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3D MODELING OF COMBUSTION
THERMOCHEMICAL ACTIVATED FUEL

Abstract. This article presents the results of numerical research of plasma thermochemical processes of
preparing solid fuels for combustion in combustion chambers. During the numerical experiments have been applied
the newest information technology and method of 3-D computer modeling of heat and mass transfer in the furnace
space. Received the basic laws of convective heat and mass transfer in turbulent flows in the presence of chemical
reactions using modern numerical methods, giving a complete description of the complex processes occurring in a
real combustion chamber. Research of three-dimensional temperature and concentration fields has allowed
establishing laws of the development of the combustion process in the entire volume of the object under study.
Satisfactory agreement is obtained estimates with known results of natural experiments. Authors of article for the
first time investigate influence of plasma thermochemical treatment of pulverized coal flows on the main
characteristics of the physicochemical processes of solid fuel combustion. It has been established that the method of
thermochemical activation of pulverized coal flows makes it possible to significantly optimize the process of burning
low-grade high-ash Kazakhstan coal in the combustion chambers of the thermal power plants of Kazakhstan,
significantly reduce emissions of harmful substances into the environment and create a way to obtain "clean" energy
on energy facilities.

Key words. Heat and mass transfer, combustion, solid fuel, plasma activation, acrodynamic flow, concentration
and temperature field, emissions of harmful substances.

Introduction

Studies of heat and mass transfer in high-temperature and chemically reacting environments are
important at creation of new physical and chemical technologies, at design of aviation and rocket technics,
by development new furnaces, gas turbines and internal combustion engines. In the conditions of
depletion of natural energy resources and environmental pollution, the development of technological
processes with the rational use of energy fuel and the solution of environmental problems are urgent and
most important tasks for many thermophysical studies in this direction.

Heat and mass transfer processes in the presence of physical-chemical transformations and
combustion are non-stationary, strongly non-isothermal with constant changes in the physical and
chemical state of the environment, which greatly complicates them both experimental and theoretical
study. Such flows are described by a complex system of non-autonomous nonlinear partial differential
equations, in which the essential turbulence, multiphase nature of the medium, and source terms
associated with the chemical kinetics of the processes occurring must be taken into account [1-5].

— Q —
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The main methods of study of such processes, particularly in the areas of real geometry are methods
of numerical simulation and holding on to them through computational experiments adequately reflect the
real physical processes, occurring in combustion chambers. Progress in the development of computational
models, in the creation of effective computational algorithms and problem-oriented software packages
allows us to solve many problems that have a huge practical application for various industries, especially
for energy [6-11].

In this article is carried out of heat and mass transfer processes occurring in the areas of real geometry
(combustion chamber), with the burning of energy fuel in them. The basic patterns and features of the
formation of the aerodynamics of flow, velocity, temperature and concentration fields are established and
the effect of plasma thermochemical treatment of pulverized coal on the main characteristics of the
combustion process is shown.

This research builds on the achievements of modern thermal physics, on the use of new numerical
methods for 3-D modeling, on the construction of efficient computational algorithms and new
computational models, which make it possible to more accurately describe the actual physical and
chemical processes occurring during at burning of power fuel in the combustion chambers of existing
energy facilities [12-15].

Statement of the problem of burning thermochemically activated torch in the combustion
chamber of an energy boiler

Thermochemical preparation of pulverized coal for combustion is implemented in accordance with
the following mechanism. Aero mixture is fed through the dust pipe to the burner. According to the
traditional scheme, the air mixture is fed into the “cold” hot fire chamber (T about 350K), then it heats up
and ignites. If the burner is equipped with a plasma torch, then the air mixture is heated by the plasma
torch in the volume of the burner to the exit to the furnace. In this case, volatile coal is emitted and the
coke residue is gasified. Gasification and volatile products begin to oxidize with oxygen of the primary air
of the air mixture, which leads to additional heating of the reaction air of the air mixture. At the same
time, carbon of the fuel is gasified to CO, and not to CO,, due to the existing coefficient of excess air in
the air mixture (0.3-0.5 of the stoichiometric ratio) [13].

As a result, the output of plasma-fuel system (PFS) a high-temperature (about 1300K) reactive flow
of carbon-containing particles and gaseous products of the plasma thermochemical preparation aero
mixture. In this case, regardless of the quality of the original product, we get highly reactive two-
component fuel. When mixed with secondary air in the combustion chamber, it is intensely ignited and
burns steadily without fuel oil or gas, traditionally used to ignite and stabilize the combustion of low-
grade pulverized coal [14-15].

To carry out computational experiments, the combustion chamber of the BKZ-420 boiler of the
Almaty Thermal Power Plant-2 has been chosen [16-17]. The BKZ-420 steam boiler with a 420 t/h steam
capacity is equipped with six rotary pulverized coal burners located in two levels with three burners on the
front wall of the boiler (Fig. 1 a).

At computer simulation, the method of control volumes which is applied to numerically solve
differential equations describing heat and mass transfer in the combustion chamber, and is described in
detail in the following papers [18-21].

For this, the combustion chamber of the boiler under study is divided into small control volumes, the
number of which depends on the geometry of the combustion chamber, its dimensions, and the location of
the burner and plasma devices. For the BKZ-420 boiler, the calculated area is — 261008 control volumes
(72x139x126) (Fig. 1 b).

When conducting computational experiments for the boiler BKZ-420 were investigated two modes of
operation of the combustion chamber: 1) traditional combustion (burner works with standard pulverized
coal burners); 2) the plasma torch is installed and operates on a pulverized coal flow in three burners: two
extreme burners of the lower tier and a central burner of the upper tier [22-29].

— 10 ——
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Fig. 1. General view of the combustion chamber of the boiler BKZ-420:
configuration of torches (on left); breakdown into control volumes (on right)

The results of computational experiments

Below are the results of 3D computer simulation of the study of the influence of thermochemical
activation of pulverized coal flows on the combustion process of a pulverized coal flame in the
combustion chamber of the BKZ-420 boiler.

The aerodynamics of the flow (distribution of the full velocity vector), temperature and concentration
fields of nitrogen oxides NO over the entire combustion space of the combustion chamber were obtained
for the traditional combustion of fuel and for the case when the plasma torch in the three burners affects
the pulverized coal.

Figure 2 shows the aerodynamics of the flow and the distribution of the full velocity vector in the belt
region of the burners of the combustion chamber. Analysis of the figure shows that the thermochemical
activation of the pulverized coal flow has a significant impact on the flow field on the propagation of the
reacting jet in the furnace volume, mixing processes in the jet, on the size and shape of the flame. This can
be explained by the fact that, under the action of plasma activation of pulverized jets, turbulization of
flows is intensified, and this in turn leads to acceleration of mass and heat exchange associated with
increased mixture formation, additional heating of the air mixture and intensification of the burning
process.

Figure 3 illustrates the temperature field in the sectional plane of the burners of the lower tier of the
combustion chamber of the boiler BKZ-420. Compared with the combustion of a conventional pulverized
coal stream, the average temperature in this area in the case of using thermochemically activated streams
increases and is 1530°C without activation, and 1640°C for 3 activated streams.

It can be concluded that the plasma activation of the aerosol leads to its rapid heating, ignition and
stable heating. At the same time, there is a shift of the combustion front to the location of plasma
activation systems of coal streams. The region of high temperatures with increasing number of plasma-
activated flows is shifted to the center of symmetry of the furnace, while at the side surfaces a higher
temperature level.

Figure 4 shows a comparative analysis of the distribution of the average temperature in the cross
section over the height of the combustion chamber of the BKZ-420 boiler. When plasma processing of
fuel is observed, the location of the core of the torch is shifted and the length of the zone of maximum
temperatures increases. The increase in flame temperature during the burning of 3 activated streams
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occurs faster, and the temperature value differs to a greater extent in the burner belt. The minimum on the
curves are related to the low temperature of the air mixture entering the combustion chamber through
burners not equipped with plasma systems. In general, there is a lack of sharp temperature drops across
the entire height of the combustion chamber, which indicates the stability of the combustion process.
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a) traditional fuel combustion (without PFS); b) 3 PFS;

Fig. 2. Vector field of full velocity in the area of the burner belt of
the combustion chamber of the boiler BKZ-420
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Fig. 3. Temperature field in the section plane of the burners of the lower tier of the combustion chamber of the boiler BKZ-420
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Fig. 4. Temperature distribution along the height of the
combustion chamber of the boiler BKZ-420
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Fig. 5. The distribution of the concentration of nitrogen oxides NO at the height
of the combustion chamber of the boiler BKZ-420

Figure 5 shows the fields of concentrations of nitrogen oxides NO along the height of the combustion
chambers of the boiler BKZ-420. As can be seen from Figure 5, the main NO gas formation occurs in the
region of propagation of flows from the burners. Thus character of the distribution of curves in this area is
ambiguous, which indicates the complex nature of the process of formation of nitrogen oxides in this area
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and the effect of plasma activation on the formation of these components. We see that the use of plasma
torches leads to a decrease in the total concentration of NO from the furnace space and amounts to 507
mg/Nm’ with traditional combustion, and with 3 thermochemically activated streams — 456 mg/Nm’. This,
in turn, indicates that the reduction of nitrogen oxides NO at the exit from the furnace space when using
PFS increases the ecological and economic indicators of energy facilities.

Conclusion

According to the research, the following conclusions can be formulated:

e Presents the results of 3-D computer modeling of heat and mass transfer processes during
combustion of pulverized coal, which was pre-processed in the PFS.

e Research of three-dimensional temperature and concentration fields has allowed establishing the
basic patterns of development of heat and mass transfer processes in the entire volume of the combustion
chamber of power boilers. Satisfactory agreement of the calculated data with the results of field
experiments was obtained.

o It has been established that the method of thermochemical activation of pulverized coal flows
makes it possible to significantly optimize the process of burning low-grade high-ash coal in the
combustion chambers of Kazakhstan’s thermal power plants and significantly reduce emissions of
harmful substances into the environment.
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! On-®apabu aTbingars! Ka3ak yITTEIK YHHBEPCHTETIH (PH3HKA-TEXHUKANBIK (haKyIbTeT],
an-dapabu ateiHnarel Kaz¥V, Anmarer, Kazakcran;
? On-Mapabu aTeHAaFE Kasak YITTHIK yHUBEPCUTETIHE KAPACTEI IKCIICPHMEHTAIIBIK XKOHE TCOPUSIBIK (DU3MKAHBIH FHUIBIMH-
3epTTey UHCTUTYTHI, an-Papadu ateiaaarsl Kas¥YyY DT F3U, Anmatel, Kazakcran;
3 IMpara k. Yex TexHHKAaIbIK YHUBEPCUTETIHIH CYIbIK JMHAMUKACHI MEH TepMoarHaMuKa daxynpreti, [Ipara K. Uex TexHUKaIBIK
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AKTUBTEHAIPUI'EH TEPMOXUMHUAJIBIK OTBIHHBIH )KAHYBIH 3D MOJAEJIBAEY

AnHoTamms. Makanaza jkaHy KaMepaJlapblHJa KaTThl OTBIHABI JKaryza ITa3Ma TePMOXUMHMSUIBIK JalbIHIay HPOIECTepiH
CaHZBIK 3epTTey HaTIKenepi kenrtipinreH. CaHIbIK ecenTey IKCIEPUMEHTTEPIH JXKYPTridy Ke3iHAe Ka3aHHBIH KEHIiCTIKTeri *BbLTY
KQHE Macca TachIMailay IpOLECTEepiHIH  aKmapaTThIK TEXHOJOTHsiIapbl MeH 3-D  kommbroTeprik — Mozelnblepi
KOJIJaHbL1bI. HaKThl )kaHy KaMepachbIHAa OPbIH alaThlH TYPOYJIEHTTI aFbicTapjarbl KOHBEKTHBTI JKbULY )KOHE MacCalIbIK KeLICH
HPOLIECTEPJIiH TOJBIK CHUMATTAMAChIH OCpeTiH Ka3ipri 3aMaHfbl CaHABIK IIiCTEPMEH XMUMHSIIBIK PEaKLMSIIAPIbIH KaThICYbIMEH
anbiHapl. OOBEKTIHIH OapibIK KOJeMiHACTT JKaHy YOEpici yml —edmeMal TemMmeparypa MEH KOHLEHTpauus epicTepiH
3epTTeye AaMy MOJEINIH KypyFa MyMKiHIIK Oepai. TosbIK ayKeIMABI SKCIIEPUMEHTTEPIIH OeNrisli HOTWXKeIepiMeH ecenTeNreH
JepEeKTepAiH KaHAraTTaHAPJIBIK COMKECTiK anblHABL. MaKaltaHBIH aBTOPIAphl KAaTTHl OTBHIH JKAHYBIHBIH (DU3MKa-XUMUSIIBIK
HpOLECTePiHiH HETi3Ti CHIaTTaMaIapblHa/ia MIaHTO3a (bl KOMIp aFbIHBIH IUIA3MAaNIbIK TEPMOXUMISIIBIK OHICYIIH 9CepiH 3epTTe/i.
KeMip arbIHBIHBIH TEPMOXUMUSUIBIK aKTUBTEHIIPY 9/ici Ka3zakcTaHHBIH JKbUTY 2JIEKTP CTaHLUMSUIAPBIHBIH JKaHy KamepaiapblHaa
JKAHFBIII KYJII KeMipAi KeMy YIepiCiH enoyip OHTaillaHABIpyFa MYMKIHAIK Oepeni, KOpILIaraH opTara 3HsSHIBI 3aTTap
IIBIFAPBIHABIIAPBIH €Qyip a3aiiTalbl )KOHE YHEPreTHKANIBIK KOHABIPFBUIAPAA «Ta3ay SHEPreTHKara KOJl XKeTKi3yre MyMKIHZiK
Gepeni.

Tyiiin ce3aep. XKeuTynbIK MaccaTacsIMaiaay, KaHy, KeMip, IIa3MalblK OelICeHIipy, aFblH a3pOAWHAMUKACHI, TYTKBIHIAD
JKOHE TeMIIepaTypabIK epici, 3a/ajpl 3aTTap/IbIH LIBIFapbLLY
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3D MOJEJIMPOBAHUE I'OPEHUS TEPMOXUMHWYECKHN AKTUBUPOBAHHOI'O TOIIJIUBA

AHHoTanus. B nanHO# craThe mpeAcTaBiIeHbl Pe3yJbTaThl YUCIEHHBIX MCCIEI0BAaHUM MPOLIECCOB MIa3MEHHON TEPMOXU-
MUYECKOI NOATOTOBKY TBEP/BIX TOIUIMB K CKHIAaHUIO B KaMepax cropanus. [Ipu nmpoBeleHUU BBIYUCIUTENIBHBIX SKCIIEPUMEHTOB
ObUTH TPUMCHEHbI HOBeWIne HH(MOPMANMOHHBIE TEXHOJIOTHS M MeToX 3-D KOMIBIOTEpHOTO MOJEIHPOBAHUS IIPOIECCOB
TENJI0MAacCoNepeHoca B TOIIOYHOM NpocTpaHcTBe. [lorydeHsl OCHOBHBIE 3aKOHOMEPHOCTH KOHBEKTHBHOI'O TEIJIOMACCONEpeHoca
B TypOYJICHTHBIX TEUCHHSX NP HAJTHYNN XUMHIECKUX PEAKIMH C HCIIOJIL30BAaHUEM COBPEMEHHBIX YUCIEHHBIX METO/IOB, TAIOIINX
MOJIHOE OIMCAHUE CIIOXKHBIX IPOILECCOB, MMEIOMUX MECTO B peanbHOH TomouHoH kamepe. MccrnemoBaHue TpexMepHBIX
TEMIIEPaTyPHBIX U KOHIEHTPAI[MOHHBIX MOJIEH MO3BOJIHMIO YCTAaHOBHTH 3aKOHOMEPHOCTH Pa3BUTHs MpoOLEcca TOPEHHs BO BCEM
o0bemMe nccieayeMoro oobekra. IlomydeHo yqoBICTBOPUTENBHOE COTTIACHE PACUETHBIX JAHHBIX C M3BECTHBIMH Pe3yIbTaTaMu
HATYPHBIX SKCICPHIMEHTOB. ABTOpaMHU CTaThbH BIIEPBHIC HCCIECIOBAaHO BIMSHME IUIA3MEHHOM TEPMOXMMHYECKONH 00paboTKn
IBUICYTOJIBHBIX ITOTOKOB HAa OCHOBHBIE XapaKTCPHCTHKH (H3UKO-XUMHUYECKHX IPOLECCOB TOPEHUS TBEPAOro TOIUIHBA.
YCTaHOBICHO, YTO METOJA TEPMOXMMUYECKOM aKTUBAlMU IbLICYTOJbHBIX HOTOKOB IO3BOJISAET B 3HAYUTENILHOU CTENCHU
ONTUMM3UPOBATH IIPOLECC CHKUTAaHUS HU3KOCOPTHBIX BBICOKO30JBHBIX Ka3aXCTaHCKUX yrIjied B TOHOYHBIX Kamepax TOC
KazaxcraHa, CyIeCTBEHHO CHU3UTB BHIOPOCHI BPEAHBIX BELIECTB B OKPY’KAIOLIYIO CPEIy U CO3JaTh CIIOCO0 MOITYyUYSHUS «UHCTOI
SHEPruu Ha SHEPreTHYECKUX 00BEKTaX.

KnroueBnle cioBa. TemnomacconepeHoc, FOpeHUE, TBEPAOE TOIUIMBO, IUIA3MEHHAs! aKTUBALHUS, ad3pOAMHAMHKA TEUEHHS,
KOHIICHTPALMOHHBIE U TEMIIEpaTypHBIE MO, BRIOPOCHI BPEIHBIX BEIIECTB.
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