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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.




News of the National Academy of sciences of the Republic of Kazakhstan

CAEA = 5% A = Tia A =0 8N

13"5 e ‘-wm ) i Vi

auT anog

10
L ' - Il
g -’b'.‘IH T53 K27 a0l .i".: I
e
T
1 1441
ot 4
.-"{' -\'.: g
W0 | = i i,
i ! ¥ -
| I ' T &
| | ' iy
e |||I |I / =
|'[ It X
RiK1 | | T
|| VI
[ u
?S‘q] |I
|
m"\ﬂ .'Il
I
s U . . . . . .
U z 4 fa q 10 12 14 I h.om

L

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 APBIHABIJIAPIbI AgAfITY YHIIH
OTBIHAbI EKICATBIJIBI ) KAFY TEXHOJIOTUSACBIH NAUJAJIAHY

AHHoTanusi. KaTTbl OTBIHMEH >KYMBIC ICTEHTIH 3JEKTp CTAHIMSUIAPHI — KOPIIaFraH OPTaHbl 3WSHIBI IIAH-Ta3
IIBIFapPBIHABICEIMEH JIACTAYIBIH HETI3T1 Ke3AepiHiH Oipi 6onbm Kamna Oepemi. A30T okcuaTepiH OoceHIeTy OOUBIHIIA
CaHIBIK TYXKipuOenep Kyprizy YIIiH €Ki caThUTbl Xkary TexHoJormsichl apkeuibl [laxturck KOO (IllaxTHHCK K.,
Kazakcran) BK3-75 Ka3zaHABIFBIHBIH JKary Kamepachl Tamainnel. Kasanapikra Kaparanmpl KeMipiHiH HIaHBI
JKarpuTazpl, Kyai 35,10%, ymma 22%, smranasuisiesl 10,6% xoHe kaHy xbutybl 18,55 MDx/kr. ExicaTbuisl sxaHy
TEXHOJIOTHSACHIH KY3€Te achlpy YIIiH HHXEKTOpIap apKbUIBl KOCHIMINA aya OepymiH TYpii peKuMaepi TaHIaIIbI:
OFA 0% (6a3ansik HycKa) skoHe 10%, ayaHBIH xanmbl keneMiHiH 18% memTiH KoFapFbl )KaFbIHAAFbl HHHKEKTOpIIap
apKBUIBI Oepineni.

JKyprizinren caHOpIK 3KcriepuMeHT HoTmkeciHae BK3-75 KazaHABIFBIHBIH jKaHY KaMepachIHBIH OYKiNT Keiemi
OoffpiHIIIa XoHE MBIFRICEIHAA NO a30T OKCHIIHIH TeMIepaTypajblK XOHE KOHIEHTPAINSUIBIK ©pici allbIHIBL
3epTTeneTiH peXUMIEpre apHAIFaH JXaHY KaMepachIHIAFbl JKbUTy Oepy YICpICiHIH HETi3ri CHIaTTaMaiapbiHa
CaNBICTBIPMANbl TalAay Kyprizuimi. MHkekTopiaap apKelIbl KETKI3UIETIH KOChIMIIa aya keseMiHiH 18%-Fa apTysl
NO a30T okcuai KOHIICHTPAIUACHIHBIH OazanblK jKarmaiira (IOCTypii jkaHy) KaparaHma 25%-Fa TOMEHAETETiHi
kepcetinren. Ansiarad HoTIKenep BK3-75 Ka3aHIBIFBIHBIH OT JKary KaMepachlHAAa TOMEH CYPBINTHI OTHIHIBI Kary
YAepiciH oHTalIaHABIPYFa, OTBIHHBIH JKaHY THIMAUITIH apTTRIPYFa, KOpIIaraH OpTaFa 3USHIBI MIBIFAPBIHIBLIAPIBI
azaiTyra xoHe 0acka 1a kemip skaraTeiH JKOO-1a eKkicaThUIbI JKaFy TEXHOJIOTHSCHIH CHTI3yTe MyMKIHIK Oepei.

Tyiiin ce3aep: CaHIBIK MOJEIBACY, CCENTEY IKCIIEPUMEHTI, €Ki CATBUIBI KaHy, KYJIi JKOFaphl KOMip, YKOJIOTHS,
TEMIIEpaTypa, a30T OKCUATEP]
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HNCITIOJIB30BAHHUE TEXHOJIOTHUH ABYXCTYIIEHYATOTI'O C:KUT'AHUS TOIIVIMBA
JJIsI MUHUMUW3ATIMA BPEJJTHBIX BBIBPOCOB HA KA3BAXCTAHCKHUX T3I1

AnHoTanus. OHUM U3 OCHOBHBIX MCTOYHHKOB 3arpsi3HEHHs OKPY>Karollel cpebl BpeAHBIMU MbUIETa30BbIMU
BBIOPOCAaMH OCTAIOTCSI AJIEKTPOCTAHIMH, paboTaroIie Ha TBEPIOM TOILIHBE.

Jnd mpoBeneHMsI YMCICHHBIX SKCIHEPUMEHTOB IO MOJABJICHHIO OKCHAOB a30Ta C IOMOIIBIO TEXHOJOIMU
JIBYXCTYIICHYaTOr0 C)KUTaHWs ObLta BbIOpaHa TorouyHas kamepa koria bBK3-75 Hlaxtuackoit TOL] (r. IlaxTuHCk,
Kazaxcran). B koTne ckuraercs NbUIb KaparaHAWHCKOTO yIisl, 30ibHOCTBIO 35,10%, BhIXOmOM netyumx 22%,
BrnaxxHocteio 10,6% wm TtemmoToit cropanus 18,55 MJDk/kr. JIns peanu3alid TEXHOJOTHH JIBYXCTYICHYATOTO
CKUTaHMS BBIOPAaHBI PA3IMYHBIE PEKUMBI ITOJAYM JOTIOIHUTEILHOTO BO3ayxa depe3 mHxekTopsl: OFA pasno 0%
(6a3oBbrii BapuanT) U 10%, 18% ot 06miero o6bemMa BO3Iyxa MOAACTCS YePe3 HHKEKTOPHI B BEPXHEH YaCTH TOIKH.

B pesynprare NpPOBENECHHBIX YHCIEHHBIX OKCIIEPUMEHTOB OBUIM TIOJNyYEHBI TEMIEPAaTypHBIE WONA U
KOHLIEHTPAIMOHHbIe TIoyisi okcuzna azora NO 1o BceMy 0O0beMy M Ha BBIXOJE TOMOYHOM Kamepsl koTiia BK3-75.
ITpoBeneH cpaBHUTENBbHBIH aHAIU3 OCHOBHBIX XapaKTEPUCTHUK IIpoIiecca TEMIOMAacCONepeHOca B TOMOYHON KaMepe
JUIsL UCCIeyeMbIX pexxuMoB. [TokazaHo, 4To yBennueHne o0beMa JONOIHUTENBHOIO BO3IyXa, I10/IaBAEMOT0 Yepes
WHXKEKTOPHI, 10 18% MPUBOIUT K YMEHBIIICHUIO KOHIICHTpaIwii okcua a3ota NO Ha 25% 1o cpaBHEHHUIO ¢ 0a30BBIM
cilydaeM (TpagullMOHHOE ckuraHue). IlomydeHHbIe pe3ysibTaThl MO3BOJIAT ONTHMM3HPOBATH MPOLECC CXKUTAHUS
HHU3KOCOPTHOTO TOIUIMBA B TOMOYHOW Kamepe Komina BK3-75, moBeicHTh 3(eKTHBHOCTH BHITOpaHUS TOILIMBA,
YMEHBIIUTH BPEAHBIE BHIOPOCH B OKPY’KAIONIYIO Cpely W BHEIAPUTH TEXHOJIOTHIO IBYXCTYNEHYATOrO CXKHMI'aHUS HA
JIpyrux yraecxurarommx TOLL

Ki1roueBble €JI0BAa: YNCICHHOE MOJEIMPOBAHNE, BBHIYHCIUTENBHBIN 3KCHEPHMEHT, ABYXCTYIEHYATOE CXKH-
TaHNE, BBICOKO30JIbHBIN YTOJIb, SKOJIOTH, TEMIIEPaTypa, OKCHIIBI a30Ta.

Information about authors:

Askarova Aliya, Doctor of Physical and Mathematical Sciences, Professor, Head of the Laboratory for Simulation of Heat and Mass
Transfer, al-Farabi Kazakh National University. The author made a significant contribution to the concept and design of the research, data
acquisition or their analysis and interpretation. The author approved the final version of the article before submitting it for publication,
aliya.askarova@kaznu.kz, https://orcid.org/0000-0003-1797-1463;

Safarik Pavel, Doctor of Physics and Mathematics, Professor at the Czech Technical University in Prague, Prague, Czech Republic.
The author made a significant contribution to the concept and design of the research, data acquisition or their analysis and interpretation,
pavel.safarik@fs.cvut.cz, https://orcid.org/0000-0001-5376-9604;

Bolegenova Saltanat, Doctor of Physics and Mathematics, Professor, Head of the Department of Thermophysics and Technical
Physics, al-Farabi Kazakh National University. The author made a significant contribution to the concept and design of the research, data
acquisition or their analysis and interpretation. The author approved the final version of the article before submitting it for publication,
saltanat.bolegenova@kaznu.kz, https://orcid.org/0000-0001-5001-7773;

Maximov Valeriy, PhD, Senior Lecturer, Department of Thermal Physics and Technical Physics, al-Farabi Kazakh National
University. The author has written the first version of the article or its critical review for important intellectual content,
valeriy.maximov(@kaznu.kz, https://orcid.org/0000-0003-4120-1071;

Nugymanova Aizhan, PhD student, Senior Lecturer, Department of Thermal Physics and Technical Physics, al-Farabi Kazakh
National University. The author made a significant contribution to the concept and design of the research, data acquisition or their
analysis and interpretation, aizhan.nugymanova@kaznu.kz, https://orcid.org/0000-0003-0393-5672;

Bolegenova Symbat, PhD, deputy dean for educational, methodical and educational work Al-Farabi Kazakh National University.
The author has written the first version of the article or its critical review for important intellectual content. E-mail:
Symbat.bolegenova@kaznu.kz bolegenova.symbat@kaznu.kz, https://orcid.org/0000-0003-1061-6733

REFERENCES

[1] Natsional'nyy Energeticheskiy Doklad KAZENERGY. Available online: http://www.kazenergy.com/ru/analyst (accessed on
January 2018) (in Russian).

[2]  Askarova A., Nugymanova A., Safarik P., etc (2019) Optimization of the solid fuel combustion process in combustion
chambers in order to reduce harmful emissions. News of the national academy of sciences of the Republic of Kazakhstan-series Physico-
mathematical, 6(328): 34-42 DOI: 10.32014/2019.2518-1726.71.

[3] Maximov V.Yu., Bolegenova S.A., etc (2015) Computational method for investigation of solid fuel combustion in
combustion chambers of a heat power plant. High temperature, 53(5)751-757. DOI: 10.1134/S0018151X15040021

[4] Bolegenova S.A., etc (2016) Mathematical modeling of heat and mass transfer in the presence of physical-chemical
processes. Bulgarian Chemical Communications, 48(E2):272-277.

[5] Askarova A., Maximov V.Yu., etc (2012) Mathematical simulation of pulverized coal in combustion chamber. Proceedings
of 20th International Congress of Chemical and Process Engineering, Prague, Czech Republic. 42:1150-1156.




News of the National Academy of sciences of the Republic of Kazakhstan

[6] Beketayeva M., Bolegenova S.A., etc (2019) 3D modeling of the aerodynamics and heat transfer in the combustion chamber
of the BKZ-75 boiler of the Shakhtinsk cogeneration plant. Thermophysics and aeromechanics. 26(2):295-311. DOI:
10.1134/S0869864319020124

[7] Mazhrenova N.R., Bolegenova S.A., Mamedova M.R., etc (2019) Computational experiments for research of flow
aerodynamics and turbulent characteristics of solid fuel combustion process. News of the national academy of sciences of the Republic of
Kazakhstan-series physico-mathematical, 2(324):46-52. DOI: 10.32014/2019.2518-1726.11.

[8] Manatbayev R., Ospanova Sh., Mazhrenova N., etc (2016) 3D modelling of heat and mass transfer processes during the
combustion of liquid fuel, Proceedings of 15th International Scientific Conference on Renewable Energy and Innovative Technologies,
Tech Coll Smolyan, Smolyan, Bulgaria, Bulgarian Chemical Communications, 48(E):229-235.

[9] Bolegenova S.A., Safarik P., etc (2020) Numerical simulation of heat and mass transfer at the partial stop of fuel supplying in
the chamber of TPP. News of the national academy of sciences of the Republic of Kazakhstan-series Physico-mathematical, 2(330):
88-95. DOI: 10.32014/2020.2518-1726.29

[10] Gabitova Z., Shortanbayeva Zh., Yergaliyeva A., etc (2017) Simulation of the aerodynamics and combustion of a turbulent
pulverized-coal flame. Proceedings of 4th International Conference on Mathematics and Computers in Sciences and in Industry (MCSI
2017). Corfu Island, Greece. P.92-97. DOI: 10.1109/MCSI1.2017.23.

[11] Shortanbaeva Zh.K., Bolegenova S.A., Bolegenova S., etc (2017) Numerical modeling of burning pulverized coal in the
combustion chamber of the boiler PK 39. News of the national academy of sciences of the Republic of Kazakhstan-series physico-
mathematical, 2(312):58-63.

[12] Messerle V.E., Ustimenko A.B., Askarova A.S., etc (2016) Reduction of noxious substance emissions at the pulverized fuel
combustion in the combustor of the BKZ-160 boiler of the Almaty heat electro power station using the “Overfire Air” technology. Journal
Thermophysics and Aeromechanics, 23(1):125-134. DOI: 10.1134/S0869864316010133.

[13] Turbekova A.G., Maxutkhanova A.M., Beisenov Kh.1., etc (2017) A computational experiment for studying the combustion
of thermochemically-gasified coal in the combustion chamber of the boiler BKZ-160. News of the national academy of sciences of the
Republic of Kazakhstan-series physico-mathematical, 2(312):75-80 DOI: 10.1515/eng-2018-0020

[14] Gabitova Z., Bekmukhamet A., Beketayeva M. etc (2014) Control harmful emissions concentration into the atmosphere of
megacities of Kazakhstan Republic. International conference on Future Information Engineering, Beijing, Peoples China, 10:252-258.
DOI: 10.1016/j.ieri.2014.09.085.

[15] Manatbayev R.K., Heierle E.I., Yergaliyeva A.B. etc (2016) CFD study of harmful substances production in coal-fired power
plant of Kazakhstan. Bulgarian Chemical Communications, 48(E2):260-265.

[16] Bolegenova S.A., Ospanova Sh.S. etc (2017) Investigation of acrodynamics and heat and mass transfer in the combustion
chambers of the boilers PK-39 and BKZ-160. News of the national academy of sciences of the Republic of Kazakhstan-series physico-
mathematical, 2(312):27-38.

[17] Buchmann M., Askarowa A., (1997) Structure of the flame of fluidized-bed burners and combustion processes of high-ash
coal. Proceedings of 18th Dutch-German Conference on Flames, VDI Berichte, 1313:241-244.

[18] Askarova A., Bekmuhamet A., Ospanova Sh.S., etc (2012) Numerical research of aerodynamic characteristics of combustion
chamber BKZ-75 mining thermal power station. Procedia Engineering, 42:1250-1259. DOI: 10.1016/j.proeng.2012.07.517.

[19] Messerle V.E., Bolegenova S.A., (2019) Processes of heat and mass transfer in furnace chambers with combustion of
thermochemically activated fuel. Thermophysics and aeromechanics, 26(6): 925-937. DOI: 10.1134/S0869864319060143

[20] Bolegenova S.A., Askarova A., Beketayeva M.T., etc (2018) Modeling of heat and mass transfer in high-temperature
reacting flows with combustion. Journal High Temperature, 56(5):738-743. DOI: 10.1134/S0018151X1805005X.

[21] Gabitova Z., Leithner R., Ergalieva A., etc (2016) Computational modeling of heat and mass transfer processes in
combustion chamber at power plant of Kazakhstan. Proceedings of MATEC Web of Conferences, 76:UNSP06001
DOI:10.1051/matecconf/20167606001.

[22] Safarik P., Maximov V.Yu., etc (2019) Simulation of low-grade coal combustion in real chambers of energy objects. Journal
Acta Polytechnica, 59(2):98-108. DOI:10.14311/AP.2019.59.0098

[23] Nugymanova A.O., Safarik P., Bolegenova S.A., etc (2019) 3D modeling of combustion thermochemical activated fuel.
News of the national academy of sciences of the Republic of Kazakhstan-series physico-mathematical, 2(324):9-16.
DOI: 10.32014/2019.2518-1726.7.

[24] Safarik P., Beketayeva M.T., Askarova A.S., etc (2018) Modern computing experiments on pulverized coal combustion
processes in boiler furnaces, News of the national academy of sciences of the Republic of Kazakhstan-series Physico-mathematical,
6(322):5-14 DOLI: 10.32014/2018.2518-1726.11.

[25] Maximov V.Yu., Safarik P., Askarova A. etc (2019) 3D modeling of heat and mass transfer processes during the combustion
of solid fuel in a swirl furnace. Journal Acta Polytechnica, 59(6):543-553. DOI:10.14311/AP.2019.59.0543.

[26] Bolegenova S.A., Maximov V.Yu. etc (2019) 3D modeling of heat transfer processes in the combustion chamber of a TPP
boiler. News of the national academy of sciences of the Republic of Kazakhstan-series physico-mathematical, 6(328):5-13
DOI: 10.32014/2019.2518-1726.68.

[27] Bolegenova S.A., Safarik P., etc (2020) Research of characteristics of heat and mass transfer at the introduction of
technology of steps fuel burning on the BKZ-75 boiler of the Shakhtinskaya TPP. News of the national academy of sciences of the
Republic of Kazakhstan-series physico-mathematical, 2(330):166-174. DOI: 10.32014/2020.2518-1726.19

[28] Askarova A.S., Safarik P., Maximov V.Yu. etc (2020) Minimization of toxic emissions during burning low-grade fuel at
Kazakhstan thermal power plant. Journal Acta Polytechnica, 60(3):206-213. DOI:10.14311/AP.2020.60.0206

[29] Alijarov B.K., Alijarova M.B. (2012) Szhiganie kazahstanskih uglej na TJeS i na krupnyh kotel'nyh: opyt i perspektivy. RGP
Gylym ordasy, Kazakhstan.

[30] Thermal calculation of boilers (normative method). Publishing House AOOT "NCPO Central Boiler-and-Turbine Institute".
1998. 270 p.

[31] Messerle V.E., Nagibin A.O., Ustimenko A.B. etc, (2009) Mathematical modeling of the combustion of a pulverized coal
flame in the furnace of a BKZ-75 boiler equipped with plasma-fuel systems. Reports of the National Academy of Sciences of the
Republic of Kazakhstan. Physics, 2:16-23.




