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Physical and mathematical modeling of high-temperature heat and mass transfer and combustion kinetics of a
two-fraction gas suspension of carbon particles at different gas temperatures is carried out. It was assumed that two
parallel chemical reactions occur on the surface of the carbon particles: C + O, = CO- (I), 2C + O, = 2CO (lI).
Molecular-conjugate heat exchange of particles with gas was taken into account, as well as heat exchange by
radiation with the walls of the reaction apparatus. As a result of the numerical experiment, the characteristics of
ignition and combustion of gas-suspension particles in air at various temperatures of the surrounding gas are
determined. For calculations, a two-fraction gas suspension was chosen with equal mass fractions and particle
diameters, which differ by a factor of 2: dy1 = 60 um, dpz = 120 pm. The range of the initial gas temperatures studied
is 1100...1500 K. As a result of the calculations carried out, it was established that as the gas temperature decreases,
the coarse fraction can ignite earlier than the fine fraction. At high gas temperatures, on the contrary: the induction
period of fine particles is much larger than the period of induction of coarse particles. Critical parameters of ignition
of two-fraction gases are found. The main characteristics of combustion are the time and temperature of combustion
of the particles. It is proved that under the conditions of a two-fraction gas suspension the burning time of the
particles depends weakly on the temperature of the gas. It has also been established that in the region of low gas
temperatures, the combustion temperature of the fine fraction is smaller than that of the large fraction. This is
explained by the large heat removal from small particles by the molecular-convective process and by the lack of
oxidizer in the combustion stage. Oxygen is consumed in the combustion of large particles, which, at low
temperatures, ignite earlier. The burning times of particles of coarse and fine fractions of a gas suspension were
found. Comparison of the combustion time of small and large particles led to the conclusion that under the
conditions of a gas suspension with an excess of an oxidizer close to unity, the particles burn in a diffusion mode. It
is shown that the extinction of particles is degenerate. After the moment of extinction, the particles are oxidized in
the Kkinetic regime at a high gas temperature.
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1. PHYSICO-MATHEMATICAL MODELING  The total density of chemical heat release for a particle
of the i-th fraction as a result of surface and internal

The use of plasma processes to activate the reaction with two pare}llel reactions (C+(_)2:C02 n,
combustion of pulverized coal dictates the need to 2C+02=2CO (I1)), we find from the expression [2]:
clarify the patterns of coal combustion in a high-
temperat_ure gaseous oxidant. The fuel use_d for Uehi :(kliq1+k2iq2)pg No, i 1+K;), Kj = ” _kvi :
combustion in power plants has a polydisperse i +Kai
composition. The particle size and their concentration in
the gas suspension affect the heat and mass exchange  Ycni — the total density of chemical heat release at the
rate with the oxidant gas and the plant walls [1].

Two fraction dust-air mixture is a simplest case of . .
polydisperse suspension. So the purpose of this work is ~ constants of chemical reactions (1) and (1), %92 —
to study the characteristics of ignition and combustion  thermal effects of chemical reactions (I) and (Il), Pg —
of a two-fraction suspension of carbon particles in air at
different temperatures. The main characteristics of fuels
combustion are the ignition delay (induction period), the ~ oxygen on the surface of the carbon particle, k;- the

burning temperature and time, critical parameters ratio of the constants of the internal and surface

(temperature, the particles diameters and mass  regponges, | .  effective internal reaction constant [3].

concentrations), corresponding to fuel ignition and . ;
extinction In the combustion chamber, molecular-convective

The physico-mathematical model of high- (g i) @nd radiant heat exchange (qy; ) of particles with

temperature heat and mass transfer of carbon particles-  heated gas and with walls of the reaction volume occurs.

gas suspension includes the differential equations of  The densities of these flows can be found from the
thermal and mass balances for the particles of each  equations:

fraction and the corresponding equations for oxidizing
gas [2, 3].

When particles hit a heated oxidizer, chemical
reactions begin to occur on their surfaces and in the
pores, as a result of which, the particles ignite and burn.
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A,

surface and in the pores of the particle, ky; , ko; — the rate

gas density, No,,si — the relative mass concentration of

Agi =dai +Asfiv dai =ai(Ti —Tg): 2



NuA,
aj = 9.
dj
Gwi =€ o (Ti* =T7). ®3)

Where q,; — is the component of the heat flux

density due to molecular-convective heat transfer, gsi —
component of the heat flux density due to the Stefan
flow nt [4], o; — coefficient of heat exchange of a

particle with a gas, T ToTw — respectively, the

temperature of the particle, gas and walls of the reaction

chamber, Ay coefficient of thermal conductivity of

gas, d; — particle diameter.

Let us write the heat and mass balance equations for a
particle of the i-th fraction:

cpid; oT; (4)
%aft'ﬂlchi ~Ugi —Qwi» Ti(t=0)=Tjy:
1 ad) M (5)
‘EPiOTIZWsiv W, :ﬁ(kﬁ +2K9i g, 5; g dit=0)=dy, ,
1, dp; 6
=4 (p'):Wsi Ki,  pit=0)=pp; . ©

6 ot

Here ¢ — specific heat of the particle; pi — particle
density; t — time; M¢, |\/|o2 — molar masses of carbon

and oxygen, respectively.

When burning pulverized coal suspended in the reaction
volume, over time, the temperature of the gas and the
concentration of oxygen change. Equations of heat and
mass balances for gas with allowance for external heat
and mass transfer have the form:

alg
Cg Py WZE SiCnidai +ag Fg(Tg ~Tgx )’ ©)
T, (t=0)=T,.
70[:7%:2 CN, S, n02,5‘ (kli +k2i +k\/i)7|:9 ﬂg (noz_x 7n02g)’

n(}zg (t = O) = nOZ,x’

(8)

where cg ~ the specific heat of the gas; s; — the surface
area of the particle; Fg — the specific surface of the gas
suspension; No,,g — the relative mass concentration of
oxygen in the gas; @, B,— the coefficients of heat

exchange and mass transfer of the gas suspension with
the surrounding medium; Cn; - the numerical

concentration of particles of the i-th fraction, which is
related to the mass concentration of carbon fuel
relationship:

1 3 n
Cm =574 Cnw =3 Cp
i=1
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2. CALCULATION RESULTS AND
DISCUSSION

Let us calculate the ignition and combustion of a
two-fraction gas suspension of carbon particles with
particle diameters that differ by several times and equal
to the mass concentrations of the fractions.

Fig.1 shows the time dependences of the
temperatures and particle diameters of each of the
fractions, the gas temperature in the combustion of a
slurry with initial particle diameters: ¢, = 60 um (fine
fraction) and d,,=120 um (coarse fraction) for different
initial gas temperatures. The initial mass concentration
of carbon fuel in the gas suspension was
Cmb=0.016 kg/m?, the mass concentrations of each
fraction were: Cmby=Cmb,= 0.008 kg/m®. The gas

suspension data are loose and are characterized by an
excess oxygen factor of 1.5.
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Fig. 1. Dependences of T, Ty, d on time. a, b:
T, =T, =1450K; c, d Ty =T =1350 K.

1- db1=60,um; 2— db2=120um;
3 — gas temperature T,

The points | and E in (see Fig.1) characterize,
respectively, the moments of ignition and extinction of
the particles. The time from the start of warming up to
point | determines the period of induction (ting), and
from point | to point E — the burning time (tour) of the
particles. The diameter of the particles in the
combustion stage (see Fig. 1,b,d) decreases rapidly until
the moment of extinction (p.E). At this point, there is a
decrease in the rates of chemical reactions on the
surface of the carbon particles, which is characterized
by a fracture in the dependences d(t). As follows from
the figures, after the moment of extinction, the particle
diameter continues to decrease, but at a slower rate.
Oxidation of the particle takes place in the Kinetic
regime. Consequently, in contrast to single particles, the
attenuation of the particles of a gas suspension is
degenerate. Analysis of the dependences d(t) makes it
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possible to determine the time of the complete
transformation of the particles.

Analysis of the temperature curves shows that at a
high gas temperature, ignition and burnup of the fine
fraction first occurs (see Fig. 1,a,b). Particles of coarse
fraction ignite shortly before the extinction of fine
particles. During the burnout of the fine fraction, the
oxygen concentration decreases substantially, so that
combustion and subsequent combustion of the coarse
fraction occur at low values. At a lower gas temperature
(Fig. 1,c,d), larger particles ignite earlier (curves 2).
According to formulas (2), fine particles have a higher
heat transfer coefficient «, which leads to an increase in
the heat flux density g,. Therefore, the increase in the
ignition time of the fine fraction in comparison with the
coarse fraction is explained by the increase in the heat
flux from particles of small dimensions with a decrease
in the gas temperature. In this case, the time of the
chemical component of the induction period greatly
increases [5].

At a certain critical gas temperature (ignition
temperature) Ter (Fig. 2), the gas suspension is not
ignited. 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 single large and small particles are significantly
different, and under conditions of a two-fraction gas
suspension practically coincide.
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Fig. 2. Dependences of the induction period of the
gas suspension from the initial gas temperature:
1 — dp1=60 um; 2 — dp2=120 pm

Let us analyze the burning characteristics of a two-
fraction gas suspension. It can be seen from Fig. 3,a that
the burning time of the fine and coarse fractions of the
gas suspension depends only slightly on the temperature
of the gas. The burning time of the coarse fraction is
almost 4 times that of the fine fraction with a ratio of
their initial diameters dpi/dpo=2. This indicates that the
combustion of particles under gas-suspension conditions
occurs in the diffusion regime.

The combustion temperature of fine particles in the
region of low gas temperatures is less than the burning
temperature of large particles (see Fig. 3,b). This is due
to two reasons: a large heat loss to the gas by a
molecular-convective route and a lack of an oxidizer at
the stage of burning of small particles. A significant
decrease in the concentration of the oxidant occurs as a
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result of its intensive consumption by burning large
particles that ignited earlier (see Fig. 1,c).
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Fig. 3. Dependences of the burning time (a) and the
maximum burning temperature (b) of the particles on
the gas temperature: 1 — dp1=60 um; 2 — dp2=120 pm

CONCLUSIONS

It has been established that at gas temperatures
above 1400 K, the ignition delay time (induction period)
of a two-fraction gas suspension is determined by the
ignition time of the fine fraction, below this value by the
ignition time of the coarse fraction. For example, for a
gas temperature of 1500 K, the induction period of fine
particles (fraction of 60 um) is half the time of induction
of large particles (fraction of 120 pm). At gas
temperatures below 1400 K, the induction period of the
fine fraction is larger than that of the large fraction, and
this  difference increases with decreasing gas
temperature. This is due to the increase in heat loss by
molecular convection to the surrounding gas
environment for the fine fraction.

The ignition temperatures of the two-fraction gases
are found. The critical temperature of ignition of
particles in the gas suspension is significantly lower
than for single particles of the same diameter. The
lowering of the ignition temperature of the gas
suspension is due to the heating of the gas due to the
heat of chemical reactions during the oxidation of the
aggregate of particles. Moreover, for large and small
single carbon particles, the critical gas temperatures
differ substantially, and under conditions of a two-
fraction gas suspension, they practically coincide.

The temperature range of the ambient gas and the
walls of the reaction unit is determined, for which the
combustion temperature of the fine particles is less than
that of the coarse fraction of the gas suspension. So for
gas temperatures above 1300 K, the combustion of the
fine fraction occurs at higher temperatures. It is found
that for a gas temperature of 1500 K, the combustion
temperature of fine particles is more than 200 degrees
higher than the burning temperature of large particles of
a gas suspension. Unlike single particles, the gas-
suspension damping proceeds in a degenerate regime,
since the temperature difference between the particles
and the gas is small. In this case, the oxidation of
particles of the gas suspension takes place in the kinetic
regime, which makes it possible to estimate the time of
their complete conversion.
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OCOBEHHOCTH BOCIIJIAMEHEHHUA Y TOPEHUS IBYXKOMITIOHEHTHOM I'A30B3BECH
YIJIEPOJHBIX YACTHIL

C.I'. Opnoeckas, O.H. 3yii, B.A. Yepnax

IpoBeneHo GU3NKO-MaTEMaTHIECKOE MOJICIUPOBAHNE BEICOKOTEMIIEPATYPHOTO TEIJIOMacCOOOMEHA M KHHETHKH
rOpeHus JBYX(pPaKIMOHHONW Ta30B3BECH YIJIEPOJAHBIX YACTHII TPH Pa3IMYHBIX TeMIeparypax rasa.
[peamnonaranock, 4TO HA HOBEPXHOCTH YIIEPOAHBIX YACTHUI] POTEKAIOT JBE MapaJLICIbHbIC XUMUYECKHE PEaKIIUu:
C+0,=CO; (l), 2C+0,=2CO (ll). YuuthIBaiucss MOJEKYISIPHO-KOHBEKTUBHBII TEIUIOOOMEH 4YaCTHUI[ C ra3oM, a
TaKKe TEIUIOOOMEH M3JIy4eHHsI CO CTEHKaMH PEaKIMOHHOI YCTaHOBKM. B pesyibraTe MpOBEJCHHOIO YMCICHHOTO
OKCIIEPUMEHTa ONpe/eNeHbl XapaKTePUCTUKU BOCIUIAMEHEHUS W TOPEHMsl YaCTHIl Ta30B3BECH B BO3JyXe IpH
pa3NUYHBIX TEMIIepaTypax OKpyxkaromero rasza. J[ins pacueroB BbiOMpaniach ABYX(PpaKIHMOHHAs T'a30B3BECH C
pPaBHBIMH MAacCCOBBIMHM KOHLEHTPAlMIMU (pakuuii ¥ AMaMeTpaMd 4YacTHI, KOTOpble OTJIMYAlTCsi B 2 pasa:
0p1=60 mrM, dp2=120 mxM. [Inama3oH HcclielyeMbIX HadadbHbIX Temmeparyp rasza 1100...1500 K. B pesymnsrate
MPOBEICHHBIX PACUETOB YCTAHOBJICHO, YTO MPH YMEHBIICHHH TEMIIEPATyPhI ra3a YacTHUIIbl KPYITHOH (pakiuu MOTYT
BOCIUIAMEHSTHCSL PAHbBIIE, YeM YaCTHIbI MENKOH (pakuuu. [Ipu BBICOKHX TeMmeparypax rasa HaoOOpOT: Mepuo
MHIYKIUH MEJIKUX YaCTHIl 3HAYUTEIbHO MPEBBIIIACT MEPHOJ WHAYKIUU YacTHI[ KpymHO# ¢(pakumu. HaiineHst
KPUTHYECKHE TMapaMeTpbl BOCILUIAMEHEHHsI JBYX(PAKIMOHHBIX ra3zoB3Becedl. OCHOBHBIMH XapaKTEPUCTHKAMHU
TOpEHHs SIBIIIOTCS BpeMsi M TeMIleparypa ropeHust 4actuil. JIokazaHo, 4TO B YCIOBHUSIX JBYX(DPaKIHOHHOM
ra3oB3BECH BpeMsl FOPEHUsI 4acTHIl cJ1abo 3aBUCHT OT TEMIIEPaTyphl ra3a. Takke yCTaHOBIEHO, 4TO B 001acTu
HHU3KHX TEMIIEpaTyp raza TeMIeparypa ropeHHs: YaCcTHI] MEJIKOH (pakiii MEHBbIIE, YeM KPYITHOH. DT0 00BsICHIETCS
OOJIBIIUM TEIJIOOTBOJOM OT MEJKUX YAaCTHI[ MOJICKYJSIPHO-KOHBEKTUBHBIM IyTEM M HEJOCTATKOM OKHCIIHUTENS Ha
craguu ropenusi. Kucnopoj pacxopyercst mMpyu TOPEHHH KPYMHBIX YaCTHIL, KOTOPbIe MPU HU3KHUX TeMIlepaTypax
BOCILUIAMEHSIOTCS paHblie. HalijieHbl BpeMeHa ropeHust YaCTUIl KPYITHOM U MEJIKO# (pakiiuii ra30B3BeCH.

OCOBJUBOCTI 3AMUMAHHS TA T'OPIHHSI IBOKOMIIOHEHTHOI'O I'A303ABUCY
BYTJIEIEBUX YACTUHOK

C.I'. Opnoecovka, O.H. 3yii, B.A. Yepuax

[MpoBeneno ¢isnko-mMareMaTUuHEe MOJIEIIOBAHHSI BHCOKOTEMIIEPATYPHOTO TEIUIOMAaCOOOMIHY Ta KIHETHKH
TOPiHHS ABO(PAKIIHHOIO Ta303aBUCY BYIJICHIEBUX YaCTHHOK MPH Pi3HUX TeMreparypax rasy. Ilepegdauanocs, mo
Ha TIOBEPXHi BYTJICIIEBUX YACTHHOK MPOTIKAOTh [Bi mapanenbHi ximivni peakitii: C+0,=CO; (1), 2C+0,=2CO (I).
BpaxoByBaBcsi  MOJIEKYJSIPHO-KOHBEKTHBHHUH  TEIUIOOOMIH 4YacTMHOK 3 Tra3oM, a TaKoX TeIIo0OMiH
BUIIPOMIHIOBAaHHS 31 CTIHKaMM DEakIiiHOI YCTaHOBKM. B pe3ynpTaTi IpOBEAEHOTO YHCEIHLHOTO EKCIEPHUMEHTY
BU3HAYCHI XapPAKTEPUCTUKM 3alMaHHS 1 TOPIHHSA YacTMHOK Tra303aBUCY B IOBITPI NpH pPI3HUX TeMIeparypax
HaBKOJIMIIHBOTO Tra3y. Jlms po3paxyHKiB BuOMpaBcs ABOQPAKIiWHUNA Ta303aBUC 3 pPIBHUMH MacOBHMH
KOHIEHTPAIISIMUA (paKIfiii 1 jiaMeTpaMu YaCTHHOK, siKi Bifpi3HAOThCA B 2 pasu Oy = 60 MM, Op2 = 120 mMxm.
HiamazoH gocmipkyBaHuX modaTkoBux Temmeparyp razy 1100...1500 K. B pe3ynpTati nmpoBeIeHUX pO3paxyHKiB
BCTAHOBJICHO, 10 TIPH 3MEHIIEHHI TEeMIlepaTypH ra3y YaCTMHKH BEJIMKOi (pakiii MOXKyTh 3aiiMaTHCs paHille, HixX
4acTUHKH ApiOHOT ¢pakmii. [Tpn BHCOKMX Temmeparypax ra3y HaBNAK{: MEPioj iHAYKIIi IpiOHMX YaCTHHOK 3HAYHO
MEepeBUIye Tepiof 1HAYKMii 4YacTMHOK Benukoi ¢pakmii. 3HaWAEHO KPUTWYHI MapaMeTpu 3aiiMaHHSA
nBodpaxmiiinoro razo3asucy. OCHOBHUMH XapaKTEpPHCTHKaMH TOPIHHA € 4ac i TeMmIeparypa TOpiHHS YacTHHOK.
JloBeneHo, Mo B yMOBax JABO(MPaKIiHHOTO Ta303aBHCY Yac TOPiHHS YACTMHOK MaJlo 3aJIe)KHUTh BiJl TeMIepaTypu
ra3zy. Takok BCTaHOBJIEHO, IO B 00JacTi HM3BKMX TEMIIEpaTyp razy TemIieparypa TOpiHHA YacTHHOK IpiOHOi
¢pakuii MeHnIe, HiX BenuKoi. Lle MOsSCHIOEThCS BEIMKHUM TEIJIOBIABOIOM BiJl IPIOHWX YACTHHOK MOJIEKYIISPHO-
KOHBEKTHBHUM IIISIXOM 1 HEZOCTAUEI0 OKHMCIIIOBAa4Ya Ha cTajii ropiHHs. KuceHb BUTpayaeThesi Ha TOPIHHS BETHMKHX
YaCTHHOK, sIKi NP HU3BKUX TEMIlEpaTypax CHalaxyloTh paHimie. 3Haii/IeHO Yacu TOpiHHS YacTHHOK BEIHKOI i
JpiOHOT (pakiiii ra303aBuUCYy.
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