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Abstract. The problem of particle ignition coal-water fuel (WCF), located in the high-flow
environment has been solved numerically. The flow of the main processes of joint thermal
treatment (thermal conductivity, evaporation, thermal decomposition, chemical reaction of
vapor and carbon) has been taken into account. Set the scale effect of the concentration of
the organic portion of the fuel on the dynamics of particle ignition of fuel. The obtained
results ignition delay time values are coordinated well with published experimental data.

1. Introduction
Manufacturing, transportation and preparation for burning coal-water fuel (WCF) are associated with a
number of technical and technological problems [1, 2]. One such problem is the choice of concentrations
of the major components (coal and water) to ensure manufacturability WCF, the minimum cost of fuelpreparation process, combustion efficiency and sustained inflammation.
Until recently, the hydrocarbon fuel is used infrequently due to the lack of a general theory that
describes the whole complex of physical and chemical processes occurring in the stages of preparation
and combustion. There are poorly understood processes of particle ignition WCF. One of the problems in
the theory of ignition of coal-water fuel is to determine the optimal possible (on the final characteristics
of combustion) of (shares directly coal and water). Experimental study of the effect of concentration on
the component conditions and ignition characteristics of particles WCF is quite difficult due to problems
in the registration parameters of heterogeneous fuel and ignition delay time. Therefore, most likely, the
most rational is the mathematical modeling of these processes.
Purpose – to study the results of mathematical modeling of heat transfer in coal-water fuel particle
concentration effect of the organic part WCF conditions and ignition characteristics of the latter.
The physical model of heat transfer in coal-water fuel has been adopted when the problem has
been stated, taking into account co-occurring processes of warming due to heat conduction, evaporation
of moisture vapor filtration to the heated surface of the particle in the form of a sphere, the thermal
decomposition of coal to gaseous and solid reaction products, filtering volatile particles to the surface,
chemical interaction of water vapor with carbon coke oxidation of volatile oxygen ambient, supply heat
to the particle surface due to convection, heat conduction and radiation [3].
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The system of differential equations with the appropriate initial and boundary conditions has the
following form:
Energy equation for the initial (wet) of the fuel:
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Energy equation for “dehydrated” part WCF:
 
 2
*T2 (r, t)
*T2 (r, T )
* T2 (r, t) 2 *T2 (r, t)
= 2 ·
·
−
Qi · Wi − us Cps · s
C2 2
+
2
*t
*r
r
*r
*r

(2)

t > 0, rV < r < r0 , T ≥ TV ;
The equation of chemical kinetics for the organic portion of the fuel:


E
*2 (r, t)
= (1 −  (r, t)) · k0 ·  · exp −
*t
R · T1 (r, t)

(3)

t > 0, rV < r < r0 , T ≥ TV ;
Filtration equation for water vapor and gaseous products of thermal decomposition:


m ·  · Z *ps2 (r, t) 2 *ps (r, t)
*ps (r, t)
=
+
*t
KP
*r 2
r
*r

(4)

t > 0, rV < r < r0 , T ≥ TV ;
At the interface of the “original WCF — dry coal” there is the boundary condition of the 4th kind:
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The system of equations (1–4) has been solved with the following boundary conditions and closing
ratios: 0 < r < r0 ; T (r, 0) = T0 ; P (r, 0) = P0 ; (r, 0) = 0 ;
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The rate of reaction of C + H2 = CO + H2 − 118.485 MJ has been calculated from the following
expression:


E
·
(10)
Wi = ki · ci · i · exp −
R · T (r, t)
Pyrolysis rate has been calculated using the following equation:


E
Wi = (1 −  (r, t)) · ki · i · exp −
·
R · T (r, t)

(11)

Ignition of WCF – heterogeneous process defined by ignition kinetics of thermal decomposition
products, and the reaction of water vapor with carbon. There are following reactions on the surface
of the particles:
kj
1. H2 + 0.502 = H2 O + 141900 kg
·
kj
2. CO + 0.502 = CO2 + 10090 kg
·
kj
3. CH4 + O2 = CO2 + H2 + 55546 kg
·

Dependence of these reactions has been used to determine the velocity:


E
Wi = ki · ci · i · exp −
R · T (r0 , t)

(12)

−density gaseous components has been determined from the equation of state:
i =

p (r, t) · 
·
T (r0 , t) · R

(13)

Filtration rate has been determined by a pair of Darcy’s law:
u=−

KP *p
·
ν *r

(14)

There are the following notations: the initial temperature of T0 – particles, K; Tc – ambient temperature,
K; ri – radius evaporation front, m; r0 – outer radius of the particle, m;  – constant blackbody radiation,
W
W
;  – convective heat transfer coefficient, mW2 K , 1 thermal conductivity of the original WCF, m·K
;
m2 K 4
j
W
2 – dry thermal conductivity of the WCF, m·K 1 ; C1 – heat capacity of the initial part of WCF, kg·K ;
C2 – is the thermal conductivity of the dry WCF,

j
; Wv
kg·K

kg
;
m2 ·s
j
reaction, kg ;

– mass evaporation rate of water,

j
Qv – thermal effect of the evaporation of water kg
; Qi thermal effect of the chemical
ki – pre-exponential factor of the chemical reaction, 1s ; Ei – activation energy of a chemical reaction;
j
j
; us – filtration rate of water vapor, ms ; cps – isobaric heat capacity of water vapor, kg·K
; s – vapor
mol

density, mkg3 ; ps – vapor pressure in Pa; m – porosity; Z – degree of compressibility of water vapor;
kg
KP – permeability porous structure, m2 ;  – molar mass of water, mol
; ν – kinematic viscosity of water
m2
vapor, s ; C1 – concentration of the respective component of the chemical reaction; i – ordinal chemical
reaction component.
Coordinate border of evaporating has been found from the expression:

rF = r0 − uF · d .
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Figure 1. The ignition delay time (td) depending on the mass fraction of carbon in the particle diameter of
component (d): 1–0.8 · 10−3 m; 2–0.6 · 10−3 m; 3–0.4 · 10−3 m.

Where: uF = Wv –linear speed of advance of the evaporation front,
Mass evaporation rate has been calculated from the expression:

WV = W0 · exp

m
.
s

QV ·  · (T1 − T0 )
R · T0 · T1


·

(15)

Where: T1 – evaporation temperature at the boundary, K; T0 – fluid temperature corresponding to the
kg
;
freezing point, K; W0 – rate of evaporation at temperature T0 , mkg2 ·s ;  – molar mass of water vapor, mol
j
R – universal gas constant, mol·k .
The system of nonlinear Eqs. (1) – (15) has been solved by finite difference method using the
developed for solving heat and mass transfer under intensive phase transitions [4, 5] and pyrolysis of
composite polymeric materials [6] iterative algorithm. Selection steps of the difference grid in time
and the spatial coordinate has been analogous to [7, 8] in connection with the rapid heating and high
temperature gradient. Reliability of the results of numerical modeling of the investigated processes has
been controlled test of conservative difference schemes by the method developed for the analysis of the
results of solving nonlinear problems of ignition and combustion of condensed substances [9, 10].
The anthracite deposit of the Novosibirsk region has been selected as the base material for Leafage
coal-water fuel.
Thermo-physical properties of wet and “dehydrated” portion of the fuel have been calculated the
volume fractions of the components:
1 =

3 3

+

4 4

2 =

4 4

+

5 5 .

Where – volume fraction of the corresponding component of fuel: 3 – water; 4 – carbon; 5 – air.
The dependence of the ignition delay ti concentration (mass fraction) of coal ( 4 ) WCF at different
fuel particle diameters are given in Fig. 1, obtained by numerical simulation. It is seen that with
increasing 4 increases to values ti 4 ∼ 0.55 – 0.65. Then increase the share of coal leads to some
relative (5–10%) reduction in the ignition delay time. The obtained dependences ti ( 4 ) can be explained
by a change in the effective thermal conductivity WCF to change in water. The thermal conductivity of
the latter is significantly lower  coal components. Accordingly, the heating of a thin surface layer of
coal-water fuel and the boiling temperature of water at high concentration liquid is faster in comparison
with a homogeneous charcoal.
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Figure 2. The surface temperature of the particle T (r0; t) from the time the entire process of ignition t, particle
diameter d = 0.4 · 10−3 m in a medium with a temperature Tc, the shared content with different components in the
coal WCF:1– 4 = 0.3; 2– 4 = 0.8; 3– 4 = 0.5; 4– 4 = 0.3; 5– 4 = 0.8; 6– 4 = 0.5; 7– 4 = 0.3; 8– 4 = 0.8;
9– 4 = 0.5.

Figure 3. The dependence of the ignition delay time on the external temperature Tc for a particle diameter
d = 0.4 · 10−3 m with the following content of the coal share:1– 4 = 0.5; 2– 4 = 0.8; 3– 4 = 0.3.

A slight decrease in the values of ti (within 5–6%) at low water contents (less than 0.3 by weight)
is probably due to a decrease in the cost of heat on the phase transformation (evaporation). But on the
whole range of variation of ti at 0,2 ≤ 4 ≤ 0, 8 is relatively small (less than 35%).
Figure 2 shows the temperature dependence of the particle’s surface coal-water fuel from time to
time the ignition WCF for three values of ambient temperature. On each curve can be divided into three
characteristic regions. The first (up to t = tw ) corresponds to an interval time of heating to the boiling
point of the particle (or close thereto), and it is complete “dewatering”. Slope of the curve is determined
01018-p.5
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Figure 4. The temperature distribution along the radius of the particle diameter d = 0.4 · 10−3 m at the time of
ignition, when the content of coal: 1– 4 = 0.8; 2– 4 = 0.5; 3– 4 = 0.3.

by the thermal conductivity of coal moisture saturation. The second portion (up to t = ti ) corresponds to
the period of warm and dry thermal decomposition of coal.
In this state, the thermal conductivity of the latter is substantially less (as compared to the first
portion). Accordingly, the temperature of the surface grows faster than the first portion. At t = ti
condition WCF ignition and further temperature rises to values corresponding to the combustion of
coal-water fuel.
Depending on the ignition delay time on the ambient temperature for a typical particle diameter
0, 4 · 10−3 m and three values of mass fractions of organic components shown in Fig. 3. Type
dependencies are generally quite good agreement with the modern theory of ignition of condensed
substances. Temperature distributions along the radius of the particle at the moment of ignition WCF
at different 4 show (Fig. 4) that the difference T across the entire thickness of fuel does not exceed
120 K. In other words, it may be concluded that ignition occurs after the complete evaporation of all the
moisture contained in the porous structure WCF, but low enough temperatures the particle surface.
The results obtained suggest the possibility of varying the mass fraction of component (water and
coal directly) over a wide range without changing significantly conditions and the ignition characteristics
of small particle size of coal-water fuel.
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