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Abstract. This article presents a theoretical study devoted to the gas-phase ignition of dispersed brown coal layer by a 
metal particle heated to high temperatures (more than 1000 K) in the framework of a mathematical model describing the 
interrelated processes of coal heating, cooling of a local heating source, thermal decomposition of solid fossil fuel, the yield 
of volatile fluxes, the formation and heating of a gas mixture, its ignition. The influence of the heating source initial 
temperature and the depth of its penetration into the coal near-surface layer on the main process characteristic – the ignition 
delay time – was established. The relationship between the position of the combustion initiation zone in the hot particle 
neighbourhood and the heating intensity of the gas mixture including the thermal decomposition products of coal and an 
oxidizer was revealed. 

INTRODUCTION 

Dispersed coals (particle size is from several micrometers to several millimeters) are characterized by relatively 
high chemical activity during the air oxidation [1, 2]. Due to the widespread use of coal as a fuel for thermal power 
plants and boiler houses [3] or as raw materials [4] in a number of industries, the actual task is to study the laws and 
characteristics of its ignition. Quite a large number of works are devoted to the study of the processes of solid fossil 
fuel spontaneous combustion [5–7] or its ignition by conductive heating by massive heat sources, for example, by 
heated walls of technological equipment [8, 9], the temperature of which, as a rule, is constant for a long period of 
time. At the same time, depending on the state of environment or heating characteristics, the induction period duration 
can be from several minutes to several days [7–9]. 

The processes of combustion initiation of the dispersed coal layer under the conditions of local conductive heating 
by hot particles of small size [10, 11] occur more intensively. Owing to the particle cooling due to the heat removal 
into the dispersed fossil fuel and gas environment [12–15], the induction period duration in a certain range of initial 
source temperatures is several seconds, if the heat flow rate towards the ignition zone is sufficient to initiate 
combustion. 

As a rule, dispersed coal has a loose structure, so the interaction conditions of the local heating source with the 
fuel in such a state can have a significant impact on the process intensity [15]. At the same time, there are three most 
typical variants of heat transfer conditions to fuel and the surrounding gas environment: the hot particle is located on 
the surface of coal layer, it is partially or completely penetrated in its near-surface layer. 

The aim of this work is to study the laws and characteristics of ignition of typical dispersed solid fuel by a particle 
heated to high temperatures in the framework of a model, taking into account the penetration of this particle into the 
near-surface layer of coal. 
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PROBLEM STATEMENT 

The axisymmetric problem of coal ignition by a heated particle in the disk form of the sizes rp and zp is solved in 
a cylindrical coordinate system (Fig. 1). The object of the study is a typical 2B brown coal, which has similar thermal 
properties to the energy coals [16] of Kuznetsk and Kansk-Achinsk basins in Russia, as well as to Shive-Ovooskoye 
Deposit of Mongolia. Three most typical variants of mutual arrangement of the local heating source and the reacting 
substance are analyzed: the hot particle is on the surface of coal layer, and this particle is partially (Fig. 1) or entirely 
penetrated in its near-surface layer. 
 

 

FIGURE 1. Scheme showing the solution of dispersed coal ignition problem under the partial penetration of a hot particle in the 
near-surface layer: 1 – air, 2 – local heating source, 3 – coal 

 
For the most practically significant and therefore highly representative variant (Fig. 1) the following scheme of 

the investigated process is adopted. At the initial time, the metal (steel) particle – the ignition source with a temperature 
Tp that is significantly higher than the ambient temperature T0, is under the conditions of perfect thermal contact with 
the coal layer. As a result of conductive heat transfer, the near-surface layer of fuel is warmed up. With the temperature 
increasing begins the process of intensive thermal decomposition of coal with the expulsion of volatile components. 
This process is taking place at a maximum rate near the contact boundary of coal with the hot particle, where the 
temperature reaches 500–600 K. From this region, the gaseous products of thermal decomposition are filtered in the 
direction of the coal / air boundary and are blown into the environment in small neighborhood of the base of a local 
heating source. In the conditions of rapid inductive period, the thermal decomposition of coal leads to a decrease in 
the concentration of the organic part with a constant fuel volume. In gas environment, the combustible mixture is 
formed by mixing volatiles with air oxygen due to the diffusion. Additional heating of the fuel mixture with the 
oxidizer occurs when it moves along the side faces of the hot particle until the ignition conditions are reached. 

The following conditions are accepted as a criterion of gas-phase ignition [13, 14]: 
1. The heat released as a result of the oxidation reaction of volatiles is greater than the heat withdrawn from the 

hot particle (the heating source) into the coal and gas environment. 
2. The gas mixture temperature in the zone with intensive oxidation reaction exceeds the temperature of the local 

heating source. 

MATHEMATICAL MODEL AND SOLUTION METHODS 

Mathematical model of the process under study (Fig. 1) is represented by a system of differential equations in 
partial derivatives with the corresponding initial and boundary conditions. 

Heat conduction equation for a mixture of volatiles with the air in the account of exothermic reaction: 
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The equation of diffusion of volatiles in the air: 
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The equation to preserve the concentration of a gas mixture components: 
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The heat conduction equation for a hot particle: 
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The heat conduction equation for coal with consideration of thermal decomposition: 
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The equation of chemical kinetics for coal: 
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The thermophysical properties of gas mixture were calculated with consideration of the volume concentrations of 
components: 
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The coal density, which varies as a result of thermal decomposition and the yield of volatile components, was 
calculated with the use of the formula ρ3=pcφc+pvφv, the heat capacity and the fuel thermal conductivity were given 
as functions of temperature [17–19]: 

C3=0.18·10-3T3
2–0.197T3+1515, J/(kg·K) at 300<T3<1500 K; 

λ3=0.075·10-6T3
2+0.014·10-3T3+0.138, W/(m·K) at 300<T3<1500 K. 

Nomenclature and units: C – heat capacity, J/(kg·K); D – diffusion coefficient, m2/s; E – activation energy, J/mol; 
k – pre-exponential factor, 1/s; Q1 – thermal effect of the oxidation reaction of volatiles, J/kg; Q3 – thermal effect of 
the coal thermal decomposition, J/kg; Rt – universal gas constant, J/(mol·K); r, z – coordinates, m; rl, zh – dimensions 
of the solution area, m; rp, zp – dimensions of the hot particle, m; T – temperature, K; T0 – initial temperature of air 
and coal, K; Tp – initial temperature of the hot particle, K; t – time, C; td – ignition delay time, s; Δr, Δz – steps in 
spatial coordinates, m; Δt – time step, s; η – degree of coal thermal decomposition; λ – thermal conductivity, W/(m·K); 
µ – mass concentration; ρ – density, kg/m3; φ – volume concentration. Indexes: 1 – gas mixture of volatiles with air; 
2 – local heating source; 3 – coal; c – carbon; o – air; v – volatiles. 

Initial conditions (t=0): 
air and coal temperature T1=T3=T0; 
temperature of local heating source T2=Tp; 
mass concentration of components (carbon and volatiles) in coal µc+µv=1, µc=0.6; 
degree of coal thermal decomposition η3=0; 
mass concentration of volatiles in the gas µv=0. 
Boundary conditions (Fig. 1) at 0<t<td: 
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For the distribution function of gaseous products of coal thermal decomposition in the vicinity of the hot particle 
side face at the boundary coal / air the following equation is equitable [20]: 
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The system of equations (1)–(6) with initial and boundary conditions was solved by the finite difference method. 
Difference analogues of differential equations were solved with the help of locally univariate method. The system of 
one-dimensional difference equations was solved by iteration and run methods using an implicit four-point difference 
scheme. The following parameters of spatial and time grids were accepted: steps on spatial coordinates Δr=Δz=50 µm, 
time step Δt=10 µs. It is found that the step reduction Δr and Δz from 100 to 50 µm and Δt from 20 to 10 µs leads to 
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a change in the results of mathematical modeling no more than by 0.5%. Checking the conservatism of the used 
difference scheme allowed us to establish that the error of the energy conservation law in the problem solution area 
(Fig. 1) does not exceed 1.2%. 

When comparing the results of numerical simulation with the experimental data [11] on the ignition delay times 
by a steel particle (rp=zp=3 mm) of dispersed brown coal, their satisfactory correlation (Fig. 2) in the initial temperature 
range of the local energy source Tp=1300–1500 K was identified. The difference between theoretical and experimental 
values of td does not exceed measurement errors [11]. 
 

 

FIGURE 2. Dependences of the delay time of a dispersed coal ignition on the particle initial temperature: 
1 – at δ=0; 2 – at δ=0.5; 3– at δ→1; 4 – experimental data [11] 

RESULTS AND DISCUSSION 

The ignition process was simulated at initial temperatures of air and coal T0=300 K, hot steel particle Tp=1000–
1500 K. The dimensions of the solution domain (Fig. 1) rl=zh=20 mm, the sizes of the metal particle rp=zp=3 mm. 
Thermophysical properties of substances and effective values of kinetic characteristics of thermal decomposition and 
oxidation processes [17–19, 21–24]: 

λo=0.026 W/(m·K), ρo=1.161 kg/m3, Co=1190 J/(kg·K); 
λ2=49 W/(m·K), ρ2=7831 kg/m3, C2=470 J/(kg·K); 
λc=0.149 W/(m·K), ρc=1200 kg/m3, Cc=1440 J/(kg·K) – at T3=300 K; 
λv=0.03 W/(m·K), ρv=0.5 kg/m3, Cv=1132 J/(kg·K), D0=0.56·10-4 m2/s; 
E1=77·103 J/mol, Q1k1=5.52·1011 J/(kg·s); 
E3=195·103 J/mol, Q3k3=25.5·1014 J/(kg·s). 
The problem of numerical analysis of the studied process (Fig. 1) was to identify the effect of depth of a local 

heating source penetration into the near-surface layer of dispersed coal on the main integral characteristic – the ignition 
delay time td. The factor determining the intensity of physical and chemical processes (and as a result of td) is the heat 
content of a heating source, which according to the equation Q2

0=ρ2C2V2(Tp–T0) [25] is more characterized by its initial 
temperature (V2 is heating source volume, m3). Therefore, the numerical study was performed with a variation of Tp 
in the range of 1000–1500 K. 

Figure 2 shows the dependence of ignition delay time of dispersed coal from the initial temperature of heating 
source for several options: the hot particle is located on the surface of the fuel layer δ=0 (curve 1 in Fig. 2) and is 
partially penetrated in the near-surface layer δ=0.5 (curve 2 in Fig. 2), fully penetrated in the near-surface layer δ→1 
(curve 3 in Fig. 2). Here δ=zi/zp (Fig. 1) is a dimensionless parameter characterizing the depth of penetration. 

It was established (Fig. 2), that in conditions of a hot particle penetration into coal layer, the increase of  (all other 
things being equal) leads to a rise in td and in the limit (minimum) temperature of Tp, that is necessary to initiate the 
combustion process. The revealed regularity appears on a larger scale at relatively low (Tp<1300 K) initial 
temperatures of the heating source. For the cases =0 and →1, the maximum difference between ignition delay times 
is more than 55%. In this case, the limit value for the ignition of the metal particle initial temperature increases from 
1050 K (curve 1 in Fig. 2) up to 1150 K (curve 3 in Fig. 2). At relatively high Tp (over 1300 K) in terms of td<0.5 s 
the depth of penetration affects much less on the ignition delay times. 
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The obtained result can be explained by change in the ratio of surface area of the heating source, from which the 
heat sink into fuel and gas is carried out when the particle penetrates into a coal layer. With increasing of the 
penetration depth a proportion of the particle heat that transfers to the solid fuel grows. The local heating source cools 
down more intensively in comparison with the case =0, when the rate of heat transfer to the surrounding gas 
environment is minimal due to the low thermal conductivity of the air. Although due to the increase in the coal heating 
surface area the quantity of gaseous products of thermal decomposition grows, however, for a sufficiently long time 
period (on the scale of the induction period) their temperature in the oxidizing medium, where ignition occurs, is less 
than the temperature of volatiles under heating conditions, when the hot particle is located on the surface of a fuel 
layer. With the partial penetration of a local heating source into the coal, a large proportion of the thermal 
decomposition products (the combustible component of the gas mixture) is formed under the particle. Filtration of 
volatiles through the coal layer to the border with the environment of an oxidant (Fig. 1) occurs at a significantly lower 
rate in comparison with the movement conditions of gaseous products of fuel decomposition with the scheme of 
heating by a particle located on the surface of fuel. The subsequent heating of volatiles in the gas mixture until the 
ignition moment is realized when it moves along the side face of the particle. Due to the decreasing of heating surface 
area of fuel-oxidizer mixture owing to the local source penetration in a layer of dispersed coal, the threshold ignition 
temperatures are not reached due to the decrease in heating time of combustible gases. If ignition occurs in the 
conditions of particle penetration, the induction period increases, because the increase in inflow of gaseous 
decomposition products leads to more intensive cooling of the particle by them. As a result, the combustible gases 
must travel a greater distance along a side face of the particle to warm up to temperatures corresponding to the ignition 
conditions. 

Temperature distribution in the problem solution area at the ignition time (Fig. 3) illustrates that along with the 
initial temperature of a hot particle (similar to [15]), the depth of its penetration into the near-surface layer of coal also 
affects the zone location (the area is depicted by a dashed line in Fig. 3) of the leading oxidation reaction in the gas 
mixture. The reason for this is largely characterized by the intensity of cooling of the local heating source during the 
heating process of solid fossil fuel. Three characteristic modes have been revealed. At relatively low  (less than 0.2), 
the initial temperature of the source during the induction period decreases by 20–30 K and the ignition is realized in 
the vicinity of the coal / air boundary (Fig. 3a). With the growth of  (more than 0.2) the decrease in Tp by the 30–
50 K and reduction of heat flux in the gas leads to a shift of ignition zone (Fig. 3b) in the movement direction of coal 
thermal decomposition products. At >0.5, the decrease in hot particle temperature in comparison with the initial value 
due to the heat sink into loose coal can reach 100 K, while the gas mixture ignition is realized over the particle already 
(Fig. 3c). 
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(a) (b) 

 
(c) 

FIGURE 3. Isotherms (T, K) at the moment of ignition of dispersed coal at different depth of penetration of a hot particle 
(Tp=1300 K) in a near-surface layer: (a) td=0.137 s at δ=0; (b) td=0.196 s at δ=0.25; (c) td=0.219 s at δ=0.5 

 
According to the results of numerical simulation it was established that ignition of typical brown coal is possible 

at the deposition of a hot (temperature more than 1000 K) small-sized particle (some millimeters in size) on a layer 
surface of the dispersed fuel. The analysis allows us to conclude that at relatively low initial temperatures (Tp<1100 K) 
of the particle with an increase in the depth of its penetration into the coal surface layer, the probability of fulfilling 
the ignition conditions decreases. In the conditions when Tp>1300 K and td<0.5 s the influence of penetration depth 
of the local heating source on the characteristics of the initiation process can be reasonably neglected. 

CONCLUSION 

As a study result of the dispersed coal ignition by a particle heated to high temperatures, it was found that the 
increase in the depth of penetration of a local heating source into the near-surface layer of solid natural fuel leads to 
an increase in the ignition delay time and to the minimum temperature of the hot particle required to initiate 
combustion. On a larger scale, this factor is manifested at relatively low (Tp<1300 K) initial temperatures of the heating 
source. For the cases =0 and →1, the maximum difference between the ignition delay times is more than 55%, and 
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the minimum value of the initial temperature of a hot particle for ignition increases from 1050 to 1150 K. At relatively 
high Tp of the source (more than 1300 K) when td<0.5 s, the depth of penetration into the near-surface layer has a 
significantly smaller effect on the ignition delay times. 

It was also found that the penetration depth of the hot particle along with its initial temperature affects the leading 
area of the oxidation reaction in the gas. Three ignition modes of fuel, characterized by the location of ignition zone 
in the gas environment, are revealed: on the coal / air border, near the side face of the heating source and above the 
particle. 
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