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Calculation of coal-water fuel combustion technology
based on mathematical modeling

Calculation of technology of burning of coal-water fuel (CWF) on the basis of mathematical modeling is pre-
sented. Numerical simulation of the process of burning coal-water fuel was carried out in the software pack-
age ANSYS Fluent. It is based on the laws of conservation of mass, energy and momentum in a multicompo-
nent medium and the solution of the Navier-Stokes equations, continuity and heat transfer. A mathematical
model of the combustion of CWF consists of three phases. For modeling the combustion of pulverized coal-
water fuel, using the model of breakup of eddies (Eddy-Dissipation Model) and the parameters of injection of
droplets into the furnace were set using the «Discrete Phase Model» function. In ANSYS Fluent, a three-
dimensional formulation of the problem is given and the Navier-Stokes and Reynolds-averaged energy equa-
tions are solved. To account for turbulence, a two-parameter model «k-e»is chosen.In the course of numerical
simulation, the distribution field patterns of velocity vectors were obtained. When conducting a thorough
analysis of the furnace temperature regime, we realized that the optimal combustion temperature of CWF is
700-1200 °C. The relation of the particle residence time in the combustion chamber of the furnace on its di-
ameter is obtained.

Keywords: hydrocarbon fuel, numerical simulation, ANSYS Fluent, the Navier-Stokes equations, the process
of burning.

Introduction

The process of fuel combustion in technical devices is a difficult and expensive process, which involves
high cost of each experiment and equipment, this is a very complicated process of pre-mathematical studies.
To facilitate the process of preliminary research, numerical modeling is currently used [1].

The numerical simulation of the process of burning coal-water fuel was carried out in the software
package ANSYS Fluent. It is based on the laws of conservation of mass, energy and momentum in a multi-
component medium and the solution of the Navier-Stokes equations, continuity and heat transfer. The com-
bustion mixture depends on the speed of the reaction and can occur in laminar flow and turbulent flow. The
process of burning CWF is the turbulent combustion regime. Chemical reactions and turbulence have a mu-
tual influence, in consequence of which the flame can increase turbulence by accelerating the flow and
changing the viscosity, and turbulence in turn changes the structure of the flame intensifying mixing and re-
action rates

The process of burning CWF is the combustion of a mixture that consists of water-carbon droplets and
coal particles [2]. To describe the combustion of this mixture takes the approach of Euler and Lagrange. Ac-
cording to this approach, the Eulerian component is responsible for the equations of motion, heat transfer and
combustion in the gas medium, and the Lagrange approach is responsible for the description of the motion
and heat and mass transfer of a single particle. A two-parameter turbulence model «k-e» is used to account
for gas turbulence, which also takes into account the influence of individual particles.

A mathematical model of the combustion of CWF consists of three phases. The first phase is the gas
phase, it is described by the following equations:

1. The equation of continuity
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2. Mass balance equation of gas components:
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3. Equations of mass change of gas components:
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4. The equation of motion
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where j=1,2,3.
5. The equation of energy
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6. The equation of state
p= a , ©)
ROTLSIOZ + ;NZ + AC/;V”’ + AC/;CO + Aicoz + AC/;HZO }
0, N, vol co co, H,0

where U, — components of the velocity vector of gas; 7,p — the temperature and pressure of the gas;
p,o. — reduced density and volume fraction of gas; J,,,,,J,,,,/ 4, — the rate of evaporation of the vola-
tiles and combustion of coke oven sludge; u,u, — molecular and turbulent viscosity of gas; F;,© — com-

ponents of the force and heat exchange of interfacial interaction; J, ,,J,,0,,,,0- — the intensity and the

thermal effect of gas-phase combustion of volatiles and carbon monoxide.

The second is the disperse phase. It describes the movements of particles. According to the Lagrangian
approach, the entire spectrum of CWF particles can be divided into different fractions, the nature of which
motion is determined by a single marker particle and transferred to all such fraction particles. The nature of
the particle motion is described by the following equations:

1. Equations of motion of a particle of the 1-st group

i -=v,(U,-U})+g,. (10)
dt !
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U ; — components of the velocity of particles; p, — density of particles; d, — diameter of particles of
i-groups.
2. Equations of heat and mass transfer and combustion particles
d;;’l Mcvap Mivap _ Mic'har' : (12)
t
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where m;, — mass of a single particle; ¢, — heat capacity of a particle; O, — calorific value of coke;

0,,, — the heat required for the release of volatile; L, — latent heat of vaporization; €, — the degree of

blackness of the particles; o, — the coefficient of convective heat transfer of a single particle.

conv

Mass rate of vaporization of the drop: M =Ttd,.2kc[(pCH20)' , —(pCHzo )}, where
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k =72(2+0.6Rel' Sc™ ) — mass transfer coefficient; D, , — the diffusion coefficient of vapor,
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( pC HZO) . density and concentration of vapor on the surface of a drop or particle.
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The mass rate of flow of volatiles (Law of Arrhenius): M, = Ky exp(— EV%TJ' Sy -m,; , Where
0"i

m,, — the initial mass of dry particle; f,, — mass fraction of volatiles in dry coal; E,,, — energy of acti-
vation.
The burning rate of the coke residue is described by the following equation:
M = 7d3pC, AL (14)
'K, +K,
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where K, is described by the following dependency

D
K, =="(2.0+0.16Re/*"). (16)
dp;

And the final phase is the effect of the dispersed phase on the gas phase. The control volume method is
used to account for the influence of particles on the gas phase. To do this, the entire computational domain is
divided into a finite number of elements within which the values of the desired functions can be considered

homogeneous. And for each such element the proper values are calculated J,,,,,J s 0> £ ©.-

evap>* vap>* char>
To calculate the parameters of the CWF in the ANSYS Fluent package complex, the first step is to build
a vortex furnace model by means of CAD programs. Then, using the Gambit package, which is a Fluent pre-
processor, a finite difference grid is constructed based on the resulting model (Fig. 1). This model includes:
nozzle (1), outlet (2), lower blast system (3), boiler furnace (4). The finite-difference grid is constructed on
the basis of tetrahedral elements with uniform distribution throughout the volume, the number of which is
equal to 300000 cells.

3

1 — nozzle; 2 — outlet; 3 — lower blast system; 4 — boiler furnace
Figure 1. Finite difference grid
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In ANSYS Fluent, a three-dimensional formulation of the problem is given and the Navier-Stokes and
Reynolds-averaged energy equations are solved [3—5]. To account for turbulence, a two-parameter model
«k—e» is chosen. The equations are solved taking into account the implicit scheme of the 2nd order of accu-
racy in space for the convective terms of the equations. Thermo-physical properties of air are calculated by
polynomial dependence on temperature. For modeling the combustion of pulverized coal-water fuel, using
the model of breakup of eddies (Eddy-Dissipation Model) and the parameters of injection of drops in the fur-
nace was set using «Discrete Phase Model».

To initialize the numerical simulation, the following parameters were specified:

1) Source data — heat output of the furnace — 0.3 Gcal/h; the flow rate of the CWF through the atom-
izer — 200-300 kg/h; mass fraction of solid phase — 42—58 %; ash content of coal in CWF — 7 %; the par-
ticle size— 0—100 pum; velocity of the fuel particles is 30-60 m/s; air pressure — 0.2—0.5 MPa; the pressure of
combustion air — 0.001-0.002 MPa; the excess air ratio is 1.1 to 1.4.

2) Boundary conditions on the air supply through the nozzle: velocity of gas — 50 m/s; temperature —
300 K; turbulent energy — 0.1 k; energy dissipation rate — 0.1 E.

3) Boundary conditions for the supply of air through the lower blast system-hole width — 3mm; gas ve-
locity — 30 m/s; temperature — 300 K; turbulent energy — 0.1 K; energy dissipation rate — 0.1 E.

In the course of numerical simulation, the distribution field patterns of velocity vectors were obtained
(Fig. 2).
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Figure 2. Distribution field of velocity vector

In Figure 2 it is seen that in the upper region of the furnace and on the left border of the nozzle are
formed areas of high speeds. It can also be observed that when the fuel is fed through the nozzle, it is picked
up by the air flow coming through the lower ducting system, and twists, as a result of which the speed in-
creases to reach the upper boundary of the furnace.

Figure 3 shows the dependence of the particle residence time in the combustion chamber of the furnace
on its diameter. It can be seen that the larger the diameter, the longer the particles will burn, also from the
previous figures it can be concluded that the particles entering the combustion chamber will move along a
spiral trajectory.

y=0,0149x+0,4745

R*=0,9905..-" L] ® 5

Bpems,c

LuameTp vactuu, MKm

Figure 3. The residence time of the droplets of particles in the boiler furnace
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The data of the numerical experiment are well approximated by the linear dependence:
t=0.0149d +0.4745.

Due to the device of the vortex furnace, it helps to increase the retention time of burning particles in the
furnace space, which has a beneficial effect on the reduction of ash residue and volatiles. When conducting a
thorough analysis of the temperature regime of the furnace, we realized that the optimal combustion tem-
perature of CWF is 700-1200 °C.

We observed that after prolonged fuel flow in the vortex furnace, the temperature levels off and reach
1143 °C, which provides isothermality, the stability of combustion andsmall under burning of fuel.

This work was financially supported by the RFBR project Mol nr 19—38-50058.
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MareMaTHKAJBIK MO/eJIb/Iey Heri3iHae CyIbI-KOMipJli OTBIHHBIH
JKAFy TEXHOJIOTUSICHIH ecenTey

MaremaTukanblK Mojenbaey Herisinge cyibl-keMipii oTeiHabl (CKO) jkary TEXHOJIOTHSICHIH ecenTey
ycoHbpUFalH. Cynbl-KeMipill OTBIHHBEIH JKaHy yAepiciH caHmblK Mozensaey ANSYS Fluent Garmapramanap
nmakeTiHge >Kyprisinmi. On kem KOMIOHEHTTI OpTaja MacCaHbl, JSHEPTUSHBI JXOHE MMITYJIbCTI Cakray
3apapeiHa koHe HaBbe-CTokc TeHZIEyNepiH IIemryre, SKbUIIBIH Y3iIMeyiHe KoHe TachIMallaHybIHA
Herizgenred. CKO »xaHy cumarraMachbHBIH MaTeMaTHKaJIBIK Mojemi yimn ¢asagaH Typaxasl. llambpanks!
CYJBI-KOMIpJIi OTBIHHBIH KaHYBIH MOJEINbJCY YLIIH KyHbIHHBIH biasipay Mozeni (Eddy-Dissipation Model)
nailanaHplUIIbl, ajl OTTHIKKA TaMIIbl HMHKEKIMACHIHBIH napamerpiepi «Discrete Phase Model» dyHkiuscoin
naiinanany apkpuiel KoWbsuIAel. ANSYS Fluent-te ecentiH ym enmemzIi TYKBIPHIMBIH aHBIKTAHAbI JKOHE
HaBbe-CTokc TeHzaeysepi xoHe PeiiHonbac OoiibiHINa opTalmananFan sHeprus wenrineni. TypOyaeHTTinikTi
€celnKe aly YIIiH eki mapamerpiik «k-e» yirici Tagmanael. CaHIBIK MOJENbJey OapbICHIHIA KBUIIaMIBIK
BEKTOpJIapBIH Geiry epiciHiH cyperrepi anbiHABL OTTHIKTBIH TEeMIEPaTyPaIbIK PEeXHMIHE MYKHAIT Tajgay
xyprizy kesinge CKO sxamysHbIH oHTaitnsl Temmeparypacsl 700-1200 °C exenin ponenpenii. CoHbIMEH
KaTap OTTBIKTHI JXaFy KaMepachIHIarbl OeJmeKTepHiH OO0y YaKbITBIHBIH OHBIH JUAaMETpiHe TyeNIUIiri
QIBIH]IBL.

Kinm ce30ep: cynbl-keMipii OTBIH, caHAblK Mozenbaey, ANSYS Fluent Garmapnamacsl, Haswe-CtTokc
TeHJeyJIepi, )KaHy MPOLIECi.

H.K. Tanamesa, JI.JI. MunbkoB, A.)K. Tneybeprenora, K.K. CaxernoBa

Pacyer TEXHOJIOrHH CXKUTAHUA BOAOYI'OJIbHOIO TOILINBA HA OCHOBE
MAaTEMATHICCKOT0 MOJAC/IUPOBAHUSA

IIpencraBiien pacueT TEXHOJOTHH CXKHTAHMS BomoyroipHoro tommBa (BYT) Ha ocHOBe MareMaTH4eckoro
MoJenupoBaHusl. YncieHHOe MOJEIMPOBaHKE MIPpOoLecca CKUTAHUS BOJOYTOJIBHOTO TOILTHBA IIPOBOAMIIOCH B
nakere nporpaMmm ANSYS Fluent. OHo ocHOBaHO Ha 3aKOHaX COXPAaHEHHUs MAcChl, SHEPTHU M UMITyJbCa B
MHOTOKOMIIOHEHTHOH cpefie U peieHus ypaBHeHuii HaBbe-CTokca, HEpa3phIBHOCTH U IepeHoca Tera. Ma-
TeMaTHh4ecKasi MoJienb onucanus ropernst BYT cocrout u3 tpex ¢da3. st MoaeupoBaHusi TOPSHHs Paciibl-
JICHHOTO BOJIOYT'OJIFHOTO TOILUIMBA MCIOJIb30Bajach Monenb pacnana suxpeit (Eddy-DissipationModel), a ma-
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paMeTpbl MHIKEKLHH Kalelb B TONKY 3adaBaliiCh C Hcmojb3oBanueM (ynkuun «DiscretePhaseModel».
B ANSYS Fluent 3amaercs TpexmepHas MOCTaHOBKAa 3afadyd M peuraioTcs ypaBHeHus HaBbe-CTokca u
SHEpruu, ocpefHeHHble Mo PeliHompacy. [lns yuera TypOyldeHTHOCTH BBIOMpAETCsl AByXIapamMeTpuuecKas
Mogenb «k-e». B xome uncieHHOTO MOAEMMPOBaHUS OBIIN MOXYYSHBI KAPTUHBI IOJIS PACIIPEISNICHUS] BEKTO-
poB ckopoctu. [Ipy nMpoBeneHHH TIATEILHOTO aHAIM3a TeMIIePaTypHOTO PEeXXHMa TONKU JOKa3aHo, YTO OIl-
TuManbHas Temneparypa cxkuranusd BYT cocrasiser 700-1200 °C. Kpome Toro, noinydeHa 3aBUCHMOCTb
BpPEMEHU IPeOBIBaHUS YaCTUIIBI B KaMepe CXKUTAHUS TOIIKH OT €€ [HaMeTpa.

Kniouesvie cnosa: BOROYrojbHOE TOIUIMBO, YHCIEHHOE MonenaupoBanue, nporpamma ANSYS Fluent,
ypaBHeHust HaBbe-CToKca, Ipo1ece ropeHHs.
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