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Kasakcma+ Pecnybnukacbl ¥nmmbiK fbifibiM  akademusicsl "KP ¥FA Xabapnapbl. ®u3ukarbik-
MameMamukarblK cepusichl” FbinibIMU XypHasbiHbiH Web of Science-miH xaHanaHraH Hyckackl Emerging
Sources Citation Index-me uHOekcmenyzae KabbindaHFaHbIH xabaprnaldbl. byn uHdekcmeny 6apbicbiHOa
Clarivate Analytics komnaHusicbl XypHandbl odaH api the Science Citation Index Expanded, the Social
Sciences Citation Index xoHe the Arts & Humanities Citation Index-ke kabbinday macesneciH
kapacmeipyOa. Webof Science 3epmmeywinep, asmopsap, bacnawbiiap MeH MeKeMmesiepee KOHMeHm
mepeHdiei MeH canacbiH ycbiHaobl. KP ¥FA Xabapnapbl. XuMusi XXoHe mexHoroausi cepusicel Emerging
Sources Citation Index-ke eHyi 6i30iH KoramdacmbIK yYWiH eH 63eKmi xoHe 6edenidi XUMUSIIbIK FblribiMOap
bolibiIHWa KoHmeHmke adarsnobifbiMbi30bl 6indipedi.

HAH PK coobuwjaem, ymo Hay4qHbil xypHan «3eecmusi HAH PK. Cepusi ¢busuko-mamemamuyec-
Kas» 6bin npuHam 0ns uHdekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcs 8 cmaduu pacCMOMmMpPEHUS KoMnaHuel
Clarivate Analytics Ons OanbHelwea0o npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kayecmeo u enybuHy KoHmeHma 0Ons uccriedogameriel, asmopos, uzdamenel u y4upexoeHul. Bkro-
yeHue MNssecmusi HAH PK e Emerging Sources Citation Index deMoHcmpupyem Hauwy npueep>xeHHOCMb
K Hauboree akmyasrbHOMY U 67USSMEeSIbHOMY KOHMEHmMy M0 XUMUYEeCKUM Haykam Ofsi Hawezo
coobuwecmesa.
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USE OF TWO-STAGE FUEL COMBUSTION TECHNOLOGY
TO MINIMIZE HAZARDOUS EMISSIONS AT KAZAKHSTAN TPP

Abstract. Studies have been carried out using numerical modeling methods to determine the effect of the
introduction of a two-stage combustion technology (OFA technology) of high-ash Karaganda coal on the
characteristics of combustion processes: aerodynamics of flows, temperature and concentration (COx, NOx) fields
throughout the entire volume of the combustion chamber of the BKZ-75 boiler at Shakhtinskaya TPP and at the
outlet from it. Comparison with the basic regime of combustion of pulverized coal fuel, when there is no air supply
through additional injectors (OFA = 0%). To implement the technology of two-stage combustion, various regimes of
additional air supply through injectors were chosen: OFA equals 0% (basic version, conventional combustion), 5%,
10%, 15%, 18%, 20%, 25% and 30% of total air volume required for fuel combustion. A comparative analysis of the
main characteristics of the heat and mass transfer process in the combustion chamber for the investigated modes is
carried out. It is shown that an increase in the volume of additional air supplied through the injectors up to 18% leads
to a decrease in the concentration of nitrogen oxide NO by 25% in comparison with traditional combustion. A further
increase in the volume of additional air leads to a deterioration in these indicators. The results obtained will make it
possible to optimize the combustion of low-grade fuel in the combustion chamber of the BKZ-75 boiler, increase the
efficiency of fuel burnout, reduce harmful emissions and introduce a two-stage combustion technology at other coal-
fired TPPs.

Keywords: numerical simulation, computational experiment, two-stage combustion, high-ash coal, ecology,
temperature, nitrogen oxides.

Introduction. Solid fuel power plants remain one of the main sources of environmental pollution
with harmful dust and gas emissions. In this regard, it becomes urgent to develop and introduce
combustion technologies with minimal emissions of fly ash, carbon oxides and nitrogen at Kazakhstan
coal-fired TPPs. Therefore, the main task of the domestic heat power industry is to create technologies for
burning high-ash Kazakh coal, with the help of which it is possible to control the main processes of the
formation of harmful dust and gas emissions and control the level of their formation [1-5].

In the context of stricter environmental requirements, the introduction of such environmentally
friendly coal technologies will allow in the near future to overcome the shortcomings of Kazakhstan coal-
fired TPPs significantly increase their efficiency and ensure a sharp decrease in emissions of harmful
substances into the atmosphere. Recently, in the world heat power industry, the most popular are
information technologies that allow to model new and modernize existing heat power plants, help to assess
the feasibility of launching new environmentally outgoing energy production technologies and their
economic efficiency at the stage of design solutions. As a rule, everything new first goes through a series
of checks, after which it is put into operation on an ongoing basis. The use of computer technologies for
the implementation of environmentally friendly coal technologies is especially effective at the initial
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design stage, when several design solutions are being worked out at the same time and a boiler
modernization strategy is being determined [6-11].

Currently, various methods are used to minimize harmful dust and gas emissions at coal-fired TPPs,
the main of which are: change in combustion technology and purification of gases after combustion.
Changes in combustion technology include: the use of modified burners, afterburning of fuel, recirculation
of exhaust gases, staged fuel combustion, preparation of low-grade coals for combustion, radiation
technologies, combustion of fuel in fluidized bed furnaces, etc. The method of two-stage fuel combustion
is one of the most effective methods for reducing the concentration of harmful emissions and, first of all,
the most dangerous of them - nitrogen oxides [12-18].

Description of the combustion chamber for conducting computational experiments.

A real energy object was chosen as the object of research: the combustion chamber of the BKZ-75
boiler of the operating Shakhtinskaya TPP (Shakhtinsk, Kazakhstan). A steam boiler with a capacity of
75 t/h burns high-ash Karaganda coal (ash content 35.10%), is equipped with four pulverized coal burners,
two burners from the front and from the rear in one tier. A more detailed description of the boiler
combustion chamber, mathematical model, solution method, application package is given in the following
works [19-26]. The general view of the combustion chamber of the BKZ-75 boiler (figure 1a) and the
arrangement of burners and injectors for the implementation of the technology of two-stage fuel
combustion (figure 1b) is shown in figure 1a [27-28].
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Figure 1 — General view of the combustion chamber of the BKZ-75 boiler
at Shakhtinskaya TPP (a) and the layout of burners and OFA injectors (b)

The technology of two-stage fuel combustion is carried out by installing secondary and even tertiary
holes (OFA-injectors) to supply additional air above the main combustion zone, when a reduction and
afterburner zone is formed in the combustion chamber. In general, with the correct organization of staged
combustion, it is possible to reduce the content of nitrogen oxides by about 30-40%. Such a decrease in
the formation of nitrogen oxides is explained by the formation of combustion zones in the combustion
chamber, characterized by an excess of air and a temperature level.

Results. To implement the technology of two-stage combustion, we have chosen different regimes of
supplying additional air through OFA-injectors: OFA is equal to 0% (basic version, traditional
combustion), 5%, 10%, 15%, 18%, 20%, 25% and 30% of the total volume of air required for fuel
combustion. As a result of the computational experiments, the distributions of temperature T and
concentration of nitrogen oxide NO were obtained over the entire volume of the combustion chamber, at
the outlet from it, and a comparative analysis was carried out for all studied regimes. Figure 2 shows
three-dimensional (figure 2a) and two-dimensional (figure 2b) graphs of the distribution of the cross-
sectional average temperature T along the height h of the combustion chamber for the studied regimes of
additional air supply.
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Figure 2 — Three-dimensional a) and two-dimensional b) temperature distribution T along the height h
of the chamber of the BKZ 75 boiler at various volumes of air supplied through the injectors:1 — OFA=0%, 2 — OFA=10%,
3 — OFA=18%, * — CHP experiment [29], 4 — theoretical value [30]

Analysis of figure 2a shows that with an increase in the volume of air supplied through the injectors,
the temperature in the region of the burners (h=4 m) increases: at OFA=10%, T= 750.35°C, at OFA=18%,
T= 744.08°C compared with the base case (conventional combustion) when OFA=0%, T=620.56°C. This
is due to the fact that when additional air is supplied through the injectors, the area where the burners are
located is depleted in oxygen. In addition, this leads to a decrease in the excess air ratio and to an increase
in the flame temperature in this zone. On the contrary, more air is supplied in the area of the OFA injectors
(h = 9.4 m), chemical reactions are more intense, and the temperature increases in comparison with the
temperature in the region of the burner zone: for OFA=0%, T= 987.30°C; OFA=10%, T= 918.56°C and
OFA=18%, T=879.17°C.

This behavior of temperature is clearly seen in figure 2b, which shows its distribution over the height
of the combustion chamber of the BKZ-75 boiler at different volumes of air supplied through OFA-
injectors. At the outlet from the combustion chamber, we have a further decrease in temperature.
Therefore, the average value of the temperature at the outlet from the combustion chamber is for
OFA=0%, T=885.79°C; OFA=10%, T=865.90°C and OFA=18% T= 856.27°C. The temperature
distribution over the height of the combustion chamber is confirmed by experimental data (figure 2b)
obtained directly at the operating Shakhtinskaya TPP [29], and at the outlet from the furnace space, its
theoretical value, calculated by the CBTI method [30] for the basic version (OFA=0%). Comparing the
results obtained, it can be noted that with an increase in the volume of air supplied through the OFA
injectors, a shift in the location of the flame core and an increase in the length of the zone of maximum
temperatures are observed (figure 2b, curves 2, 3).
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Figure 3 — Three-dimensional (a) and two-dimensional (b) distribution of the concentration
of nitrogen oxide NO along the height h of the combustion chamber of the BKZ-75 boiler with different volumes
of air supplied through the injectors: /-OFA=0%, 2-OFA=10%, 3-OFA=18%;* - experiment at CHP [31]

Figure 3 illustrates the three-dimensional and two-dimensional distribution of the concentrations of
nitrogen oxide NO along the height h of the combustion chamber for the studied three cases of application
of the two-stage combustion technology. With an increase in the volume of air supplied through the injectors,
the amount of nitrogen oxide formed in the area where the burners are located increases (h=4 m) compared to
the base case (conventional combustion). So when OFA=0% is 321 mg/nm’, OFA=10% — 534 mg/nm’® and
OFA=18% — 466 mg/nm’ (figure 3a).

At the same time, a decrease in the concentration of nitrogen oxide NO is observed in the zone of the
location of the injectors at a height of h = 9.4 m when the technology of two-stage combustion is introduced.
Here, the average values of the concentration of nitrogen oxide NO for all three cases differ significantly: for
the base case OFA=0% the concentration of nitrogen oxide NO is 399 mg/nm?, at OFA=10% — 353 mg/nm’
and at OFA=18% — 296 mg/nm’. This is explained by the fact that in the area of the OFA injectors (h = 9.4 m)
a zone enriched with oxygen with a relatively low temperature is created, which leads to a reduced
formation of NO from the air (thermal NO,).

At the outlet from the combustion chamber, with an increase in the volume of air supplied through the
injectors, a significant decrease in the concentration of nitrogen oxide no occurs in comparison with the base
regime: at ofa=0% — 368 mg/nm’ (figure 3a and 3b, curve 1), at OFA=10% — 332 mg/nm’ (figure 3a and
3b, curve 2), at OFA=18% — 277 mg/nm’ (figure 3a and 3b, curve 3), which is primarily associated with a
decrease in temperature in this area of the combustion chamber. All this indicates a significant influence
of the technology of two-stage fuel combustion on the distribution of the concentration of solid fuel
combustion products in the combustion chamber and at the outlet from it.
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Conclusion. Studies have been carried out using 3D computer modeling methods to determine the
effect of the introduction of the technology of two-stage combustion of high-ash Karaganda coal on the
main characteristics of heat and mass transfer processes: temperature and concentration fields throughout
the entire volume of the combustion chamber of the BKZ-75 boiler at Shakhtinskaya TPP and at the outlet
from it.

To implement the two-stage combustion technology, various regimes of additional air supply through
the injectors were chosen: OFA equals 0% (basic version, conventional combustion) and when 10%, 18%
of the total air volume is supplied to the upper part of the combustion chamber. A comparative analysis of
the main characteristics of the heat and mass transfer process in the combustion chamber for the
investigated regimes is carried out.

It is shown that an increase in the volume of air supplied through the injectors makes it possible to
reduce the concentration of nitrogen oxides NO at the outlet from the combustion space. The use of the
technology of two-stage combustion in the combustion chamber of the BKZ-75 boiler at the
Shakhtinskaya TPP leads to a significant decrease in the concentration of nitrogen oxide NO. In our case,
one of the optimal options for reducing the concentration of nitrogen oxides NO at the outlet from the
combustion chamber is the use of injectors at OFA=18%.

The results obtained will make it possible to optimize the combustion of low-grade fuel in the
combustion chamber of the BKZ-75 boiler, increase the efficiency of fuel burnout, reduce emissions of
harmful substances into the environment and introduce a two-stage combustion technology at other coal-
fired TPPs.

Acknowledge: This work was supported by the Ministry of Education and Science of the Republic of
Kazakhstan (No. AP08857288, No. AP09261161).
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KA3AKCTAHJBIK K20 3USsIH/AbI IIbIF APBIHABIJIAPbI AgAfITY YHIIH
OTBIHAbI EKICATBIJIBI ) KAFY TEXHOJIOTUSACBIH TAUJAJIAHY

AHHoTanusi. KaTTbl OTBIHMEH >XYMBIC ICTEHTIH 3JEKTp CTAaHIMSUIAPBl — KOPIIaraH OPTaHbl 3WSHIBI LIAH-Ta3
IIBIFapBIHABICEIMEH JIACTayIBIH HETi3Ti Ke3/AepiHiH Oipi 6ombim Kama Oepeni. A30T OKCHATEpiH OdceHIeTy OOUBIHIIA
CaHIBIK TXKipuOenep Kyprizy YIIiH eKi caTbUTel Xary TexHoJormsichl apkeuibl [laxtuack KOO (IllaxTHHCK K.,
Kazakcran) BK3-75 ka3zaHABIFBIHBIH JKary Kamepachl TaHmainel. Kasanmpikra Kaparanmpl KeMipiHiH OIaHBI
karbutaabl, kym 35,10%, ymma 22%, surrangsuteEbl 10,6% xone skxany xKbutysl 18,55 MJDxk/kr. ExicaTputel xany
TEXHOJIOTHSICHIH XKY3€Te achIpy VIIiH HHXEKTOpJap apKbUIBI KOCHIMINA aya OepymiH TYpJi peKuMaepi TaHIaIIbI:
OFA 0% (6a3ansik HycKa) >koHe 10%, ayaHBIH xanmbl keneMiHiH 18% memTiH KoFapFbl )KaFbIHAAFBl HHYKEKTOpIIap
apKbUTBI Oepineni.

JKyprizinren caHIpIK 3KcriepuMeHT HoTmxkeciHAe BK3-75 Ka3aHABIFBIHBIH jKaHY KaMepachIHBIH OYKiN Kejemi
OolfpIHIIIA XoHE WIBIFRICHIHAA NO a30T OKCHIIHIH TeMIepaTypajblK XOHE KOHIEHTPAIWSUIBIK ©pici allbIHIHI.
3epTTeneTiH peXuMIepre apHAIFaH >XaHY KaMepachIHIAFbl JKbUTy Oepy YICpICiHIH HeTi3ri CHIaTTaMarapblHa
CaNBICTBIPMabl Tajay Kyprizuimi. MHkekTopiaap apKeLIbl JKETKI3UIETIH KOChIMIIa aya keseMiHiH 18%-fa apTysl
NO a30T okcuai KOHIICHTPAIUSACHIHBIH OazanblK JKaFmaiira (IOCTypii jkaHy) KaparaHma 25%-Fa TOMEHAETETiHi
Kepcetinren. Ansiarad HoTIKenep BK3-75 Ka3aHIBIFBIHBIH OT JKary KaMepachlHAAa TOMEH CYPBINTHI OTHIHIBI KaFy
YAepiciH oHTalIaHOBIPYFa, OTBIHHBIH JKaHy THIMAUITIH apTTBIPYFa, KOpIIaraH OpTaFa 3USHIBI MIBIFAPBIHIBLIAPIBI
azaiTyra xoHe 0acka 1a kemip skaraTeiH JKOO-1a eKicaThUIbI JKaFy TEXHOJIOTHSCHIH €HTi3yTe MyMKIHIIK Oepei.
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HNCITIOJIB30BAHHUE TEXHOJIOTHUH ABYXCTYIIEHYATOTI'O C:KUT'AHUS TOIIVIMBA
JJIsI MUHUMUW3ATIMA BPEJJTHBIX BBIBPOCOB HA KA3BAXCTAHCKHUX T3I1

AnHoTanus. OTHUM U3 OCHOBHBIX MCTOYHHMKOB 3arpsi3HEHHs OKpPY’KaIOIIeH cpeabl BPEAHBIMU MbUIETa30BbIMU
BBIOPOCAaMH OCTAIOTCSI AJIEKTPOCTAHIMH, paboTarolie Ha TBEPIOM TOILIHBE.

Jig mpoBeneHMsT YMCICHHBIX SKCHEPUMEHTOB IO IMOJABJICHHIO OKCHAOB a30Ta C IOMOINBIO TEXHOJOTMU
JIBYXCTYIIEHYaTOro C)KUTaHWs ObLia BbIOpaHa ToroyHas kamepa koria bK3-75 Hlaxtunckoit TOL] (r. IlaxTuHCk,
Kazaxcran). B koTne ckuraercs mbUlb KaparaHAWHCKOTO yIuisl, 30JbHOCTBIO 35,10%, BBIXOMOM JNeTyuux 22%,
BrnaxxkHocTeio 10,6% w Ttermotoit cropanus 18,55 MJDk/kr. Jns peanu3alyd TEXHOJOTHH JBYXCTYNCHYATOTO
CKUTaHMS BBHIOPAHBI PA3IIMYHbIE PEKUMBI IT0JIa4M JOTOJIHUTENILHOTO Bo3ayxa depe3 umHxkekropsl: OFA pasao 0%
(6a3oBbr1ii BapuanT) u 10%, 18% ot obmiero o6bemMa BO3Iyxa OAACTCS Yepe3 HHKEKTOPHI B BEPXHEH YaCTH TOIKH.

B pesynprare NpPOBENCHHBIX YHCIEHHBIX OKCIIEPUMEHTOB OBUIM TIOJNyYeHBl TEMIEpaTypHbIE WONS U
KOHLIEHTPAILMOHHbIE TIoisi okcuaa azora NO 1o BceMy oO0beMy M Ha BBIXOJE TOMOYHOM Kamepsl komiia BK3-75.
ITpoBeneH cpaBHUTENBHBIM aHAIN3 OCHOBHBIX XapaKTEPUCTHK IPOIECcCa TEMIIOMACCONIEPEHOCca B TOMIOYHON KaMepe
JUIsl UCCIelyeMbIX pexxuMoB. [1okazaHo, 4To yBennueHne o0beMa JONOJHUTENBHOIO BO3yXa, I10/IaBAEMOr0 Yepes3
HMH)KEKTOPBI, 10 18% MPUBOINUT K YMEHBIIICHUIO KOHIIEHTpaIuii okcuna azota NO Ha 25% 1o cpaBHEHHUIO ¢ 0a30BBIM
ciydaeM (TpagullMOHHOE ckuraxue). IlomydeHHBIE pe3ysbTaThl MO3BOJIAT ONTHMM3MPOBATH MPOLECC CXKUTAHUS
HHU3KOCOPTHOTO TOIUIMBA B TOMOYHOW Kamepe Korina BK3-75, moBeicuTh 3(eKTHBHOCTH BHI'OpaHUS TOILIMBA,
YMEHBIIUTH BPEAHBIE BHIOPOCH B OKPY’KAIOIIYIO CPely W BHEIAPUTH TEXHOJIOTHIO IBYXCTYIEHYATOIO CXKMI'aHUS Ha
JIpyrux yraecxuraromux TOLL.

Ki1roueBble ¢JI0OBa: YHCICHHOE MOJEIMPOBAHME, BBIYUCIUTEIBHBIA SKCIHEPHMEHT, ABYXCTYIEHYATOE CXKH-
TaHue, BBICOKO30JIbHBIN YT0JIb, SKOJIOTHs, TEMIIEpaTypa, OKCHIIBI a30Ta.
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