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Abstract. The results of the mathematical modeling of homogeneous 
particle ignition process of coal-water fuel covered with water film have 
been presented in article. The set co-occurring physical (inert heating, 
evaporation of water film) and thermochemical (thermal degradation, 
inflammation) process have been considered. Heat inside the film has been 
considered as the model of radiation-conductive heat transfer. Delay times 
have been determined according to the results of numerical modeling of 
the ignition. It has been shown that the water film can have a significant 
impact on performance and the ignition conditions. It has been found that 
heating main fuel layer occurs in the process of evaporation of water film. 
For this reason, the next (after the evaporation of the water film) thermal 
preparation (coal heating, thermal decomposition of the organic part of the 
fuel) and inflammation occur faster. 

1 Introduction 
Prospects for the use of coal-water fuel (WCF) as the main thermal in the power plants and 
local boilers have been sufficiently justified [1, 2]. To date, the investigations of water-coal 
technologies are being carried out intensively both in Russia and abroad [3, 4]. However, 
despite this, the widespread adoption of WCF in the fuel and energy complex (FEC) has not 
yet occurred. The latter may be due to a number of objective and subjective reasons. Sub-
jective reasons include economic factors (substantial cost advantage of gas over coal [5]) 
and technological reasons. The objective reasons are insufficient knowledge of the main 
thermo-physical processes (slow heating, evaporation of water) and thermochemical pro-
cesses (thermal degradation, inflammation) occurring together during the thermal prepara-
tion of the WCF particles to inflammation [6-9]. 

Experimental studies of coal-water fuel drops ignition is difficult, due to the need for 
placement of equipment  of high-speed video fixation in high-temperature gaseous atmos-
phere (combustion camera)[10]. Additional difficulties with the registration of the moment 
of ignition (the appearance of open flames) occur on the background of the furnace envi-
ronment. For this reason, the use of mathematical modeling is the most appropriate for 
studying the thermal preparation and ignition of coal-water fuel particles. However, it 
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should be noted that the main problem of mathematical description of such inhomogeneous 
and high-wet fuels is complex (joint)  occurring of basic physical and chemical (inert heat-
ing, water evaporation, thermal decomposition of the organic part of the fuel, ignition)  
processes under conditions of high-temperature heating.  

It is known that the processes of phase conversions (in particular water evaporation) 
are one the most difficult in terms of the mathematical formulation. This is because that the 
phase transition (in particular evaporation) occurs in a very narrow (much less than the lin-
ear dimension of the particle) constantly moving zone (front of evaporation) [13, 14]. The 
models [15-20], describing the phase transitions (such as evaporation) have been developed 
at present, but most of them are based on the considerably simplifying assumptions of mod-
eling procedure. For example, there are such means as the equilibrium parameters (tem-
perature, evaporation rate) of the phase transition at the boundary front [15], the use of the 
heat balance method [16] or damp-potential model [17]. Previously, it has been found [18] 
that two drop systems can be formed during WCF spraying. The first system is consisted of 
carbon particles coated by water film. The second system has only coal-water droplets. The 
ignition of coal-water droplets has been considered in detail in [19]. At the same time, the 
question of ignition of homogeneous coal particles coated with a film of water remains little 
studied [20]. A film of water can influence significantly on ignition conditions of these par-
ticles. This influence is caused by the high endothermic effect of the water vaporization (up 
to 2.5 MJ / kg) and the ability of the water to absorb and dissipate the radiation (dependent 
on incident wave spectrum) [21]. It is safe to say that the surface layer of water may have a 
significant effect on the characteristics of the particles and WCF ignition conditions. This is 
due to several factors. The first factor is the high endothermic effect of water evaporation 
and heat capacity of water. The second important factor is that water is optically thin envi-
ronment (depending on the incident radiation of wavelength) [21]. Accordingly, in a high-
temperature heating is expedient to take into account not only conductive but also radiative 
heat transfer within the film. The problem about emission of electromagnetic radiation (in a 
range of) to a thin film of water up to the present days has been hardly studied.  

The aim of this study is mathematical modeling of heat and mass transfer processes 
during the ignition of coal particles coated by water film, taking into account the absorption 
of thermal radiation by water.  

2 Formulation of the problem 
The following physical model of the ignition has been accepted. At the initial time (t = 0), a 
drop of WCF particles coated by water film enters the conditions corresponding to the 
combustion chamber of the boiler unit. Under the influence of high-intensive radiative-
convective heat flow film of water begins to evaporate. As a result, the particle size de-
creases. As a result of intense radiation and convection heating is initiated by water evapo-
ration. The mass velocity of the “dehydration” (and hence the endothermic effect) depends 
on the temperature of the surface water film. Radiation heat exchange between the coal 
particles and the external environment is carried out at high temperatures (T>1000K). The 
part of the thermal radiation is absorbed by the water film.  

Boiling water occurs by heating the system boundary “coal – water” to vaporization 
temperature. The process of thermal decomposition and ignition is initiated after removing 
of the film particles WCF in a continuing heating process. It is assumed that particles on the 
surface of carbon oxidation reaction occur: It is assumed that the coal is composed predom-
inantly of carbon, respectively, on the particle surface oxidation reaction proceeds as fol-
lows:  

С + О� = СО� + 402,4��
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The mathematical formulation of the problem, the corresponding stated higher of 
physical model is a non-stationary system of differential equations in partial derivatives:  
� the energy equation for a homogeneous coal: 
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� the energy equation for the film of water: 
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� the equation of chemical kinetics for homogeneous part of fuel: 
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The system of equations (1-4) has been solved with the following boundary conditions 
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There is (4) the boundary condition of the fourth kind at the interface of the “homoge-
neous coal ― water film”, taking into account the radiation heat transfer in the system 
“homogeneous coal — environment” and the thermal effect of vaporization:
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The radiant heat flux on the boundary of the system interface “homogeneous coal — water 
film”, has been calculated from the mathematical expression of the law of  Bouguer [22]: 
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Fig. 1. The dependence of the ignition delay times of the ambient temperature at a rate (δ) particles:
1-δ=0, 5∙10-3m; 2-δ =0,3∙10-3m; 3-δ =0,2∙10-3m.

The rate of chemical reactions has been calculated from the mathematical expression of the 
Arrhenius law:  
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The rate of chemical reactions has been calculated from the mathematical expression of the 
Arrhenius law:  
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The designations: T0― is the initial temperature of the particles, K; Te ― is the tem-
perature of the environment, K; Tw-c  ― is the temperature at boundary section of 
the “coal ― water”, K; r1 ― radius of coal particle, m; r0 ― external WCF particle radius, 
m; σ ― is a constant radiation of a black body; α ― coefficient of convective heat transfer, 
� (m� ∙ К)⁄ ; 
� ― the coefficient of thermal conductivity of the homogeneous part of the 
WCF, � (� ∙ К)⁄ . 
� ― the coefficient of thermal conductivity of water,
� (� ∙ К)⁄ ; C1 ― specific heat homogeneous part of WCF, � (�
 ∙ К)⁄ ; C2 ― the specific 
heat of water,  � (�
 ∙ К)⁄ ; ���� ― mass the rate of water evaporation, �
 (m� ∙ s)⁄ ;
���� ― is the thermal effect of the water evaporation , � �
⁄ ; �� ― is the thermal effect of 
chemical reaction, � �
⁄ ; �� ― preexponent of chemical reaction 1 s⁄ ; �� ― the activation 
energy of a chemical reaction,  � ����⁄ ; χλ ― average-spectral coefficient of radiation ab-
sorption 1/m. 

The mass evaporation rate has been calculated from the expression [23]: 
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Where: �� ― is the temperature at the boundary of evaporation, K; �� ― is the tem-
perature of the liquid corresponding to the freezing point, K; �� ― the velocity of evapo-
ration at temperature, �� (�� ∙ !)⁄ ; " ― molar mass of water vapor,  �� #$%&⁄ ; R ― uni-
versal gas constant, ' (#$%& ∙ *)⁄ .
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3 The results 

Figure 1 shows the dependence on the delay time of ignition homogeneous water coal par-
ticles coated with a water film, the temperature of the environment. The sizes of the particle 
have been varied in the range of δ = 0,2 ÷ 0,5 ∙ 10-3 m at a film thickness Δ=0,05∙10-3m.

Dependency analysis (fig. 1) shows that the temperature of the external oxidant has a 
significant impact on the dynamics of the processes of thermal preparation and ignition of 
WCF particles. So we can say that for a particle with the diameter of δ = 0,5∙10-3 m tem-
perature increase at 500K (from 1000 K to 1500 K), accelerates significantly ignition [ap-
proximately 3 times (delay time decreases from 10 seconds to 3 )]. The latter can indicate 
the important role of the complex processes of evaporation of water film radiative-
convective heat transfer, the heating up of base layer of fuel and the thermal decomposition 
of the organic carbon in the temporal characteristics of the thermal preparation steps.  At 
the same time it should be noted that in the case of ignition of WCF drops with the diameter 
δ = 0,2 ∙ 10-3 m, the degree of this influence is negligible, which may also indicate the im-
portant role of the temperature distribution along the radius of the particle. Consequently, 
the application of balance-type models [16] during the predictive modeling of ignition of 
fuel can lead to large errors in determining the ignition delay times.

Fig. 2. The dependence of the evaporation times particle diameters rum (δ = 0,5 ∙ 10-3m) on the am-
bient temperature at a film thickness (Δ): 1-0,15∙10-3 m; 2- 0,1∙10-3 m; 3-0,05∙10-3 m.

Figure 2. shows the dependence of  the evaporation times (particles of coal-water fuel 
with the diameter δ = 0,5 ∙ 10-3 m) on the ambient temperature by varying the thickness of 
the water film (Δ = 0,05÷0,15∙10-3 m). The analysis of the graph shows that the evaporation 
of water film can affect the dynamic of the thermal preparation. At this evaporation time of 
water film can take up to 10% of the total induction period. This is because in a small film 
thickness and penetration depth of the water heat radiation layer increases temperature of 
the latter which is much faster than excluding radiative intra-film heat transfer. According-
ly, it can be concluded that heating the base layer of fuel occurs in the water film evapora-
tion process and the subsequent ignition takes place faster.  The analysis of the curves (1) 
— (3) shows that at high temperatures (Те>1200K) difference of evaporation time of a film 
is negligible, despite the substantial (more than 3 times) changes in Δ. At the same time 
difference in values τvap increases significantly at ambient temperature Те<1200K. The lat-
ter indicates a significant effect of intra-film radiative heat transfer.

4 Conclusion 
The basic temporal characteristics of processes of heat and ignition homogeneous prepara-
tion of coal-water fuel particles coated with a water film have been determined according to 
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the results of numerical modeling. It has been found that the water film can affect signifi-
cantly the dynamic of the thermal preparation. At this evaporation time of water film can 
take up to 10% of the total induction period. Radiative intra-film heat transfer plays a sig-
nificant role this is due to the fact that it is under conditions of high heat. Accordingly, it 
can be concluded that heating of the base layer of fuel occurs in the water film evaporation 
process and steps of thermal preparation (inert heating, the thermal decomposition of organ-
ic fuel, ignition) proceed significantly faster than without the water film. 
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