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In the work, the regularities of high-temperature heat-mass exchange in two-fraction gas suspensions of carbon
particles in heated air are studied. These studies are relevant for predicting high-temperature processes in
combustion chambers and determining the main characteristics of these processes: induction period, time and
temperature of combustion, critical parameters of ignition and extinction. Physico-mathematical modeling of the
problem is carried out on the basis of the equations of heat and mass transfer and chemical Kinetics for the
components of the gas suspension, taking into account the molecular-convective and radiation mechanisms of heat
transfer. The characteristics of ignition, burning, and extinction of a two-fraction gas suspension of carbon particles
with equal mass concentrations of small (60 um) and large (120 um) fractions in the temperature range of 1100 +
1500 K were studied; a comparison was made with the characteristics for single particles of the corresponding
diameters. It has been proven that when the gas temperature decreases, the induction period of the fine fraction can
exceed the induction period of the large fraction, while the combustion temperature of small particles becomes
lower than the combustion temperature of large particles. At high gas temperatures (1400 K, 1500 K), the situation
changes to the opposite. The critical ignition and extinction parameters of two-fraction gas suspensions (gas

temperatures, particle diameters) were found.
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Introduction

Coal will continue to be one of the main energy
resources for the next few decades due to its low price and
abundant reserves [1, 2]. The products of coal combustion
and gasification (oxides of carbon, nitrogen, sulfur and
solid residues) lead to environmental pollution and are a
source of anthropogenic emissions of greenhouse gases [1,
3]. Therefore, there is a need to develop new clean
technologies for the use and processing of coal raw
materials [4]. Currently, two ways of reducing CO;
emissions are being considered: burning pulverized coal
in different gas media, such as O2/H;O, 02/C,0, O2/Ny,
with different oxygen concentrations, and using biomass
particles. Many experimental and theoretical works
combine these two directions [5-10]. The physical-
mathematical model of high-temperature heat-mass
transfer and kinetics of chemical transformations of a two-
fraction gas suspension of particles is based on the
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differential equations of heat and mass balances for the
particles of each of the fractions and the corresponding
equations for the gas mixture containing the oxidant [1,2].

Combustion of coal fuel is a complex process that
includes successive, more often sequential-parallel stages:
the release of volatile substances, ignition and burning of
volatile substances [8, 11, 12], ignition and burning of
coke residue (carbon), the appearance of combustion
products (gaseous and solid), which are harmful to the
environment. The stage of heterogeneous oxidation of
carbon is the main process that occurs during high-
temperature processing of coal and occurs simultaneously
or after the release of volatile substances, depending on
the reaction conditions [13]. The time required for the
combustion of a coke particle can be several orders of
magnitude longer than the time for the release of volatiles
and is often the rate-determining step in the total
combustion rate of the pulverized fuel. The physical
structure of coal, including pore structure, surface area,
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particle size, and inorganic content are important
parameters for understanding and modeling high-
temperature coal oxidation processes. The chemical
properties of coal affect the reactivity of carbon fuel,
critical parameters of ignition, and are important factors
for predicting and preventing self-ignition of fuel in the
places of its extraction and storage [14-17]. Based on
research [16], a method for determining the Kinetic
parameters of coal oxidation was proposed, which can be
used for numerical modeling. In addition, the stages at
which various factors, namely temperature or oxygen
concentration, are dominant in the process of high-
temperature oxidation have been determined.

The development of effective modes of using
dispersed natural fuels in energy systems requires
knowledge about the characteristics of high-temperature
heat-mass exchange of fuel-gas systems depending on the
parameters of the technological process. One of these most
important parameters is temperature, which affects both
the intensity of heat and mass transfer and the kinetics of
the reaction of the solid phase with the active gas.
Temperature is a key element for determining [18]:
combustion reaction rate; calculation of the heat flow to or
from the particle due to convection and radiation;
concentrations of gaseous components - reaction products.
The temperature of a burning particle correlates with such
studied parameters as the change in particle diameter, loss
of their mass, combustion time, etc.

In addition, other studied parameters can be [18]:

- particle burning time as a function of particle size
under different temperature conditions of the process;

- particle ignition time (induction period), determined
by the time from the beginning of particle heating to the
moment of self-acceleration of the oxidation reaction on
its surface [19]; in experiments, this moment is indicated
by the appearance of a flame on the surface of a particle
or an excess of its temperature above the gas temperature
[18];

- time of separate stages of combustion of particles —
time of combustion of volatile substances, time of
combustion of carbon residue (coke);

- change in size and mass loss of particles during
combustion.

The loss of mass of particles during combustion is due
to both a decrease in their outer diameter and a decrease in
density due to the burning of carbon in the pores. The coal
massif is permeated with pores, which can have different
sizes [20] depending on the type of coal and the number
of volatile substances. Basically, these are micropores that
have a sufficiently good fractal structure [21] and
chemical reactions during oxidation and combustion of
particles can occur in its pores. Coal with a developed
inner surface of pores has a stronger tendency to ignite and
burn [20-22].

Solid fuel is burned in a pulverized state in pulverized
coal boilers or in a pulverized state in vortex furnaces and
fluidized bed furnaces. [1, 4, 23]. During the last decades,
the main one is the pulverized method of combustion,
when pulverized coal fuel is fed into the furnace with the
air used for combustion.

Complex processes occurring in energy systems can
also be studied with the help of software modeling of
physico-chemical, gas-dynamic processes  and

339

technological features of various ways of using pulverized
coal systems [24]. Development of physical-mathematical
models, conducting calculation studies is the optimal
method for understanding the processes that occur in real
conditions. This makes it possible to also predict the
behavior of fuel systems under conditions when
conducting an experiment is impossible. Currently,
physical and mathematical models of combustion of
mixtures of coal dust particles with air and propane-air
mixtures in different reaction volumes at different mass
concentrations of dust and oxidant concentrations are
being actively developed [14, 15, 25-27]. The analysis of
experimental and theoretical works showed that there is no
study of the phenomenon of physical underfire, which
consists in the spontaneous extinction of burning particles
when they reach critical dimensions. The phenomenon of
spontaneous extinction is associated with a change in the
heat balance of particles as a result of the competition
between the processes of chemical heat release and heat
flow from particles when their diameter decreases due to
combustion [19]. Reducing the underburning of particles
is one of the important tasks of increasing the efficiency
and purity of coal fuel combustion. Research [22] showed
that the use of carbon fuel with a developed pore structure
leads to an increase in the completeness of combustion.

Pulverized coal fuel, which is blown into the reaction
volume of power plants, burns in the form of gas
suspensions. It is polydisperse, that is, it contains particles
of different sizes. A special case of polydisperse fuel is a
two-fraction gas suspension, which mainly contains
particles of two sizes (small and large fractions) in
different mass ratios. In the general reaction mixture,
particles of different sizes react with different intensity at
different temperatures of the surface and the concentration
of the oxidant near it [11, 23]. The peculiarities of high-
temperature processes in two-fraction carbon systems at
different temperatures have not been sufficiently studied.
The purpose of the work is to study the patterns of high-
temperature heat-mass transfer (ignition, burning, and
extinction) of two-fraction gas suspensions of carbon
particles in the air at different temperatures of the heated
gas and to compare them with the course of these
processes for a single particle placed in an air medium
heated to the same temperature. Studying the behavior of
a single particle in a heated gas is necessary to assess the
influence of the collective effect. In gas suspensions,
oxygen is consumed by a large number of particles, and
because of this, the combustion mechanism may be
different [18]. To determine the characteristics of ignition,
burning and extinguishing of gas suspensions and
individual carbon particles, a physical and mathematical
modeling of the problem and a numerical experiment were
carried out under different temperature conditions and
mass concentrations of fuel.

I. Theoretical part

The physical-mathematical model of high-
temperature heat-mass transfer and kinetics of chemical
transformations of a two-fraction gas suspension of
particles is based on the differential equations of heat and
mass balances for the particles of each of the fractions and
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the corresponding equations for
containing the oxidant [19, 28].

When carbon fuel enters the heated oxidizer, chemical
reactions begin to occur on the surface and in the pores of
the particles, as a result of which the particles ignite and
burn. For gas temperatures in the range of 1100 + 1500 K,
you can use the scheme of two parallel chemical reactions
between carbon and oxygen [23]: C + 0, = CO, (1), 2C +
0, = 2CO (Il). The expression for the total density of
chemical heat release for a particle of the i-th fraction as a
result of surface and internal reaction in the pores is
written in the form [28]:

the gas mixture

kyi
k1itka;

qen = (k1iqa + k2:q2)pgno, (1 + Kp), K; = (1)

where g, — total density of chemical heat release on the
surface and in the pores of the particle, kq;, k,; — rate
constants of chemical reactions (I) i (I), q1,02 — thermal
effects of chemical reactions (I) i (II), p, — gas density,
no, ., — relative mass concentration of oxygen on the

surface of a carbon particle; k,; — effective internal
response constant [19, 22].

In the combustion chamber, molecular - convective
(q4:) and radiative (q,,;) heat exchange of particles with
the heated gas and with the walls of the reaction volume
takes place. The densities of these heat flows can be found
from the equations, respectively:

Nulg
d;

Qui = Qi + Gspir qui = ai(Ti —Ty), a; = : 2

Gui = ea (T =T, (3)
where q,; is the component of the heat flux density due to
molecular convective heat exchange, qgr; is the
component of the heat flux density due to the Stefan
current [22], «; is the heat exchange coefficient of the
particle with the gas, T;,T,T, respectively: the
temperature of the particle, the gas and the walls of the
reaction chamber, 4, is the coefficient of thermal

conductivity of the gas, d; is the diameter of the particle.

Let's write the heat and mass balance equation for a
particle of the ith fraction:

idi 0T;
Cp() ¢ = deni —Gai ~ Qwis Ti(t =0) =Ty, (@)
1 9@dy) M
P = Wep Wy = M_Ocz(ku + 2k2)n0, Py,
dl(t = 0) = dbi (5)
1 a(py)
— 2 di T8 = WKy, pit=0) = py, (©)

Here c is the specific heat capacity of the particle, p;
is its density, t is time, M, M,, are the molar masses of
carbon and oxygen, respectively.

During the combustion of pulverized coal gas
suspension in the reaction volume, the gas temperature
and oxygen concentration change over time. The heat and
mass balance equations for gas, taking into account the
external heat and mass exchange, have the following form:

oT,
CgPg 5 = Zi=1Si Cndai + agFy(Ty = Tyw), Tyt = 0) = Ty, (7
0n0
_ a:.g = Z?:l CNiSinOZ,Si(kli + k2i + kvi) — Eqﬁg(noz_m — noz‘g), nOz,g(t = O) = nOZ,om (8)

where c, is the specific heat capacity of the gas, S; is the
surface area of the particle, F, is the specific surface area
of the gas suspension, n,,, is the relative mass
concentration of oxygen in the gas, ay, B, are the
coefficients of heat exchange and mass exchange of the
gas suspension with the environment, Cy, is the numerical
concentration of particles of the ith fraction, which is
related to the mass concentration of carbon fuel by the
ratio:

— n

1
le.=g7'['di3'pi'CNi, Cn = i=1Cmi'

The calculations of the presented equations make it
possible to determine the main characteristics of the
combustion of gas suspensions: the ignition delay time or
the induction period, the time and temperature of
combustion, the critical parameters of ignition and
extinction (gas temperatures, particle diameters, fuel and
oxidizer concentrations). A two-fraction gas suspension
(i = 2) with particle diameters of the fine fraction of 60 um
and the large fraction — 120 um with equal mass
concentrations of the fractions was taken for calculations.
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The studies were conducted for gas temperatures in the
reaction chamber from 1100 to 1500 K.

Il. Results of physical and mathematical
modeling and their analysis

We will conduct a study of the influence of the heated
gas temperature on the ignition characteristics of two-
fraction gas suspensions and single particles of the same
initial diameters. Figure 1a, b shows the dependence of the
induction period tind of a two-fraction gas suspension and
a single particle on the initial gas temperature. Fig. la
shows that for gas temperatures Ty > 1400 K, the
induction period of the small fraction is shorter than that
of the large fraction. Then, as the gas temperature
decreases, the induction periods of the small and large
fractions converge, and at air temperatures T,.< 1400 K,
the particles of the large fraction engage earlier than the
small ones. The increase in the induction period of the
small fraction compared to the coarse fraction for
temperatures T,.< 1400 K is explained by an increase in
the heat transfer coefficient to the gas with a decrease in
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the particle diameter (formula 2). It is known that the
ignition of a particle consists of two stages [19]: the stage
of inert (thermal) heating to a temperature close to the
temperature of the gas, and the stage of chemical heating,
during which self-acceleration of chemical reactions on
the surface of the particle occurs. Therefore, the induction
period is the sum of the times of inert and chemical
heating: ting= th+tch.

Table 1 shows that if the gas temperature is reduced
for the fine fraction, the time of the chemical stage of the
induction period increases much more than for the large
fraction. When the gas temperature decreased from
Te»=1500 K t0 T4.=1300 K, the chemical heating time of
small particles increased almost 27 times. If we compare
the time of inert heating (tn) and the time of chemical
heating (tcn) of small particles, it has increased by more
than 7 times. The situation is different for a large fraction
of gas suspension with particle diameters of 120 um. For
these particles, regardless of the gas temperature, the
duration of the chemical stage of the induction period is
approximately 4 times shorter than the duration of the inert
heating stage. Thus, in the region of high temperatures, the
period of induction of a two-fraction gas suspension of
particles is determined by the period of induction of small
particles, and in the region of low temperatures - by the
period of induction of particles of a large fraction.
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Table 1.
Characteristic heating times of particles at the ignition
stage of a two-fraction gas suspension at different initial
gas temperatures.

Tyeo, K 1500 1300

d,,pm | 60 120 60 120
tp,mc |156 | 341 428 1274
tumc | 122 232 335.9 99.7

At a certain critical gas temperature T, (Fig. 1 a, b),
the particles do not engage (the induction period runs to
infinity). This gas temperature is called the ignition
temperature. From fig. 1a and 1b, it follows that the
critical ignition temperature of a two-fraction gas
suspension is significantly lower than the ignition
temperature of single particles of the same diameter.
Moreover, the critical ignition temperatures for individual
large (T,,,) and small (T,.,) particles differ significantly
(Fig. 1, b), and in the conditions of a two-fraction gas
suspension, they practically coincide (Fig. 1 a).

Figure 1 ¢, d shows the burning time of a two-fraction
gas suspension and individual particles depending on the
initial temperatures of the heated gas. It can be seen that
the burning times of small and large fractions in the gas
suspension are weakly dependent on the gas temperature.
The burning time of the large fraction is almost 4.5 times
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Fig. 1. Dependencies of the induction period (¢;,4 ) and burning time (¢,,-) on the initial gas temperature (Tg,) for:
a), ¢) — a two-fraction gas curtain (curves 1/ — » « + ¢-d, ;=60 um, 2/ — & & & a- d;;=120 pm, C,,,=0.0244 kg/ m®)
and b), d) — subunit part (curves 1— e = « o= dy, =60 pm, 2 — & & a ady = 120 um).
dy is the initial diameter of the particle, C,,;, is the initial mass concentration of the fuel.
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longer than the burning time of the small fraction, with the
ratio of their initial diameters equal to 2, which confirms
the diffusion mode of burning of these particles. The
combustion times of particles of the gas suspension of
both fractions are approximately 2 times longer than the
combustion time of single particles of the corresponding
diameters, which is due to a significant decrease in the
coefficient of excess oxygen in the volume of the gas
suspension.

It should be noted that near the critical gas
temperature T, the ignition delay time of a single particle
is much shorter than the ignition delay time of particles of
identical sizes in the conditions of a gas suspension
(Fig. 2).

It follows from Figure 2a, b that the critical ignition
conditions for a single particle are clearly expressed.
Namely, when the gas temperature decreases by just one
degree, the particle does not ignite, but warms up to a
temperature slightly higher than the gas temperature
(curve 2, Fig. 2a). The critical extinction conditions for a
single burning particle are also clearly defined, namely:
when the diameter of the particle reaches a critical value,
its temperature and oxidation rate decrease sharply (curves
1, Fig. 2a, b). The extinction of particles in the conditions
of a gas suspension occurs in a «degenerate» mode [19]
due to the proximity of the temperatures of particles and
gas (Fig. 2c, d). There is no clear break on the d(t)

T, 2)

2500+
2000
1500+

1000+

5004

1800
15001
1200 _
900
6001

300

0 T T T T T t,s

0 1 2 3 4 5

dependences, which would characterize a sharp change in
the oxidation regime.

Figure 3 shows the characteristics of combustion and
extinction of a two-fraction gas suspension at different
initial temperatures of the heated air. The maximum
combustion temperature of particles of the fine fraction in
the region of low gas temperatures is lower than that of
large ones (Fig. 3, a) due to large heat losses to the gas and
the lack of oxidant during the combustion stage. The
concentration of the oxidant at the moment of ignition and
burning of small particles is significantly reduced as a
result of oxygen consumption during the reaction with
large particles that are ignited earlier.

In fig. 3, b shows the dependences of the extinction
diameters de of the gas suspension particles on the initial
temperature of the heated gas in which they are located.
Extinction of the particles of the gas suspension occurs in
a degenerate mode, since at the final stage of combustion
the temperatures of the particles and the gas differ slightly.
When the diameter of the particle reaches a critical value,
there is a slight decrease in the rate of oxidation. After the
extinction moment, the particles continue to oxidize
slowly in the Kinetic mode [19].

From fig. 3b shows that in the conditions of a gas
suspension, the critical attenuation diameters deg of the
large and small fractions differ, since the attenuation of the
fractions occurs at different gas temperatures. Large

da pm
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0 T T T T \ T t’S
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Fig. 2. Time dependences of temperature and diameter of particles near critical ignition conditions:
a, b) single particle d,= 120 pm, 1 — Ty = 1280 K; 2 — To =1279 K; 3- level T, C, d) two-fraction gas suspension:
1-d,,=60 pm, 2 — d},,=120 pm, 3 — level Ty; Tgno = 1155 K.
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Fig. 3. Dependencies of the maximum combustion temperature T (a) and the extinction diameter de (b) of the
particles of the two-fraction gas suspension on the initial gas temperature, 1 — d;;=60 um, 2 — d;,=120 pm.

particles are quenched at a higher gas temperature and are of combustion. Oxygen was consumed during the
characterized by a smaller quenching diameter compared combustion of large particles, which ignite earlier at low

to small particles. For a single particle, the extinction gas temperatures.

diameter does not depend on the initial diameter of the The duration of the stable high-temperature stage of
particle and is determined only by the temperature of the heat and mass transfer (burning time) of carbon particles
surrounding gas. in the conditions of a two-fraction gas suspension was

calculated, as well as the critical diameters of the particles,
reaching which they extinguish. It is proved that, unlike a

Conclusions single particle, in a gas suspension the critical diameter of

extinction of particles of large and small fractions is

Thus, it was found that at high gas temperatures, the different, which is due to the unequal temperature of the
period of induction of the small fraction of gas suspension surrounding gas at the moment of extinction of particles
is less than that of the large fraction, and at low of different initial diameters. At the same time, the
temperatures, on the contrary, it is longer. This is due to extinction of gas suspension particles, unlike a single

the growth of molecular-convective heat losses to the particle, has a "degenerate™ character.
surrounding gas for the small fraction. It is shown that the
ignition temperatures of small and large particles under

the conditions of a two-fraction gas suspension practically Orlovska S.G. — Ph.D. physics and mathematics of

coincide, while those of single carbon particles of the same science, Associate Professor of the Physics and
diameters differ. Astronomy Department of the Faculty of Mathematics,

It was established that in the region of low gas Physics and Information Technologies of I.I. Mechnikov

temperatures, the combustion temperature of particles of Odesa National University;

the small fraction is lower than that of the large fraction. Zui O.M. — lecturer at the Department of Computer

This is explained by the large heat removal from small Systems and Technologies, Faculty of Mathematics,
particles by molecular-convective means and the lack of Physics and Information Technologies, Odesa National
oxygen for a stoichiometric ratio with the fuel at the stage University named after I.1. Mechnikov.
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Study of high-temperature heat-mass transfer of two-fraction gas suspensions and individual carbon particles in ...

C.I'. Opnoscbka, O.M. 3yii

BuBUYeHHSI BHCOKOTEMIIEPATYPHOI0 TEIJIOMACO00MiHY IBO(PAKIITHUX
ra3o3aBHCIB i MOOAMHOKHUX BYIJIeEBUX YACTUHOK B HAIPiTOMY MOBITPI

Ooecbkuti Hayionanrvruil ynieepcumem imeni 1. Meunuxosa, Odeca, Yrpaina, svetor25@gmail.com

B po6oTi mpoBeneHO MOCTIPKEHHS 3aKOHOMIPHOCTEH BHCOKOTEMIICPATypHOTO TEINIOMAacOOOMIHY B
IBO(PpaKIifHNX Ta303aBHCaxX BYIJIENEBUX YAaCTHHOK B HarpitoMy mnoBitpi. L[i mocmimkeHHsS axTyanbHi IS
MIPOTHO3YBaHHs BUCOKOTEMIIEPATYPHUX NPOIIECIB B KaMepax 3rOpaHHs Ta BU3HAYECHHSI OCHOBHHUX XapaKTEPHCTHUK
LUX TIPOLECIB: Mepiofy iHAYKIIi, 4acy Ta TeMIepaTypu FOpiHHS, KpDUTUYHUX ITapaMeTpiB 3aiiMaHHA 1 3racaHHs.
®dizuKo-MaTeMaTH4YHE MOJETIOBAHHS 3aJayl MPOBEICHO Ha OCHOBI PIBHSAHb TEIUIOMAacOOOMiHYy Ta XiMi4HOI
KIHETHKH JUIsi KOMIIOHEHT Ta303aBHCY 3 yPaxyBaHHAM MOJIEKYIIPHO-KOHBEKTHBHOTO i IPOMEHEBOTO MEXaHi3MiB
NIEpeHOCy TeIlula. BUBYEHO XapaKTepHCTHKH 3aiiMaHHsS, TOPIHHA Ta 3racaHHS IBO(QPAKIiHHOTO Tra303aBHCY
BYTJICIIEBHX YaCTHHOK 3 PIBHUMH MacOBHMH KOHIEHTpamismMu JpioHo1 (60 MkMm) i Bemukoi (120 Mxm) dpakmiii B
inrepBaii Temreparyp 1100 + 1500 K; mpoBeaeHo MOpIBHAHHS 3 XapaKTePUCTUKAMH JUTS MOOJUHOKUX YaCTUHOK
BIZIMIOBITHUX JiaMeTpiB. Jloka3aHo, 10 NIPH 3HIDKCHHI TEMITEpaTypH ra3y Hepiof iHAyKIil apiOHoi dpakiii Moxe
MepEeBUIYBaTH TEPioa iHAYKMII Benukoi (pakximii, mpu IpOMY TeMIeparypa TOpiHHA APIOHMX YACTHHOK CTa€
HIDKYOIO 32 TEMIIEPaTypy TOPiHHS BEJMKHUX YacTHHOK. [Ipu Bucokux Temneparypax razy (1400K, 1500K) cutyamis
3MIHIOETBCS Ha TPOTWIICKHY. 3HAIICHO KPUTUYHI MTapaMeTpy 3aliMaHHS 1 3racaHHA IBO(PAKIIIHUX ra303aBUCIB
(Temmeparypu rasy, JiaMeTpu YaCTHHOK).

Kiwuogi ciioBa: TeruioMacooOMiH, 3aiiMaHHsl, TOPiHHS, 3raCcaHHs, ra303aBUC, BYTJICIICBI YaCTUHKH.
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