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3D MODELING OF HEAT TRANSFER PROCESSES IN THE
COMBUSTION CHAMBER BOILER OF THERMAL POWER PLANTS

Abstract. In the present work, a computer-aided 3D modeling method was used to conduct a comprehensive
study of heat and mass transfer processes in turbulent flows of high-temperature reactive media in real geometry.
Numerical computations of the thermal processes and acrodynamic characteristics of the flow were made for the
combustion chamber of the BKZ-75 boiler at Shakhtinskaya thermal power plant for combustion of high-ash fuel.
Using the methods of computer 3D-modeling, we took into account a great number of phenomena and factors
affecting the real technological processes in the combustion chambers of industrial facilities. The acrodynamic
picture of the studied combustion chamber was obtained, the temperature fields and energy distributions released due
to chemical reactions were constructed, and the values of radiation heat fluxes to the main heat-receiving surfaces of
the combustion chamber were determined. The results of numerical calculations can be used to design new and
modernize existing combustion chambers of industrial boilers working on solid fuel, as they are based on the most
advanced physical and mathematical models in this area. The use of modern technologies for 3D numerical
computations of solid fuel combustion in the combustion chambers of thermal power plants, will allow us to describe
in detail the fields of velocity, temperature, pressure and concentrations of all combustion products and, above all,
harmful substances and other characteristics of the coal combustion process throughout the combustion space and at
the outlet of the combustion chamber.
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Introduction

The study of combustion at the level of mathematical modeling is an intermediate link between research
conducted at the level of engineering practice and fundamental science [1-3]. It becomes necessary to create new
models that will allow us to make more accurate calculations of the fields of velocity, temperature and concentration
of the main components of fuel and combustion products in systems such as combustion chambers, various
combustion devices, etc. Limitations of theoretical methods and complexity of experimental investigations
predetermined a significant role of numerical methods and numerical computations in the study of complex flows of
reacting liquids [4-8]. Though, in most cases, mathematical studies are carried out in one- and two-dimensional
approximations, and only in rare cases three-dimensional models are used [9-12], moreover, numerical computations
are made with constraints in the computational domain. The first results of three-dimensional modeling of heat and
mass transfer processes in the combustion chambers of real power facilities of the Republic of Kazakhstan are
presented in [13-16]. So the study of the heat transfer processes in furnaces becomes particularly important.

Lately, whole complexes of programs are created, allowing to carry out numerical studies of the most
complex phenomena, which include processes of convective heat and mass transfer in high-temperature
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and chemically reactive flows in the presence of fast-flowing physical and chemical transformations of
substances. For this purpose, commercial packages of universal programs that use the latest achievements
of computer technology, mathematics, combustion, heat and mass transfer have been developed and
applied [17-19].

Modeling of coal combustion

In the present work, physical-mathematical and chemical models were used to study heat and mass
transfer in high-temperature environments [20-22]. These models include a system of three-dimensional
Navies - Stokes equations and heat and mass transfer equations, considering the source terms determined
by the chemical kinetics of the process, nonlinear effects of thermal radiation, interfacial interaction, and
multi-stage chemical reactions. The basic equations used to solve the problem are:

The equation for turbulent kinetic energy dissipation €:
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where pe is transformation of kinetic energy pulsations into internal energy (dissipation); oy, 0, are
turbulent Prandtl numbers.
The basic equations used in this work can be written in generalized form as follows:
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where ¢ is a transport variable; Sy is the source term determined by the chemical kinetics of the process,
nonlinear effects of thermal radiation, interphase interaction and multi-stage chemical reactions. The
above system of equations is solved numerically using the control volume method described in detail in
[21-24] and used in numerical computations of high-ash coal combustion in Kazakhstan’s thermal power
plants.

To solve the problem, the mathematical model should include specific initial and boundary conditions
for desired functions (velocity, temperature, concentration of the mixture components, etc.) corresponding
to the geometry of the selected combustion chamber and the real technological process of fuel combustion
at TPPs.

Initial conditions:u = 0, v=0, w = 0, P = 0,at t = 0.

The boundary conditions are set on the free surfaces, which are the burners, the exit from the furnace
chamber of the boiler and the plane of symmetry.

Input: u; are speed values, cg is the initial concentration of each component, the enthalpy h is
determined by the input flow temperature from the following relation:

__dh
AT

Cp (3)
where T is the temperature at the inlet (experiment or calculation).
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The boundary conditions for the temperature on the wall are determined by the convective heat
flux gy = @(Tsteam — Tsury)- In case of variable temperature of the wall of the combustion chamber, the
heat flux can be calculated by the formula:

q = AT — Tsupr) + Ci2(Tég — Tsyrp) 4)

convection radiation

where Cy5 = €20, T gg is the temperature of the flue gases, Ty, s is the surface temperature of the
chamber wall, « is the coefficient of heat transfer by convection, W/(m°K), &, is the emissivity wall, ¢ is
the Boltzmann constant, W/(m°K*).

In this work the radiant heat exchange was calculated using the flux model described in [25-26]. The
modeling method was developed by Lockwood, Shah [25] and De Marco, Lockwood [26].

Results of numerical computations

As the object of research has been chosen the boiler BKZ-75 (Fig. 2) located at Shakhtinskaya TPP
(Kazakhstan) [27-30]. For numerical simulation, the entire computational domain is divided by a
difference grid into discrete points or volumes (Fig. 2b). The resulting finite-difference grid has the
resolution of 110x61x150 or 1 006 500 control volumes [31-36].

This paper presents the results of calculations give changes in the velocity and radiant vectors in the
sections of the combustion chamber and the temperature profile shown in Figs. 3-5.

Fig. 3 illustrations the three-dimensional distribution of the full velocity vector in the volume of the
combustion chamber. An analysis of Fig. 3a shows that the flow of the air mixture with combustion
products has a vortex character in the region of the burners and in the lower part of the combustion
chamber. In the center of the combustion chamber, the flux forms several vortices with the presence of a
return flow up and down the space of the combustion chamber (Fig. 3b).
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Figure 2 - General view of the BKZ-75 boiler at the Shakhtinskaya TPP a)
and its discretization for control volumes b)
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Figure 3 - Velocity distribution in the combustion chamber
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Figure 4 - Temperature distribution in the combustion chamber

Fig. 4 shows the temperature distributions characterizing thermal behavior of a pulverized coal flow
in the studied combustion chamber. It can be noted that the temperature reaches its maximum values in the
region close to the location of the burners, because here, due to the vortex character of the flow, a
maximum convective transfer is observed and, as a result, the residence time of coal particles increases,
which leads to an increase in temperature in this zone.
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Figure 5 -Temperature distribution along the height of the furnace chamber

Lines correspond to numerical computations; M are theoretical values obtained by the method of
thermal calculation (CBTI — Central Boiler-and-Turbine Institute) [37]; &, @ are the experimental data
obtained at the thermal power plant [38-39]
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Analysis of Fig. 5 shows that the results of numerical simulation of temperature dependence on the
height of the combustion chamber agree with enough accuracy with the theoretical values obtained by the
method of thermal calculations suggested by CBTI (Central Boiler-Turbine Institute) [37] and the data
obtained directly at TPP [38-39]. This enables us to assess the reliability of the obtained results and the
applicability of the physical, mathematical and numerical model to further study of thermal characteristics
of the BKZ-75.
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Figure 6 - Energy distribution in chemical reactions

As a result of numerical simulation, the energy distribution of chemical reactions in the main sections
of the furnace space, the radiation vector profiles in the central sections of the furnace and the distribution
of the radiant energy flow to the walls of the combustion chamber were obtained.

The Fig. 6 illustrations that chemical reactions with the highest heat release occur in the fuel and
oxidizer supply, i.e. near the installation of bumers. In this area mixing of combustible substances and
oxygen in the air reaches its maximum level due to intensive mixing, turbulent pulsations and a vortex
flow character. This in turn contributes to an increase in the rate of the chemical reaction of carbon
oxidation with the release of the maximum amount of energy (Quem= 3470.9 kW/m’).

Conclusion

Based on the results of us study, the following conclusions can be drawn:

e The temperature reaches its maximum values in the area close to the location of burners as here,
due to the vortex character of the flow, the maximum convective transfer is observed and as a result, the
residence time of coal particles increases, which leads to an increase in the temperature in this zone.

e The energy released by chemical reactions reaches its maximum value 3470.9 kW/m’ in the
section of burners. In central part of the combustion chamber this value is 152.2 kW/m®.

e The physical and mathematical model used in the numerical calculations adequately describes
burning of high-ash coal in the combustion chamber of the BKZ 75-39 boiler at Shakhtinskaya TPP,
Kazakhstan. The obtained results are in good agreement with the experimental data, which were obtained
specially at the thermal power station.
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KBLTY JIEKTP CTAHIIUAJIAPBIHBIH KAHY KA3SAHBIHJIA
KbLTY AJIMACY ITPOLNECTEPIH 3D MOAEJIBAEY

AnnoTtanus. by sxymbicTa HakThl reoMeTpust afimaxrapeiaga (GKOC, XKB0) JKOTAPBI TEMIIEPATy pasiarhl acep eTeTIH
oprajarel Typ6yneHTT1 aFbIHJAPBIH/A KBUTy JKOHE MAacca TachIMAIBIHBIH [pOTIeCTepiH KaH-KaKTHl 3epTTey YIIiH
KoMITbioTepmik 3D Mojennaey omici makigamaneuiasl. [Tlaxtuack KOO sayprtemaarsl BK3-75 KasaHABIKTHIH Kamy
KaMepachlHa JKBLIY HpOL[eCTele JKOHE aFBIHHBIH a3PO/MHAMUKATBIK CHIATTAMATAPHIH 3ePTTEYTe apHATraH €CeNTIK
SKCIIEPUMEHTTED SKOFaphl KYJLAl “KaHapMaMiblH “kKaHYBl KesiHge xyprising. Kommpiorepmik 3D Mozembaey aicTepiH
maltananrad Kesje OHAIPICTIK OOBeKTUIePAIH KaHy KaMepalapbhlHaa HaKThl TEXHOJIOTTSUIBIK YPJICTep aFbIHBIHHA acep
eTeTIH KYOBUTBICTap MeH (PaKTOpIap/bIH eH KOIl caHbl ecKepuIAl. 3epTTeleTiH KaHy KaMepachIHBIH aspoMHaMUKAIIBIK
cynbeci YCHIHBUIFaH, XUMUSIIBIK PeaKIsIap apKpUIbL maitya GoJaTHH TeMIepaTypa epicTepl MeH SHEPITI 69ny, congaii-
aK ‘kaHy KaMepachIHBIH Herisri KBUTY alaThiH GeTTelee PaMAIMATBIK KBLTY aFbIH/IaPEIHBIH MQHZ[epl abIHa bl
OpBIHJANFaH ecenTey PKCIepIMeHTTePIHIH HQTI/I)I(GJ'Iepl KATTHI OTHIHMEH SKYMBIC 1CTEHTIH OHEPKACINTIK Ka3aHIBIKTaPIbIH
aHy KaMmepalaphlH KaHa JXoHe jxobalay KesiHJe, (U3UKAIBIK >KOHE MaTeMaTHKAIBIK MOJENbJep OCHl callajarbl
TRUIBIMHBIH JlaMy JieHTelliHe apHalIfaH €H TOJBIK, 3aMaHayd ‘koHe OHTaliel  Goipln Tabbirtamsl Mymkin. JKany
KaMCPACHIH/[A JKBUTY SJEKTP CTAHIMAIAPHIHBIH JKaHy KaMEpaTaphiH/la KATThl OTHIH/BI JKary Ooltprama 3D ecernrey
SKCIIEpUMEHTTEpIHe apHalfaH 3aMaHayH TEXHOTOTHSIIAP B! KOTIAHY OapibIK XKaHy OHIMJEPiHIH, COHBIMEH Oipre skaHy
aliMarbIHJaFbl SKAHFBIT KOMip IIPOTIECiHIH 3USHABL 3aTTap MeH Oacka Ja CHIATTAMATAPHIHBIH  HKBUIAM /IBIFBIH,
TeMIIEPaTy PACHIH, KBICHIMBIH oHe KOHIIEHTPAIIUSICHIH emKkel-TerKelil cunaTrayra MyMKIHIIK Oepe .

Tyiiin cesmep. Xpury Macca amMacy, jaHy, KaTThl OTHIH, IDIa3MallbIK aKTHBAINS, apoJUHAMHKAIBIK arblc,
KOHIICHTPAITHS SKoHe TeMITepaypa opici, 3USHJIBI 3aTTapIbIH KalIHIKTaphL.
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? Hay9HO-HCCITe [0BATENLCKIH HHCTUTYT SKCIePHMEHTATbHOM i TeopeTHaeckoit Gusukn (HUHUDTD),
r. Amvartsl, Kazaxcram,
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3D-MOJIEJMPOBAHHE ITPOLIECCOB TEIIJ/IOOBMEHA
B KAMEPE CT'OPAHHS KOTJIA TEIUIOBBIX SJEKTPUYECKUX CTAHIIAN

Annotamuga. B HacTosmie#t paGoTe MeToJaMH KOMIIBIOTepHOTo 3D-MoelMpoBaHHS IPOBEEHO KOMIUIEKCHOE
HCclleIOBaHMe MPOIeccoB TeIIoMaccollepeHoca B TypOYIeHTHBIX TeUeHMSIX BEICOKOTEMIIPaTyPHBIX PearnpyIOIIX cpel
B obmacTsIx peanbnoif reomerpun (TOC, TOII). BerauciaureapHble SKCIEPIMEHTHI IO HCCIEOBAHMIO TEIUIOBEIX TIPOTIECCOB
U a’pOMHAMHMUIECKUX XapaKTepUCTHK TeueHUs [IpoBejeHbl B TolouHol kamepe kotia BK3-75 IMlaxruackoit TOI mpu
CTOpaHMH B HeM BEICOKO3OJBHOTO SHEPreTHdecKoTo TOIUIMBA. lIpW HMCIONB30BaHHM METONOB KOMIBIOTepHOTo 3D-
MO/JICIUPOBAHUS YUTCHO HAMOOINBIIee KOTHIECTBO SBICHHMM M (akTopoB, BIMSIOMNX Ha IpOTeKaHHWE pealbHBIX
TEXHOJIOTHMIECKUX IIPOIECCOB B KaMepax CTOpaHHS IPOMEINUIEHHBIX OOBeKTOB. lIpefcTaBieHa aspo MHAMHUIECKAs
KapTHHA ACCIIelyeMol TOIOYHOM KaMephl, MOCTPOSHBI TeMIlepaTy pHbIE MO U pacIipefielIeHIs YHepTUH, BEIAeIstomeics
3a CcUeT XMMHUYECKHX peaKIuif, a Takke IOIyYeHHl 3HAUCHWs paJHallHOHHBIX TEIUIOBBIX IIOTOKOB Ha OCHOBHBIC
TEeIUIOBOCIIPHHIMAIOINE TIOBEPXHOCTH KaMephl CTopaHUs. PesyIbTaTsl IpOBeACHHBIX BEIUHCIUTEIBHBIX SKCIEPUMEHTOB,
MOTYT OBITH HCIOIB30BAHEI IIPHY MPOSKTUPOBAHUH HOBHIX U I0pabOTKe CYIEeCTBYIOMIX TOIOYHBIX KaMep IPOMBIIICHHBIX
KOTJIOB, HCIIONB3YIOIUX TBepjoe TOIUIMBO, IOCKOIBKY HCIOIb3yeMble (DH3MKO-MaTeMaTHIeCKHe MOJCIH SBISIOTCS
Hanboee IONHBIMH, COBPEeMEHHBIMH M ONTHMANBHBIMHE JUIS JaHHOTO VPOBHS pPasBUTHS Hayku B 5Toii oOmacTh.
IIprnvereHre cOBpeMEHHBIX TeXHOJOTHIT /IS MpoBeAeHNs 3D-BEIMHCIUTEIBHEIX SKCIEPUMEHTOB IO CKHTAHHIO TBEPAOTO
TOINTMBA B TOMOYHBIX KaMepax T3C, MO3BONHT MOApPoOHO OIMCATh MONSL CKOPOCTH, TeMIepaTyphl, JaBICHUS H
KOHIIGHTpaIif BceX IPOAYKTOB CKUTAHMS W IpexJe BCero BPeAHBIX BEINecTB M JPYTHX XapaKTepHUCTHK IIpoIiecca
COKUTAHUS VIS 1T0 BCeMY TOIIOYHOMY IIPOCTPAHCTBY M HA BBIXOJIE U3 TOIIOTHON KaMephL

KmoueBble ciroBa. TemmomaccollepeHoc, TopeHHe, TBepioe TOILUIMBO, IDIa3MEHHas aKTHBAITWS, a’poMHAMUKa
TeUeHHsI, KOHI[EHTPAIIHOHHBIE W TeMIIepaTyPHBIE OIS, BEIOPOCH BPeJHBIX BEIECTB.
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