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Abstract: This paper presents a theoretical study of the thermal preparation and ignition of a
coal-water fuel droplet under intense radiative-convective heating with diffusion of gaseous pyrol-
ysis products of the solid fuel into the ambient gaseous medium. It has been found that gaseous
pyrolysis products are ignited at a distance from the heating surface approximately equal to the
radius of the droplet, after which the coke of the main fuel layer is ignited. The time between
the ignition of volatiles and the coke residue is less than 0.5 s. Comparison of the ignition delays
obtained by mathematical modeling and experimentally has shown satisfactory agreement between

theoretical and experimental values.
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INTRODUCTION

The economic viability of using coal-water fuel
(CWF) as the main one for thermal power plants was
proved long ago [1-3]. However, until now, the CWF
technology has not been used widely in modern power
engineering. This is due to the lack of a general the-
ory of ignition and combustion of substantially hetero-
geneous fuels. The mathematical models and methods
developed to date to solve ignition problems of CWF
particles can be divided into three groups.

The first group includes zero-dimensional mod-
els [4-6], which assume that the temperature field of
a fuel particle is uniform and the evaporation process
is localized directly on its surface. Such models are the
simplest and provide analytical expressions for calculat-
ing ignition characteristics. In this case, the hypothesis
of localization of the evaporation front on the particle
surface is an important assumption and can lead to large
errors in predicting ignition conditions and characteris-
tics.
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The second group includes models [7-9] in which
the CWF ignition process is divided into a series of
successive stages corresponding to certain physical pro-
cesses (inert heating, water evaporation, thermal de-
composition of the organic part of the fuel, ignition).
It is necessary to note that in practice, thermal prepa-
ration processes occur simultaneously for a long time.
Accordingly, discretization of the ignition process into
separate time stages can lead to significant errors in
modeling the ignition of CWF droplets.

The third, most common, group of CWF ignition
models is constructed on the basis of the equations
of mathematical physics [10]. The ignition process is
described by a system of unsteady partial differential
equations taking into account [10] the main physical
and chemical processes occurring during the induction
period. However, at present, the mathematical appa-
ratus of [10] has been used to investigate the effect of
only a small group of significant factors (thermal ra-
diation [11], particle shape [12], degree of coal meta-
morphism [13], the heterogeneity of the porous struc-
ture of the fuel [14]) on the CWF ignition conditions
and characteristics. In formulations [10-14], it is as-
sumed that volatile ignition proceeds in a very narrow
(infinitely thin) near-surface film. However, it is known
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from [15] and [16] that diffusion processes play a signif-
icant and even decisive role in the ignition of solid fuels
(e.g., coal). One of the most complete models for the ig-
nition of a CWF droplet is given in [17]. It describes the
evaporation of water and thermal decomposition of the
organic part of the fuel, accompanied by the release of
volatiles and their ignition in the gas phase. In [17], wa-
ter evaporation is taken into using the Stefan conditions
(equilibrium temperature and velocity at the evapora-
tion front). However, the fact that the evaporation rate
depends on the surface temperature of the phase transi-
tion front and the concentration of liquid vapor at this
surface was found as early as in Hertz study [18].

Based on the above, we can conclude that the
modeling of the ignition of substantially inhomogeneous
CWF particles in describing the main interrelated phys-
ical processes of thermal preparation (including volatile
diffusion) occurring both within a particle and in its
small neighborhood in the induction period is an im-
portant problem that has not been solved so far.

This paper presents a mathematical modeling of
heat and mass transfer processes occurring simultane-
ously during ignition of a CWF particle taking into ac-
count the diffusion of gaseous products of thermal de-
composition into the ambient gas region.

1. FORMULATION OF THE PROBLEM

1.1. Physical Formulation of the Problem

The main regularities of the investigated process
have been established in experimental studies [14]. The
results of [14] were used to develop a physical model
of heat and mass transfer processes under conditions
of simultaneously occurring intense phase (evaporation
of water) and physicochemical (thermal decomposition,
release of volatiles, interaction of water vapor and coke
carbon, gas-phase ignition of pyrolysis products) trans-
formations corresponding to the conditions of experi-
ments [14].

At the initial time, a CWF particle is introduced
into a high-temperature medium and is heated by con-
vection and radiation. Intense heating initiates water
evaporation. The evaporation front moves away from
the surface deep into the fuel. As a result, a porous coal
matrix with high thermal resistance is formed. Water
vapor generated by evaporation are filtered through the
dry fuel layer and involved in thermochemical interac-
tion with carbon to form flammable gaseous products
(CO and Hy). Heating of a CWF particle leads to ther-
mal decomposition and release of volatiles. The latter,
together with water vapor and the products of their
thermochemical interaction with carbon, are filtered to

the surface of the fuel particle. After that, they diffuse
into the ambient gaseous medium. As a result, a vapor—
gas mixture with a significant gradient of concentrations
of pyrolysis products is formed. When the temperature
and mass ratio of volatiles and oxidizer reach critical
values, ignition occurs. Intense heating by the flame of
volatiles initiates combustion of the CWF coke.

It should be noted that thermal decomposition pro-
duces a gas mixture whose chemical composition signif-
icantly depends on a number of factors, such as the
degree of metamorphism of coal, moisture, and deposit.

1.2. Mathematical Formulation of the Problem

The mathematical formulation of the problem of
CWF ignition corresponding to the physical model for-
mulated above includes a system of unsteady differential
equations.

The solution domain of the problem (CWF
particle-gas medium) is given in Fig. 1. Intense heating
initiates evaporation of water and leads to the formation
of a substantially heterogeneous structure consisting of
solid, liquid, and gaseous components. The temperature
distribution in this heterogeneous system is described
by an energy equation [10] that takes into account wa-
ter evaporation, thermal decomposition of the organic
part of the fuel, the thermochemical interaction between
water vapor and carbon, and the movement of water
vapor and thermal decomposition products through the
porous matrix:

OH 10 2 oT QevaWeva
- A - ) eva
ot r2or [r owE 37“] ha (reva)
=2
orT
- Z Qsz - CspsUs 9(7' - Teva)a (1)
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t>0, 0<r<rout-
Here
n=2

Z QiWi = QC*}VOIWC%VO] + QC+H20WC+HQO7

i=1
H = ccwr(r)pewr (r)T(r, 7) is the enthalpy, r is the ra-
dius of the particle (rout is the outer radius), §(Teva) is
the Dirac function, 6(7eva) is the Heaviside function,
hq is the spread parameter of the evaporation front [19],
T is the temperature, Acwr is the thermal conductiv-
ity of the fuel [in W/(m-K)], ccwr is the specific heat
of the fuel (in J/kg), and pcwr is the density of the
fuel (in kg/m3), Us is the filtration rate of water va-
por and gaseous products of thermal decomposition (in
m/s), ¢s and ps are the heat capacity and density of
the mixture of water vapor and gaseous pyrolysis prod-
ucts, (Q and W are the heat effect and the flow rate
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Fig. 1. Schematic of the solution domain: (1) initial fuel; (2) dry coal matrix; (3) interface between
the initial fuel and the dry coal matrix; (4) interface between the dry coal matrix and thermally
decomposing coal; (5) vapor—gas mixture; (6) ambient gas region.

of the corresponding process (the subscript eva refers
to water evaporation, ¢ — vol to thermal decomposi-
tion, and C + H5O to thermochemical interaction of
carbon and water vapor). Thermophysical characteris-
tics Acwr, ccwr, and pcwr were specified taking into
account the position of the phase-transition boundary.
The mass evaporation rate was calculated from the ex-
pression [20]

QwatM(T(revaa T) _Tf)

Weva =W
TP BRIV T (reva, 7)

[kg/(m?-s)], (2)
where p [kg/mol] is the molar mass of water and
R [J/(mol-K)] is the universal gas constant; the sub-
script “wat” denotes parameters related to water. The
coordinate of the evaporation boundary was found from
the expression

t

Teva = Tout — /ufedt;
0

(3)

where ufe = Weva/p [m/s] is the linear velocity of the
evaporation front.

The temperature distribution in the gas region is
described by an energy equation which takes into ac-
count the exothermic effects of oxidation reactions of
the main combustible components:
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(Qi and W; are the heat effect and the rate of oxidation
of the gas mixture components). At the CWF particle—
gas interface, the conditions are specified by analogy

with [21, 22] taking into account the exothermic effect
of the reaction of carbon with air oxygen Qc+o0,Wc+0,
and the thermal radiation from the ambient medium:

oT oT 5U(T|Lrl:rq - Tl‘Tl:Touc)
or or ACWF
W,
n Qc+o,Weto, 7 (5)
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Here Ky = )y /AcwF, € is the integral emissivity factor,
and o is the Stefan-Boltzmann constant. The rate of
the reaction C + Oy = CO9 4 18.67 MJ /kg was calcu-
lated using the mathematical expression of the Arrhe-
nius law:

Wi = kCJrOg (1 - Z Cz (routa t) - CHQO(routa t))

=1

Ecto
xpgexp(— RT2)' (6)
Here %k [m/s] is the pre-exponential factor,
E  [J/(mol-K)] is the activation energy of the

chemical reaction, and Cj; is the concentration of the
ith component. It is assumed that water vapor moves
together with the products of thermal decomposition
through the porous coal matrix. The pressure distribu-
tion along the particle radius was determined from the
piezoconductivity equation:

op  x 0 [ 40p 1 n:2.
(r 8r>+mpZ;f“
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Here

n=2

1
> fi (Weosvol + WetH,0 - cO+H, )
i=1 5
s [m] is the characteristic pore size, p [Pa] is the pres-
sure, f; is a function that determines the change in
mass flow rate of the vapor—gas mixture as a result of
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volatile release and absorption of water vapors during
their thermochemical interaction with carbon, y [m?/s]
is the piezoconductivity, Z [1/Pa] is the compressibility
of water vapor, and m is the fuel porosity. The vapor
filtration rate was determined from the differential ex-
pression of the Darcy law:
K, 0p

Us =~ v or ®)
Here v [Pa-s] is the dynamic viscosity and K, [m?] is
the permeability of the medium. In the formulation
of the problem, it is assumed that water vapor reacts
endothermically with coal. The rate of the reaction
C + HyO = CO + Hy — 118.485 MJ/kg was calculated

by the formula
EC]%—;?O). 9)
When Tyut > Tsiq on the particle surface, the or-
ganic part of the fuel begins to decompose with the
release of volatiles (Tt is the surface temperature of
the fuel particle and Ty;q is the temperature of onset
of thermal decomposition). Thermal decomposition is
described by the chemical kinetics equation

877 Ec—)vol
=11~ c—vo - ) 1
ot [ nlke— 1eXp( RT ) (10)
t>0, 0<7r<rout,

where 7 is the degree of pyrolysis of the fuel. The rate

of pyrolysis was calculated by the expression
W = Vo[l — n]kcsvolpcwF €Xp (— EC_NO])- (11)

RT
In the formulation of the problem, it was taken
into account that the gaseous products of thermal de-
struction and chemical interaction of the solid residue
of pyrolysis of coal and water vapor are injected into the
near-wall region, thus forming a gas mixture which is
ignited upon reaching critical values of the temperature
and fuel concentration. The time period from the be-
ginning of heating of the particle before the beginning
of intense chemical reaction of the vapor—gas mixture
with the oxidizer (the appearance of a local extremum
on the temperature curve) is the ignition delay, ac-
cording to the definition of [15]. The ignition criterion
from [15] was used. In close proximity to the particle
surface, the following reactions were taken into account:

Weaoin,0 = kC4+H,0CH,0Ps €XP <—

(1) Ha 4 0.505 = Hy0 + 141.900 MJ /kg;
(2) CO + 0.505 = COy + 100.90 MJ /kg;
(3) CHy + Oy = COy + Hy0 + 55.00 MJ /kg;

(4) Ny + Oy = 2NO — 2987 MJ /kg.

The rate of these reactions was calculated using the Ar-
rhenius law:

W, =k; <1 — Z Ci — CHQO) Cipg exp <— }?}) (12)

i=1

The concentration of combustible components (Hs, CO,

No, and CH,) in a wall region of small thickness was

calculated by solving the diffusion equation for the cor-
responding component:

801 - Dipg 0 2801-
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Here D [m?/s] is the diffusion coefficient. The concen-
trations of water vapor and carbon dioxide released dur-
ing thermal decomposition were determined similarly:
0C; Dipgy 0] ,0C;
pg = 2 r ’
ot r? Or or

>0, rou <1 <1y

(14)

System (1)—(14) was solved under the following
boundary conditions:
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(Patm is the pressure of the ambient medium).

The thermal conductivity, heat capacity, and den-
sity of the wet and dehydrated parts of the CWF were
calculated taking into account the volume fractions ¢
of the components:
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the subscript 1 refers to the initial water-saturated fuel,
2 to the dry coal matrix, 3 to coal, 4 to water, and 5 to
water vapor.

1.3. Baseline Data

The thermophysical properties of the initial fuel
components (coal, water, and water vapor) used in the
mathematical modeling are given in Table. 1. The com-
position of fuel volatile components are presented in Ta-
ble 2, and thermochemical reaction constants in Table 3.
Numerical studies were performed for the following ini-
tial data: Tp = 298 K, patm = 101325 Pa, and 19 = 0.
The molar mass of water was p = 0.018 kg/mol, and

the permeability of coal was K, = 107! m?.

1.4. Method for Solving Equations

The formulated problem of mathematical physics
was solved by a finite difference method [31, 32]. The
equations were approximated using an implicit four-
point difference template [33]. For example, Eq. (1)
was approximated as follows:

8H o 1 8 2 aTl Qovacha
ot r2or {T Acwr or }  hg 0(reva)
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Fig. 2. Ignition delay of particles of a coal-water fuel
based on D coal with different WCF particle diameter:
d=3-10"m (I and 2), 2.5-107® (3 and 4), and
2-107% m (5 and 6); curves 1, 3, and 5 refer to the
experimental data [14] and curves 2, 4, and 6 refer to the
numerical solution.

Here 7405 = 05(7’1 + Ti+1) and r;,_og5 = 05(7’1 + Ti—l)-
Similarly as for A: A\j10.5 = 05()\1 + /\i+1) and \j_g.5 =
05(/\1 + )\1‘71).

The equations and boundary conditions (2)—(21)
were approximated by a similar scheme. System (1)-
(21) was solved in the period of time before the es-
tablishment of conditions adequate to the ignition con-
ditions of solid, liquid, and heterogeneous fuels [15].
It should be noted that the calculations of fuel igni-
tion in the presence of intense phase transformations (in
particular, evaporation) are among the most difficult in
combustion theory. This is due to the fact that wa-
ter evaporation occurs in a very narrow (much smaller
than the linear size of the particle) region (evaporation
front). In this case, as a rule, the thermal effects of
phase transitions are very high (up to 2.5-10° J/kg).
As a result, an internal local heat sink occurs in the
wet particle. The numerical study is complicated by
the fact that the asymptotics of the evaporation and
ignition processes are significantly different (ignition is
a fast process, and evaporation is much slower). For
this reason, a special algorithm based on the implicit
separation of the phase transition front has been devel-
oped [34] to solve the formulated ignition problem.

2. RESULTS AND DISCUSSION

Figure 2 shows the results of a comparative anal-
ysis of the ignition delay iz, of CWF droplets based
on long-flame D coal obtained numerically [solution of
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Table 1. Thermophysical Characteristics of the Main Fuel Components

Fuel component A\, W/(m-K) ¢p, J/(kg-K) p, kg/m3 Brown coal
D coal 0.206 1380 614 (23]
Brown coal 0.103 1150 700 [23]
Water 0.56 4190 1000 [24]
Water vapor 0.025 2038 0.58 [24]

Table 2. Composition of Gaseous Pyrolysis Products [25]

Content of component, %

Component brown coal
CO2 15.5
CcO 15.0
CHy 20.5
Ho 25.6
N2 23.4

Table 3. Thermochemical Reaction Constants

hard coal
2.3
5.7
65.9
18.6
7.5

Reaction Activation energy FE;, J/mol Pre-exponential factor k;, s~!  Reference
Thermal decomposition ¢ — vol 39.4-103 178 [26]
C + 02 = COy 124.8-103 6.4-10% [26]
C + H20 = CO + Ho 220103 2.07-107 [27]
CO + 0.502 = COq 200.0 - 103 2.50-1012 [28]
Hs 4 0.502 = H20 105.0- 103 1.13-10'7 [29]
CHy4 + O2 = COq 35-10° 5.1-1014 [30]

system (1)—(21)] and experimentally [14]. It can be said
that they are in satisfactory agreement (within a £17%
confidence interval of experimental data) in a fairly wide
range of ambient temperatures (800 < T, < 1300 K).
Analysis of the dependences tign(T;) shows that the
largest differences between the experimental and numer-
ically calculated values of tig, are observed at ambient
temperature less than 970 K.

Curves of the ignition delay of a particle of a CWF
based on brown coal (grade B) versus ambient temper-
ature are presented in Fig. 3. Analysis of Figs. 2 and 3
shows that combustion of droplets of the CWF based
on brown coal begins much earlier than combustion of
the CWF based on D coal. This is primarily due to the
higher volatile content in B coal compared to the long-
flame coal. In general, the obtained numerical and ex-
perimental [14] ignition delays are in satisfactory agree-
ment with each other.

Figure 4 illustrates the dynamics of the surface
temperature (Tyu ) of a CWF droplet. The entire pe-
riod of thermal preparation can be divided into a num-
ber of successive characteristic stages. In the initial pe-
riod of time (before ¢ ~ 0.18%;gn), there is inert heating
of the fuel droplet (temperature grows slowly). After
that, intense water evaporation is initiated. As a result,
a porous coal matrix with low thermal conductivity and
heat capacity is formed. It can be noted that the period
of water evaporation is the longest. This is obviously
due to the high endothermic effect of the phase tran-
sition (up to 2.5 MJ/kg), which causes a slowdown in
the growth rate of Ty t. The characteristic break of the
curve Tgu¢(t) in Fig. 4 at the time ¢ ~ 0.7tign corre-
sponds to the ignition of volatiles. Intense heating from
their flame causes initiation of combustion of the coke
residue. This leads to a sharp change in the growth rate
of Tsurf~
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Fig. 3. Ignition delay of particles of a coal-water
fuel based on B coal with different CWF particle
diameter: d = 3-107% (1 and 2), 2.5 - 1073 (3 and 4),
and 2-107% m (5 and 6); curves 1, 3, and 5 refer to the
experimental data [14] and curves 2, 4, and 6 refer
to the numerical solution.
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Fig. 4. Dynamics of the surface temperature of a
coal-water fuel particle during heating at an ambient
temperature Ty, = 1200 K and d = 2-107% (1),
2.5-107% (2), and 3-107% m (3).

It may be noted that the dependence Tyy,¢(t) be-

or E
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Figure 5 shows the distributions of the dimension-
less temperature in the water particle—gas system at the
time of volatile ignition. It is seen that the initiation
of combustion of gaseous pyrolysis products begins at
some distance (approximately half the diameter of the
CWF droplet) from the particle surface. This suggests
that the diffusion of volatiles into the outer gas region
and the formation of an extended and nonuniform con-

comes exponential
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Fig. 5. Temperature distribution in the coal-water
particle-gas system at the time of volatile ignition
for d =2-107% (1), 2.5-107% (2), and 3- 1073 m
(3); EF is the temperature of the evaporation front.

centration field play a significant role in the ignition
of CWF droplets. It can be said that the use of the
method of an infinitely thin reduced film in CWF igni-
tion zones should be specifically justified when solving
CWEF ignition problems.

Analysis of the curves in Fig. 5 also shows that
ignition of water-saturated CWF droplets is possible.
Obviously, the combustion dynamics of CWF particles
under conditions of continuing water evaporation will
be significantly different from the oxidation of dry coal.

Figure 6 shows the ignition delay of CWF particles
calculated for models [10] and (1)—(21). It can be noted
that the values of ti, obtained for model [10] are less
than tis, obtained by numerical solution of system (1)
(21). This is due to the fact that in [10-12], the diffusion
of pyrolysis products into the ambient gaseous medium
was not taken into account.

An analysis of the literature showed the absence
of experimental data on the ignition delay of the coke
residue. For this reason, predictive modeling of the car-
bon initiation process was performed. The results for
D coal coke are presented in Fig. 7. Analysis of the
dependences tign (Ty) shows that coke starts to burn al-
most immediately after the ignition of volatiles. The
interval between the times of ignition of volatiles and
coke does not exceed 0.5 s.

Figure 8 shows the temperature distributions in the
water-coal particle-gas system at the time of ignition
of the coke residue. The temperature difference at the
center of the CWF particle and on the surface is about
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Fig. 6. Ignition delay of particles of the coal-water
fuel based on D coal versus ambient temperature
calculated within the framework of different prob-
lem formulations: curves 1-3, 6, 8, and 10 corre-
spond to system (1)—(21) and curves 4, 5, 7, 9, 11,
and 12 to model [10]; curves 1 and 4 refer to d =
09-107%m, 2and 5tod =0.8-10"°m, 3 and 7 to
d=07-10"3m, 6 and 9 tod = 06-107° m, 8
and 11 tod = 0.5-10"% m, and 10 and 12 to d =
0.4-107% m.
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Fig. 7. Ignition delay of the coke residue versus am-
bient temperature: curve 1 refers to d = 3-1072 m,
2tod=25-10">m,and 3tod =2-10"2 m.

600 K. It can be said that the coke residue is ignited
after the heating of the main fuel layer above the tem-
perature of vapor formation. Note also that the temper-
ature gradient is high. Accordingly, it can be reasonably
assumed that ignition can give rise to thermal stresses
in the particle structure, resulting in dispersion of the
coal matrix.
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Fig. 8. Temperature distribution in the coal-water
particle-gas system at the time of coke ignition at am-
bient temperature T, = 1200 K: curve 1 refers to
d=2-102m, 2 tod =25-1073m, and 3 to d =
3-107° m.

CONCLUSIONS

A mathematical model of the thermal preparation
and ignition of a coal-water fuel particle was first for-
mulated which takes into account not only the set of
physical processes simultaneously occurring during the
gas-phase ignition of water droplets, but also the dif-
fusion of gaseous products of thermal decomposition of
the CWF coal component in a thin layer of gas around a
fuel particle. The mathematical model was verified by
comparative analysis of the main integral characteris-
tics of the ignition process (ignition delay) obtained nu-
merically [solution of system (1)—(21)] and experimen-
tally [14]. Comparison showed that they are in satisfac-
tory agreement. The ignition of volatiles was found to
occur at some distance (about half the CWF droplet di-
ameter) from the fuel particle surface. Accordingly, the
use of the method of reduced thin film [10] in simulating
the ignition of CWF droplets is not always justified.

The predictive modeling of coke ignition shows that
the initiation of combustion of the coke residue occurs
almost immediately after volatile ignition. The time in-
terval between the ignition of volatiles and coke carbon
does not exceed 0.5 s. The results of the comparative
analysis of the theoretical and experimental [14] time
characteristics of the ignition process generally indicate
that the developed mathematical model has a high pre-
dictive potential.

The results of mathematical modeling also show
that the longest process in the thermal preparation of
fuel to the beginning of combustion due to the high en-
dothermic effect (up to 2.5 MJ/kg) is water evaporation.
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Accordingly, for the stable ignition of CWF particles in
the combustion space, it is necessary to organize zones

of
co

constant flame recycling by analogy with Shershnev
mbustors [35].
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