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STUDY OF IGNITION AND COMBUSTION
OF TWO-FRACTION COAL-AIR SUSPENSION

A two-fraction dust-air mizture is the simplest example of polydisperse suspensions. We aim
to study the characteristics of ignition and combustion of a two-fraction suspension of car-
bon particles in air at different temperatures. The main characteristics of the dispersed fuel
combustion are the ignition delay, burning temperature and time, and critical parameters (tem-
perature, diameters of particles, and mass concentrations) corresponding to the fuel ignition
and extinction. The high-temperature heat and mass transfer and chemical kinetics are mod-
eled for a two-fraction particles-gas suspension (diameter of fine particles 60 pm and for that
with coarse particles 120 pm) with equal mass fractions. The gas temperature is varied in the
interval between 1100 K and 1500 K.
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1. Introduction

The need to reduce emissions of carbon dioxide
and particulate matter into the atmosphere requires
increasing the effectiveness of coal dust combus-
tion. The carbon fuel burnt in power stations contains
particles of different sizes. A simple case of such fuel
is two-fraction dust-air suspensions. The aim of the
work is to study the characteristics of ignition, burn-
ing, and extinction of two-fraction carbon particles in
an air suspension at different temperatures.

The main characteristics of the disperse fuel com-
bustion are: the ignition delay, the burning tempera-
ture and time, the critical temperatures, the diame-
ters of particles, and mass concentrations, which de-
termine their ignition and extinction [1, 2].

2. Physical and Mathematical

Modeling of High-Temperature Processes
in Two-Fraction Coal-Air Suspension

of Carbon Particles

The research includes the physico-mathematical mod-
eling of the high-temperature heat and mass transfer
and the kinetics of chemical transformations of car-
bon particles in an oxidizing gaseous medium. As the
first approximation, a two-fraction carbon particles-
gas suspension containing equal mass concentrations
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of fine particles (diameter 60 pm) and coarse particles
(120 pm) is considered. The gas temperature ranges
from 1100 K to 1500 K.

The physico-mathematical model of high-tempera-
ture heat and mass transfer of the carbon particles-
gas suspension includes the differential equations of
thermal and mass balances for the particles of each
fraction and the corresponding equations for oxy-
gen-containing gas [3, 4]. We will study the high-
temperature heat and mass transfer and the kinet-
ics of the chemical transformation of a two-fraction
gas suspension of carbon particles with particle dia-
meters that differ by several times with equal mass
concentrations.

Let us consider the non-stationary heat and mass
transfer of a polydisperse suspension of carbon par-
ticles in air. On the surface of particles, two parallel
chemical reactions occur:

C+ Og = CO; (1), 2C + O2 = 2CO (I1).

The heat balance equation for the particle of the
i-th fraction is written in the following form, taking
into account its heat exchange with the gas and the
walls of the reaction vessel:

Cp6dl 687;1 —qoi — Qquz‘(t = 0) = T’ibv (1)
where ¢ — the particle specific heat, J/kg-K; p; — the
particle density, kg/m?; d; — the particle diameter of
the i-th fraction, m; T3, T, — are the current and ini-
tial temperatures of a particle, K; t — time, s; qep; —

= {chi
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the total density of chemical heat release at the sur-
face and in the pores of a particle, W/m?; ¢,; — the
heat flux density at the particle surface, W/m?; q,; —
the density of the radiation heat flux from the particle
to the reaction vessel walls, W/m?.

The total density of chemical heat release on the
outer and inner surfaces of the particle, according to
[5, 6], is determined from the expression:

Geni = (kriqn + k2i92) Puipgno, sis (2)

where kq;, ko; — rate constants of chemical reactions
(I) and (IT), m/s; ¢1, g2 — thermal effects of chemi-
cal reactions (I) and (II) calculated per unit oxygen
mass, J/kg - Oq; p, — gas density, kg/m?; no, s — rel-
ative mass concentration of oxygen on the surface of
a carbonaceous particle.

We write the expression for the concentration of
oxygen on the surface of a particle:

Bi
Bi + (k1i + kai + Psyi) Py

NOy,s1 = N03,g- (3)

The heat exchange of each particle with a gas is
determined by the density of the heat flux on the
surface of a particle g,;, including the heat transfer
by conduction, convection, and Stefan flow [7]:

Us i
Goi = i |(Ti = Ty) + =55 (T +Ty) | (4)
Nu),

st %)

a; =
where «a; is the heat exchange coefficient of the par-
ticle, W/m? K; Ag is the gas thermal conductivity,
W/m-K, Tj is the gas temperature, K.

We write down the expression for the radiation heat
flux per unit area of a particle to the walls of the re-
action vessel by using the known formulas of Stefan—
Boltzmann and Kirchhoff:

qui = eo (T} = T,,), (6)

where ¢ is the emissivity of carbon; T, — temperature
of the reaction vessel walls, K; o = 5.67 W/m?- K* is
the Stefan—-Boltzmann constant.

During the coal suspension burning, the particle
diameter and density decrease with time due to the
chemical reactions on the outer and inner surfaces of
particles (inside the pores). The differential equations
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of mass balance for the diameter and density of a
carbon particle of the i-th fraction can be written as

1 9(d; M,
P (815 ) = Mioc(ku + 2k2i)n0,,5iPgs
2
d;(t =0) = dp;, (7)
1 8(/)1') MC v
—Zd. = % (ky: 4+ 2o AL
6dz ot M02 (klz + k2z)n02,sz kli + in Pgs
pi(t =0) = pyi, (8)

where dp; — the particle initial diameter, m; pp; —
initial particle density, kg/m3.

The important parameter of the gas suspension is
its mass concentration C,,,, which depends on the par-
ticle diameter and the numerical concentration C:

N;

“ 1
Cr = Zcmia Ci = gﬂd;?’mcm, Cni = A 9)
=1 9

where C,,; is the mass concentration, kg/ m?, and Ch;
is the numerical concentration, m™—> of the i-th frac-
tion of the solid phase of the suspension; N; is the
number of particles in the i-th fraction.

Thus, as the combustion proceeds, the fuel mass
concentration reduces, as the particle diameter and
the density decrease, and the numerical concentration
is unchanged till the moment of complete burn-out.

During the suspension burning, the gas tempera-
ture and the oxidizer content change with time:

8T - Us [
Cgpgaitgzzaisicf\’i {(Tz —Ty)+ 25{
i=1 v

(Ti+Ty)| -

—aglFy(Ty — Tyeo), Ty(t =0) = Tyeo, (10)
NugA, S
= = F = 7‘9

Qg dg y L'g Vg’

87102 i
—Tg = ; CniSino, si(k1i + koi + ki) —
- Fgﬂg(noz,oo - n02g)7 N0y, (t=0)= N0y,00;  (11)
5, = ShgD, D - Ag

7 dg ' 7 Copy’

where S; is the particle surface area (the i-th frac-
tion), m?; cg — specific heat of a gas, J/kg-K; Tyoo —
surrounding gas temperature, K; o, — heat transfer
coefficient of the carbon particles-gas suspension with
the surrounding medium, W/m?. K; Nug — Nusselt
number corresponding to the heat transfer of the par-
ticles-gas suspension with the surrounding medium;

371



S.G. Orlovskaya, V.V. Kalinchak, O.N. Zuj et al.

F, — specific surface area of the particles-gas suspen-
sion, m~'; S, — the outer surface area of the sus-
pension, m?, By — mass-transfer coefficient of the sus-
pension with the environment, m/s; no, o — relative
mass concentration of oxygen outside the suspension:
for oxygen in the air ng, . = 0.23.

3. Calculation Results and Discussion

Thus, the physico-mathematical model (1)—(11) de-
scribes the nonstationary high-temperature heat and
mass transfer and the kinetics of chemical transfor-
mations of the polydisperse carbon particles-gas mix-
ture. So, it is possible to determine the main charac-
teristics of combustion of a carbon particles-gas sus-
pension by solving these equations: the ignition delay,
the burning time and temperature, and the critical
parameters of ignition and extinction.

We present the temperature-time histories of par-
ticles of each fraction, the gas temperature history,
and the particle temperature time derivatives dur-
ing the combustion of a two-fraction (i = 2) car-
bon suspension at different gas temperatures. The
initial mass concentration of the carbon fuel in the
particles-gas suspension is Cp;, = 0.0244 kg/m?,
the mass concentrations of fractions are the same:
Crmp1 = Cppz = 0.0122 kg/m3. This mass concentra-
tion corresponds to the stoichiometric composition of
the carbon-air mixture [1, 2]. Therefore, the amount
of oxygen is sufficient for the complete fuel burn-
out. We determine the instants of the ignition (I) and
extinction (F) of particles by extrema on the depen-
dence dT'/dt(t) and calculate the ignition delay time
and the burning time.

The analysis of the temperature histories shows
that, at high gas temperatures, the ignition and burn-
ing of the fine fraction occur firstly (Fig. 1, a, b).
Coarse particles ignite shortly before the extinction
of fine particles. During the burning of fine particles,
the oxygen concentration decreases substantially. So,
the ignition and subsequent burning of coarse parti-
cles proceed at a low oxygen content.

At a relatively low gas temperature (Fig. 1, ¢, d),
large particles ignite earlier (curves 2). According to
(5), fine particles have a higher heat transfer coef-
ficient. Therefore, the increase in the ignition delay
of fine particles in comparison with the coarse parti-
cles is explained by the rise of heat losses from small
particles into the surrounding gas, as its temperature
decreases [see formula (4)].
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As can be seen from Fig. 1, d, the ignition delay
ting (duration of the warm-up from the start to I)
consists of two parts: the time of the particle inert
heating up to the gas temperature (up to I*) and the
time of the heating by chemical reactions (from I*
up to I). As the temperature of the surrounding gas
decreases for small particles, the time of the chemi-
cal stage increases, during which the temperature of
the gas in the gas suspension section reaches a higher
value necessary for the ignition. Thus, in the high-
temperature range, the ignition delay time of a two-
fraction particles-gas suspension is determined by the
ignition delay of small particles and, at low tempera-
tures, by the ignition delay of large-particle particles
(Fig. 2, a).

At a certain critical value of the gas temperature
T.: (Fig. 2, a), the suspension does not ignite. The
critical ignition temperature of a two-fraction par-
ticles-gas suspension is significantly lower than the
ignition temperature of an equal-sized single parti-
cle. Moreover, the critical temperatures of ignition
differ substantially for single large and small parti-
cles (Ty.ee1 = 1370 K, Ty.ero = 1280 K), and they
practically coincide in the two-fraction particles-gas
suspension (Fig. 2, a).

It should be noted that, near the critical gas tem-
perature, a single particle ignition delay is much less
than the ignition delay time of an equal-sized particle
in the particles-gas suspension (Fig. 3).

It follows from Fig. 3, ¢ and d that, for a sin-
gle particle, the critical ignition conditions are pro-
nounced clearly. If the gas temperature decreases by
one degree, the particle does not ignite. It warms
up to a temperature slightly above the gas tem-
perature (curve 2). The critical extinction condi-
tions of the burning particle are also clearly ex-
pressed. When the particle diameter reaches a crit-
ical value, its temperature and oxidation rate sharply
decrease (curves 1, Fig. 3, ¢, d). The extinction of
the particles-gas suspension occurs in a degener-
ate regime because of the approximate equality of
the temperatures of a gas and particles (Fig. 3, q,
b). There is no sharp bend on the curve d(t) that
characterizes the abrupt change in the oxidation
regime.

The burning temperature of fine particles at a low
gas temperature is lower than that of coarse particles
(Fig. 2, b) due to large heat losses to a gas and the
lack of an oxidizer at the stage of combustion. The
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Fig. 1. Time histories of T', Ty, dT'/dt for a two-fraction particles-gas suspension at (a, b)
Tyoo = Tw = 1500 K. (¢, d) Tyoo = T = 1300 K. 1 — dyy; = 60 pm, 2 — dyy = 120 pm, 3 —

gas temperature Ty. Cp,p = 0.0244 kg/m3
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Fig. 2. Dependence of the ignition delay (a) and the maximum burning temperature (b) of particles

of a two-fraction suspension on the gas temperature, 1 — dp; = 60 pm, 2 — dps = 120 pum
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Fig. 3. The temperature and particle diameter histories near the critical ignition conditions:
(a, b) a two-fraction gas suspension, I — dp; = 60 pm, 2 — dpz = 120 pm, Tyeo = 1155 K; (e,
d) single particle d, = 120 pm, 1 — Tgoo = 1280 K; 2 — Tyoo = 1279 K

oxygen concentration is significantly reduced at the
ignition of fine particles due to its consumption by
large-sized particles.

4. Conclusions

Thus, it is established that, at gas temperatures
above 1400 K, the ignition delay of a two-fraction
carbon particles-gas suspension is determined by the
ignition delay of fine particles and, at a gas temper-
ature below this value, by the ignition delay of the
coarse particles. This fact is a result of the increase
in heat losses by the molecular convection to the sur-
rounding gas from the small particles. The ignition
temperature of the two-fraction particles-gas suspen-
sion is determined. The range of the ambient gas tem-
perature and that of the reaction vessel walls is de-
termined, for which the burning temperature of fine
particles is less than that of coarse particles.
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JIOCJIIJI?KEHHA 3ANMAHHS TA T'OPIHHA
JBOKOMIIOHEHTHOI'O 'ASO3ABUCY
BYTJIELIEBUX YACTMHOK

Peszwowme

B po6oti BHBUAIOTHCS XapaKTEPUCTUKM 3alfiMaHHS i TOpiHHS
IBOMPAKIHHOIO ra303aBUCy BYIVIEIEBUX YaCTUHOK B IOBITPi
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npu pi3HUX TeMIleparypax. BaXJIMBUMH XapaKTePUCTUKAMU
CIIAJIIOBAHHS TAJIUB €: nepiof inpykuil (yac, 3a AKUi 9acTUHKH
CIaJIaxyioTh), TeMIepaTypa i 9ac TOpiHHs, KPUTHUYHI TeMIIe-
paTypH, JgiaMeTpu i MacoBi KOHIIEHTpAIl YaCTUHOK B ra303a-
BHUCi, 1110 BU3HAYAIOTH 1X 3aiiMaHHA Ta noryxaHHdA. Jlocsimxke-
HHs TOJIsATaJid B po3pobii ismko-mareMaTudHol MOJIesli BH-
COKOTEMIIEPATYPHOTO TEIJIOMACOOOMIHY Ta KIHETUKHM XIMIYHUX
[IePETBOPEHD CYKYITHOCTI BYIJVIEIIEBUX YACTUHOK Yy Ia30BOMY Ce-
PEIOBHUII, 10 MICTHTH OKHCJIIOBAY, 1 IPOBEIEHHI YHUCEIBHOI'O
ekcriepumenTy. st po3paxyHKiB BUOMpaBcst aBOMpaKIiiHUN
ra3o3aBuC 3 JliaMeTpaMy 4YacTHHOK apibuoi dpaxiii 60 MKM,
Besimkol dpakiil 120 MKM i piBHEMH MacOBHMH KOHIIEHTDa-
misimu dpakuiit. iama3oH qoc/aigpKyBaHUX TeMIEPATyp rasy
1100-1500 K.
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