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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 aerodynamic 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 aerodynamic
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:

oh
Cp =—
P =57 )
where T is the temperature at the inlet (experiment or calculation).
ou, oh Ocy — ,
Output: —+ =0, =0, =0 are derivatives of velocity, enthalpy and
x[ normalA xl normal4 xl normal4

concentration of components normal to the output plane.
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In the plane of symmetry: u;|,ormais = 0 is the velocity normal to the plane of symmetry,
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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 = ATpg — Tsufr) + ClZ(TIf'tG - T.S“Lurf) “4)

convection radiation

where Ci; = &0, T pg is the temperature of the flue gases, Tgy,r is the surface temperature of the
chamber wall, « is the coefficient of heat transfer by convection, W/(m’K), &, is the emissivity wall, o 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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a) b)

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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a) cross section (z= 4.0 m), b) longitudinal section (y=3.3 m)

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; B 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 burners. 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 (Qchem= 3470.9 kW/m3).

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 CTAHIUUAJAPBIHBIH /KAHY KASAHBIHIA
KBLTY AJIMACY ITPOLECTEPIH 3D MOAEJIBJAEY

AnHoTauus. by xymbicTa HakThl reoMeTpus aiimakrapeiaga (KOC, JKDO0) xkorapbl TeMIiepaTypaarbl 9Cep €TETiH
opTamarbl TypOyJNeHTTI arblHOAPBIHIAA JKBUIY JKOHE Macca TachIMaJbIHBIH IIPOLECTEPiH JKaH-KaKThl 3epTTey YIIiH
kommbtoTepaik 3D monenpaey opici madimanansurgsl. [Haxtunck KOO 3aybiteinmarsl BK3-75 Ka3aHABIKTBIH JKaHy
KaMepachlHAA JKBUTy IPOLECTEPiH KOHE arblHHBIH a’dpOJMHAMUKAJBIK CHIATTaMajJapblH 3epPTTeyre apHalfaH eCemTiK
SKCIIEPUMEHTTED XKOFaphbl KYJJl >KaHapMaillblH ckaHybl Ke3iHae kyprizinai. Komnsrorepnik 3D Monenbaey omicTepin
naiananFaH Ke3/ie eHAIpICTIK O0BEKTIICP/AiH jKaHy KamepallapblHIa HAKThl TEXHOJIOTHSUIBIK YPAICTEP aFbIHBIHHA dCep
eTeTiH KYOBUTBICTap MEH (DaKTOpIapIblH €H KOIl CaHbl €CKepisi. 3epTTeseTiH KaHy KaMepachIHbIH aj’pOAWHAMUKAIIBIK
cyn0eci YChIHBUIFaH, XMMUSUIBIK PEaKIMsIap apKbUIbI Maiaa O0NaThIH TEMIIEpaTypa epicTepi MeH 3Heprus 0ely, COHai-
aK JKaHy KaMepachIHbIH HETi3ri JKbUTy ajaThlH OeTTepiHe paJWalMsUIBIK JKbUTy AaFblHIAPBIHBIH MOHJEP] abIHAJIBL
OpbIHJANIFaH ecenTey dKCIEPUMEHTTEPIHIH HOTHXKEepi KATThl OTHIHMEH YKYMBIC iICTCHTIH OHEPKICINTIK Ka3aH IbIKTAP IbIH
JKaHy KamepajapblH JKaHa J>KoHE jkobanay Ke3iHIe, (U3HMKANbIK JXOHE MAaTEMATHKAIBIK MOJEIBICP OCHI Calaarbl
FBUIBIMHBIH JaMy JeHreliHe apHaifaH €H TOJBIK, 3aMaHayd >KOHE OHTaiiapl  Oonblm TaObUIagsl MyMKiH. JKany
KaMepachlH/a JKbUIy 3JIEKTP CTaHUMSUIAPBIHBIH JKaHy KamepajapblHAAa KaTTbl OTBHIHJBI JKary OoiibiHma 3D ecentey
JKCIIEPUMEHTTEpiHEe apHAJIFaH 3aMaHayd TEeXHOJOTHIAPIBl KOJNAaHy OapliblK jKaHy OHIMIEpiHiH, COHBIMEH Oipre aHy
aliMaFbpIH/IaFbl JKAHFBIII KOMIp MPOLECIHIH 3USHIBI 3aTTap MEH 0acka Ja CHIATTaMalIapbIHBIH KbUIIAMIIBIFbIH,
TeMIIepaTypackiH, KbICEIMBIH KoHE KOHLIEHTPAIMSCHIH erKeH-TerKeiili cumaTrayra MyMKIHIIK Oeperi.

Tyiiin ce3mep. Kbuty Macca anMacy, jkaHy, KaTTbhl OTBIH, IUIa3MaliblK aKTHBALUS, apOJWHAMHUKAIBIK arbIC,
KOHLIEHTPAIIHS JKOHE TeMITepaypa epici, 3USHIBI 3aTTapIbIH KaIJbIKTaPbIL.
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3D-MOJEJUPOBAHME INTPOLHECCOB TEIIJIOOBMEHA
B KAMEPE CTOPAHMSA KOTJIA TEIUIOBBIX DJIEKTPUYECKUX CTAHIIAN

AHHOTauus. B Hacrosmield pabore MeromamMu KOMIBIOTEPHOTO 3D-MoIenupoBaHHs MPOBENCHO KOMILICKCHOE
UCCJIE0BaHUE MPOLIECCOB TEMIOMACCONEPEHOCa B TYpOYJICHTHBIX TEUSHUSIX BBICOKOTEMIIEPATYPHBIX PEarupyrolux cpes
B obnactsx peanpHol reomerpun (TOC, TOL). BeraucianTeabHbIe SKCIEPUMEHTHI 110 UCCIEI0BAHUIO TEIIOBBIX IPOIIECCOB
U a’pOAMHAMHUUYCCKUX XapaKTEPUCTHUK TEUEHMs NPOBEJCHBI B TOMOUHOH kamepe koriaa BK3-75 Illaxtunckoit TOIl mpu
CropaHuM B HEW BBICOKO30JIPHOI'O 3HEPreTHYEecKOro TOIUIMBA. IIpM HCHONB30BaHMM METONOB KOMIBbIOTEpHOTo 3D-
MOJICTMPOBAHUSL YYTEHO HauOoiblllee KOIMYECTBO SBICHUH M (aKTOPOB, BIMAIOIIMX Ha MPOTEKAHUE pPealbHBIX
TEXHOJIOTHYECKUX TPOIECCOB B KaMepax CropaHus NPOMBINUIEHHBIX 00bekToB. IlpencraBieHa a’poJHHaAMHUYECKast
KapTHHA UCCIIEyEeMOM TOMOYHOM KaMephl, TOCTPOEHBI TEMIIEPATYPHBIE MO U PACIPENEeNeHUs SHEPTHH, BbIACIAIOMEHCS
32 CYeT XMMHUYECKMX peaKknMud, a TakkKe IOJyuYeHbl 3HA4YCHUS paJUallMOHHBIX TEIUIOBBIX ITIOTOKOB Ha OCHOBHBIE
TCIJIOBOCIIPUHUMAIOIINE MOBEPXHOCTU KaMEphbl CrOpaHus. PC3yHbTaTbl MPOBCACHHBIX BbIYUCIUTCIbHBIX 3KCIIEPUMCHTOB,
MOTYT OBITh HCIIOJIE30BaHBI IIPH MPOESKTHPOBAHUH HOBBIX U I0OPaOOTKE CYIIECTBYIOIIMX TOMOYHBIX KaMep MPOMBIIUICHHBIX
KOTJIOB, HUCIOJb3YIOIIUX TBEPAOE TOIUIMBO, IMOCKOJBKY MCIOIb3yeMble (U3MKO-MaTeMAaTHUECKUE MOJEIH SBIISIOTCS
HanOoJiee TOJHBIMH, COBPEMEHHBIMH M ONTHMAIBHBIMH JJIsI JAQHHOTO YPOBHS pPa3BHTHS HAyKd B 3TOH OOJACTH.
HpI/IMeHeHI/IC COBPEMCHHBIX TEXHOJIOTHI JUISL IPOBEACHUSA 3D-BBIYHUCIUTEIBHBIX OKCIIEPUMEHTOB 110 CXKUT'aHUIO TBEPAOTO
TOIUIMBA B TOMOYHBIX Kamepax TOC, MO3BOJAMT MOAPOOHO ONMUCATh MOJI CKOPOCTH, TEMIIEpaTypbl, AABICHUSA U
Konuel-npaunﬁ BCCX MNPOAYKTOB COKUTaHHA M NPEKAC BCEro BPEAHBIX BCEHICCTB M APYI'HX XapaKTCPUCTUK IIpoLecca
COKUTAHUS YIJI 110 BCeMy TOIIOYHOMY IPOCTPAHCTBY U Ha BBIXOJIE U3 TOIOYHON KaMephl.

KioueBble ciaoBa. TeruiomacconepeHoc, ropeHue, TBEpAOe€ TOIUIMBO, IJIa3MEHHas aKTUBAllMs, adpoAMHAMMKA
TEUeHUs], KOHLEHTPAIIMOHHbIE U TEMIIEPATyPHbIE I0JIS, BBIOPOCH! BPEIHBIX BEIIECTB.
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