHs cTae HebesneyHnm.

fAk ob'ekT gocnimkeHHs 0BpaHO BYriNbHUA MacuB, NPEAMETOM aHanidy BMCTYNawTb (i3nKO-XiMiYHI npouecy
HWU3bKOTEMMNEePaTYPHOro OKUCMEHHS, Tenronepeaaya Ta BUNapoByBaHHS BOSOTU.

MeTogonoriyHa ocHoBa pob0TH BKMOYAE: - 3aCTOCYBAHHS AndepeHLianbHOro piBHSHHSA TenoBoro Ganaxcy; onuc
KIHETUKM peakLil 3rigHo i3 3akoHOM AppeHiyca; BUKOPUCTaHHS KpuTepito PpeHK-KaMeHeLbKoro BU3HAUYEHHS KpUTUYHOTO
po3mipy Lc; uncenbHi po3paxyHku Ta nobynosa 3anexHocten y cepegosuii Python (NumPy, Matplotlib).

PesynbTatu JocnimkeHHs nokasanu: BonoricTe Mae Ctabiniaytody Aito, 36inbLuytodn KPUTUYHIA PO3MIP i 3HXKYHOUM
MIMOBIPHICTb CaMO3aMaHHSI; MOPUCTICTb 3MEHLLYE KPUTUYHUIA PO3MIP, MiABMLLYIOYM PU3MK CaMOHarpiBaHHs; HanbinbLu
HebesneyHolo koMbiHaLie € cyxe Ta mopucTe BYrinns, npu SKiA HaBiTb BIAHOCHO HeBenwki LuTabeni MOXyTb LOCATU
KPUTUYHOMO CTaHy; MNiATPUMaHHA BonorocTi Ha piBHi 10-15% [03BONSE CYTTEBO 3HU3UTM PU3VK HABITb 33 BUCOKOI
MOPUCTOCTI.
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MpakTuyHa 3HauywicTb poboTM nonsrae B TOMY, WO pospobneHa Mogenb MOXEe BWUKOPUCTOBYBAaTUCh ANS
MPOEKTYBaHHS Ta ekcnnyatauii ByrinbHMX cknagis. 3acTocyBaHHs kputepito PpeHk-KaMeHeLbKoro 403B0IsE BCTAHOBUTH
BeaneyHi poamipu wrabenis, BU3HAUUTM HEOOXIQHICTb iXHBOrO MOAINY Ha CeKwii, a Takox OBrpyHTyBaTW 3axoau LLOAO
KOHTPOITIO NapameTpiB Ta 0BMEXEHHS [OCTYMY KUCHIO.

HaykoBa HOBM3Ha pob0TM nonsrae y po3pobneHHi y3aranbHEeHOi MaTeMaTuyHOI Mogeni Tennosoro 6anaqcy B
MOPUCTIA BYiNbHIA CEPEaOBULLI, SKa Breplle OAHOYACHO BPaxOBYE BMAMB BOMOrOCTi Ta MOPWUCTOCTI Ha KIHETUKY
OKWCMEHHS], TEMONPOBIAHICTb Ta TENOBY CTabinbHICTb cuctemn. OTpumaHi pesynbTatv 3abesnedyloTb nepexig Big
TEOPETUYHOrO aHanidy 40 NPaKTUYHKX iHKEHEPHNX PilleHb, WO Mae 3HaYeHHs Ans NiABULLEHHS MPOMMCIOBOI 6e3neku
NPy NOBOKEHHI 3 BYTiNNAM.

Knto4oBi cnoBa: camo3sanimaHHs, BYrinns, BOOMCTb, NOPUCTICTb, TeMMepaTypa
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