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NUMERICAL SIMULATION OF HEAT AND MASS TRANSFER PROCESSES DURING
THE COMBUSTION OF SOLID FUEL OF DIFFERENT MOISTURE IN COMBUSTION
CHAMBERS OF POWER PLANTS

Abstract. In the article, using numerical methods, studies have been conducted to determine the effect
of the moisture content of the burnt coal on the characteristics of the heat and mass transfer process. The
combustion chamber of the PK-39 boiler of the real energy object of the Republic of Kazakhstan (Aksu
TPP) was chosen as the object of the study. Temperature (T) and concentration (O,, CO, CO,) fields were
calculated for Ekibastuz coal with working moisture equal to 5, 7, 9 and 11%.It is shown that an increase in
the moisture content of coal leads to a decrease in temperature both in the area of the burners and at the
outlet from the combustion chamber. The concentrations of oxygen, water and carbon dioxide also decrease
with decreasing working moisture along the entire height of the combustion chamber. In the area where the
burners are located, with an increase in moisture, the amount of carbon monoxide CO formed decreases;
however, above the active combustion zone, an increase in moisture leads to a less intense process of
afterburning of carbon monoxide CO to carbon dioxide CO,. The results of computational experiments on
the combustion of pulverized coal in the combustion chamber of operating power object (boiler PK-39 at
Aksu TPP) are compared with experimental data obtained in the course of field experiments carried out
directly at the Aksu TPP.

Key words: heat and mass transfer processes, numerical simulation, temperature, concentration,
moisture, combustion chamber, oxygen and carbon oxides, environmental protection

Introduction

In the near future, for the sustainable development of the country's thermal power industry, it is
necessary to optimize the combustion processes of traditional energy fuel (Kazakh coal), develop and
implement "clean” technologies for generating energy in order to protect the environment from harmful gas
and dust emissions and ensure the efficiency of power plants. In this regard, studies of the processes of heat
and mass transfer that take place in the combustion chambers of industrial boilers when burning coals of
high ash content in them are relevant today [1-2].

For research of the heat and mass transfer processes occurring in the combustion chamber, that is,
directly in the field of physicochemical transformations of fuel and oxidizer molecules into combustion
products, due to the difficulty and high cost of carrying out field experiments, as well as due to the lack of
accuracy and complexity of constructing fire models, the most relevant, and in most cases the optimal are
the methods of computer simulation and carrying out computational experiments [3-9] on their basis.
Carrying out of computing experiments by means of computer technics now allows to predict with high
accuracy the behavior of physicochemical systems that are complex for analytical calculation.
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As it is known, coal is supplied to TPPs of various compositions, which sufficiently affects the
characteristics of heat and mass transfer. Therefore, the moisture content of Ekibastuz coal, burned in the
furnaces of boilers, fluctuates within 5-11%. Variation of percentage of a moisture in fuel leads to variation
of thermal and concentration characteristics of the heat and mass transfer process. In this regard, the
characteristics of the heat and mass transfer processes (temperature and concentration fields) in the
combustion chamber, taking into account the different values of moisture content in the fuel, were
investigated below [10-13].

Physical statement of a problem

The combustion chamber of the PK-39 boiler of Aksu TPP, which burns the high-ash Ekibastuz coal,
was chosen as a research object for carrying out of computing experiments on research of influence of fuel
moisture on the characteristics of heat and mass transfer. Twelve vortex pulverized coal burners located on
two tiers of the combustion chamber. Each burner contains one channel with an air mixture and two channels
of secondary air.

Figure 1 shows the general scheme of the combustion chamber of the PK-39 boiler at Aksu TPP and
its breakdown into elementary volumes for numerical modeling. We have obtained 98.820 elementary
volumes with a computational grid measuring 27x61x60. Ekibastuz KSN coal of the “VVostochny” open pit
was used as fuel. Table 1 shows the percentage composition of the test coal used in the calculations.

Table 1 — Working composition of Ekibastuz coal with recalculation for different moisture content

WP AP CP HP oP NP SP
5 41,78 41,98 2,86 6,74 0,82 0,82
7 40,9 41,1 2,8 6,6 0,8 0,8
9 40,02 40,22 2,74 6,46 0,78 0,78
11 39,14 39,33 2,68 6,32 0,77 0,77

S W |
Y
~

7
—7
( {
N\
N\
Y
N\
N\
\

¥ fm) ) "ty
Figure 1 — General scheme of the combustion chamber of the PK-39 boiler at Aksu TPP and its
breakdown into elementary volumes

Results

As a result of the performed numerical experiments, the fields of temperature and concentration of
carbon oxides (CO and CO;) were obtained throughout the entire combustion chamber of the PK-39 boiler
at Aksu TPP.

Figure 2 presents the graph of the distribution of the average temperature values T in each section along
the height of the combustion chamber when burning coal of different moisture content and comparison with
the experimental data obtained in the course of field experiments carried out directly at the Aksu TPP.
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Analysis of the figure shows that the greatest differences between the calculated and experimental data
(Figure 2) are observed when a coal flame is ignited.

This can be explained by the unsustainable nature of the combustion process in this area and,
accordingly, the difference between the real physical conditions of ignition of the pulverized coal and the
mathematical model describing the process of burning fuel in this area. If the percentage of fuel moisture
increases from 5% to 11%, the temperature in the area of burners decreases by an average of 300 °C. At the
outlet of the combustion chamber, the differences in temperature values decrease and are no more than
35°C.
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Figure 2 — Distribution of temperature T over the height of the combustion chamber when burning
coal of different moisture content: 1 — 0%, 2 — 5%, 3 — 7%, 4 — 11%, & —experiment [14-15]

Figure 3 shows the results of a 3D simulation of the combustion process of Ekibastuz coal in the form
of temperature distribution in the section of the combustion chamber of the PK-39 boiler of the Aksu TPP,
falling on the lower tier of burners. The temperature scale can be used to determine the temperature value
at any point of this section. Analysis of the figure shows that with an increase in fuel moisture, the cross-
sectional average temperature of the pulverized coal flame decreases, which was previously demonstrated
in Figure 2.
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5% 7% 9% 1

/) :
1050.0 1275.0 1500.0

600.0 825.0

Figure 3 — Distribution of temperature T in the section of the lower tier of the burners of the PK-39 boiler
during the combustion of Ekibastuz coal of different moisture content

Figure 4 shows the distribution of averages in each section of oxygen concentrations O, along the
height of the combustion chamber of the PK-39 boiler at the Aksu TPP and comparison with the
experimental data obtained directly at the Aksu TPP. It is shown that a decrease in moisture leads to a
decrease in the concentration of the oxidant in the combustion chamber, which is probably associated with
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a more complete combustion of coal and with a higher consumption of the oxidant (oxygen).

Maximums of O, concentration fall on the location of burners and suction, that is, where the air mixture
and additional air are supplied. The O, concentration reaches its minimum values in the central region,
where the pulverized coal flame is located and where the chemical reactions of combustion and oxidation
are most intense. At the same time, with an increase in moisture, the oxygen concentration increases, and
the minimum shifts to the outlet from the combustion chamber (Figure 4). It can be seen that for 5%
moisture, the minimum oxygen concentration is about 0.01 kg/kg, while for 11% moisture it is about 0.06
ka/kg.

Oz, kg/kg
0258 5

T T T T T T 1

0 2 4 6 81012141618 202224262830h,m

0

Figure 4 — Distribution of O, concentrations over the height of the combustion chamber when burning coal
of different moisture content: 1 — 0%, 2 — 5%, 3 — 7%, 4 — 11%, 4 — experiment [14-15]

Figure 5 shows a graph of the distribution of averages in each section of carbon monoxide CO
concentrations. The analysis of the figure shows that the formation of the concentration of carbon monoxide
CO occurs mainly in the main part of the flame, where its average temperature reaches its maximum values.
Moreover, with a decrease in the moisture content in coal, the maximum CO concentration increases and
shifts to the area of the burners.

CO, mg/nm?
12000 ~

10000 +

3000

6000

4000

]
Ay

2000

1

0 I T T T T T T T T T T 1
02 4 6 81012141618202224262830h,u
Figure 5 — Distribution of CO concentrations over the height of the combustion chamber when burning
coal of different moisture content: 1 — 0%, 2 — 5%, 3 - 7%, 4 — 11%

Moving towards the outlet from the furnace, the concentration of carbon monoxide decreases and at
the outlet the concentration values for W*=5% — 614,40 mg/Nm?; mas WP=7% — 724,52 mg/Nm?; s
WP=9% — 907,38 mg/Nm?; ans WP=11% — 1183,05 mg/Nm®. Thus, an increase in the moisture content of
the fuel leads to a decrease in the concentration of carbon monoxide CO in the area of active combustion,
which coincides with the experimental data given in [14-15]. This can be explained by the fact that at low
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temperatures the reaction of the formation of carbon dioxide from carbon of the fuel predominates; however,

as the temperature rises, the reaction between coal and the formed carbon dioxide begins to prevail.
COa2, kg/kg
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Figure 6 — Distribution of CO; concentrations over the height of the combustion chamber when
burning coal of different moisture content: 1 — 0%, 2 — 5%, 3 — 7%, 4 — 11%, & — experiment [14-15]

Figure 6 shows the distribution of averages in each section of values of concentration of carbon dioxide
CO- along the height of the furnace space. It can be seen that an increase in moisture leads to a decrease in
the concentration of carbon dioxide, which is associated with the temperature conditions of the process (for
example, with an increase in temperature, the reaction of the formation of carbon monoxide CO prevails).
In addition, this, in turn, creates worse conditions for the reaction associated with the afterburning of CO to
CO..As a result, the value of the concentration of carbon dioxide CO; at the outlet of the furnace decreases
with increasing moisture content of the fuel.

Here, in Figure 6, the results of an experiment carried out directly at the TPP are plotted [14-15]. We
see that the greatest differences in the results of computational and natural experiments are observed in the
area of ignition of the combustible mixture, which is associated with the instability of combustion and the
difference between the simulated and experimental conditions for the ignition of the air mixture.

In the area of the lower tier burners, the average concentration of carbon dioxide CO2 is for a moisture
content of W*=5% — 0,10364 kg/kg; W'=7% — 0,0945 kg/kg; W"=9% — 0,08507 kg/kg; W"=11% -
0,07707 kg/kg. At the outlet from the combustion chamber, these values increase to 0,2039 kg/kg;
0,19918 kg/kg; 0,19424 kg/kg; 0,18944 kg/kg respectively.

Conclusion

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

o It has been shown, that an increase in the moisture content of coal leads to a decrease in temperature
both in the area of the burners and at the outlet from the combustion chamber. Oxygen and carbon dioxide
concentrations also decrease with decreasing operating moisture along the entire height of the combustion
chamber.

e In the area of burners, with increased moisture, the amount of carbon monoxide CO produced
decreases, but, above the active combustion zone, the increase in moisture leads to a less intensive process
of CO to COa.

e Comparison of the results of numerical modeling with the data of field experiments obtained directly
at the operating power plant (TPP) showed good qualitative and good quantitative agreement.
Concentrations of harmful substances (CO, CO») at the outlet from the combustion chamber do not exceed
the MPC standards, which were established to control emissions from coal-fired TPPs.

The results obtained will be used to conduct research on further optimization of the combustion of
high-ash coal in the furnaces of power plants and to reduce harmful dust and gas emissions into the
environment.
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SHEPTETUKAJBIK KOHJABIPFBLIAPJBIH )KAHY KAMEPAJIAPBIHIA
9P TYP.JII bLIFAJABLIBIKTAFbI KATTbI OTBIH/IbI )KAFY KE3IHJEI'T
J)KBLITY-MACCA AJIMACY MMPOLECTEPIH CAHJIbIK MOJEJBAEY

AnHoTauus. by Makanaza canaplK 9aicTeplli KOJAaHa OTHIPHII, KOMIpP bUIFAABUIBIFBIHBIH JKBLTY
MEH Macca ajMacy IIPOIECIHIH CHIaTTaMajapblHa OCEpiH aHBIKTAy VIIIH 3epTTeyliep >KYPTi3ijimi.
3eprreserin HbicaH peTinae ExidacTy3 kemipiH/ie )KYMBIC iCTEHTIH AKCY 3JIeKTp cTaHIusIchiHaa (AKCY K.,
Kazakcran) opuatsuiran [TK-39 6y Ka3aHIBIFBIHBIH JKaFy KaMepachl TAHIAJJIBL.
Exibacty3 kemipiHe apHaIFaH KYMBIC BUTFaJIIBUILIFEL 5, 7, 9 skoHe 11% - Fa TeH TeMIieparypaibiK
(T) xone kouuentpausibik (02, CO, CO,) ankanrtap ecenteni. KeMip bUIFaIbUTBIFBIHBIH )KOFAPbLIAYbI
KbI3ABIPFBIIITAPABIH OpHAJIACy aiMarblHAa Ja, KaHy KaMepachblHBIH IIBIFBICHIHIA Aa TeMIIepaTypaHbIH
TeMEH/ICyiHe oKeNleTiHi kepceriareH. OTTeri, Cy *oHE KOMIPKBIILKBUI I'a3bIHBIH KOHLEHTPALUSICH XKaHy
KCHICTITiHIH OYKiJT OWIKTIri OOWBIHIIA >KYMBIC BUIFAIBIHBIH TOMCHICYIMEH a3asabl. blIFammplIbIKTHIH
JKOFapbUTAyBIMEH KBI3IBIPFBIII KYPBUIFBUIAPIIBIH OpHAJAcybl aliMarbiHAa Taiina Oomran CO xemipreri
TOTBHIFBIHBIH MOJIIIEP1 a3asiabl, anaiina OesnceH i kaHy aiiMarblHaH >KOFapbl bUIFAIABUIBIKTBIH YKOFapbLUIay bl
CO xewmipreri TOTBIFBIHEIH CO2 KOMIipKBIIIKBUT Ta3blHA JEHiH a3 KapKBIHABI JKaHy IPOIECiHE OKeIeTi.
JXKyMbIC icTem TypFaH SHepreTHKANIbIK 00BbEKTIHIH OT jkary kamepacsinaa (Axcy JKOC ITK-39 ka3aHIbIFbI)
TO3aH-KOMip OTHIHBIH Kary OOWBIHINA ecenTey IKCIEpUMEHTTEePiHIH HoTIXKeNepi Tikeneil Akcy KIC-te
JKYPri3iireH 3aTTail 3KCriepuMeHTTEp OaphICBIHAA abIHFAH SKCIICPUMEHTTIK AEPEKTEPMEH CaJIBICTHIPBUIIBI.
Tyilin ce3mep: >XplIy »OHE Macca ajMacy IpoLecTepi, CaHIBIK MOAENbILY, TEeMIepaTypa,
KOHILIGHTpAIMs, BUIFANIBUIBIK, J)KaHy KaMmepachl, OTTETi >KOHE KeMipTeri OKCHATepi, KOpIIaFraH OpTaHBI
KOpFay.
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YUCJEHHOE MOAEJIMPOBAHME ITPOLECCOB TEIINIOMACCOIIEPEHOCA 11PH
T'OPEHUHU TBEPJOI'O TOILVIMBA PA3JIMYHOM BJIAJKHOCTHU B KAMEPAX CTOPAHUSA
OHEPITETHYECKUX YCTAHOBOK

AHHoTammsa. B craThbe ¢ mNpUMEHEHHEM UHCIEHHBIX METOJOB TPOBENEHBI HCCIEJOBAHNS,
MO3BOJISIIONINE ONPEACTUTh BIMSHHE BJIAXHOCTH CXXHIAacMOro YIJIA Ha XapaKTEPUCTHKH Ipolecca
TeIIoMaccomneperoca. B kauectse mcciaegyeMoro oObekTa Obula BhIOpaHa TOIOYHAS KaMmepa HapoBOTO
kotna [1K-39, ycranoBnenHoro Ha Akcyckoi snekTpoctanuuu (r. Akcy, Kaszaxcran), pabotatomas Ha
Okubacty3ckoM yrie. OOmas ycTaHOBIEHHas MOILIHOCTb JiekTpoctanuuu — 2450 MBTt. Ha
AIEKTPOCTAHIINN paboTaroT 8 3Hepro6s0koB (MmapoBsix KoTiaoB) I1K-39 HoMuHANEHO# MomHOCTRIO 300 1
325 MBrt. B Tomounoit xamepe komma IIK-39 ycranoBieHo 12 BUXpPEBBIX NBUICYTOJBHBIX TOPEIIOK,
pacronokKeHHbIX Ha ABYX Apycax. Kaxmas ropeika coaep)XUT OAUH KaHal C 10/1aBaeMOM a’poCMEChI0 U
JIBa KaHajla BTOPUYHOT'O BO3IyXa.

beutn  paccuwransl TemmeparypHele (T) u  konuentpamuonHbie (Oz CO, COz) mons mis
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9KM0ACTy3CKOro yIiisa ¢ pabodyeil BiaXHOCTBIO, paBHOW 5, 7, 9 u 11%. IlokazaHo, 4TO yBeIUUEHUE
BIQXKHOCTH YTJIS IPUBOJIUT K YMEHBIICHHUIO TEMIIEPATYPhI KaK B 00JIACTH PaCIOJIOKEHISI TOPEIIOK, TaK U Ha
BBIXO/IE W3 TOIOYHOW Kamephl. KOHIEHTpamuu KuCIopoda, BOJAB W JUOKCHIA YTIepoaa TakKe
YMEHBIIAIOTCS ¢ YMEHBIIeHHeM pabodell BIIarW MO BCEH BBICOTE TOIIOYHOTO IMPOCTpaHCTBA. B oOmactu
PAacIIONIOKEHHUS TOPEIOYHBIX YCTPOHWCTB C YBEITHYCHUEM BIIAYKHOCTH KOJIMIECTBO 00pa3yeMoro MOHOOKCH A
yraepona CO cHMxaeTcs, OJHAKO BBINIE 30HBI aKTHBHOTO TOPEHUS YBEITMYEHUE BIIAXXHOCTH MPUBOIUT K
MeHee HHTCHCHBHOMY TIpolieccy moropanus okcuaa yriepoaa CO mo nuokcuaa yriepoaa CO,. PesynbTaTs
BBIYUCIIMTCIIBHBIX OJKCIICPUMCHTOB II0 CXUIaHUIO TIIBUICYTOJIBHOTO TOIUIMBa B TOITIOYHOM KaMepe
neicTByromero  sHepretmdeckoro  oowekta (kotenm [IK-39  Akcyckoit TOC) cpaBHeHBI ¢
SKCIEPUMEHTAILHBIMA JTaHHBIMU, TIOJYYCHHBIMH B XOJIe¢ HATYpPHBIX OKCIEPHMEHTOB, MPOBEICHHBIX
HernocpencTBeHHO Ha Akcyckoit TOC.

KaroueBble cj0Ba: MpoOIECChl TEIIOMACCONEPEHOCA, YMCICHHOE MOJCIHPOBAHHE, TeMIIepaTypa,
KOHIICHTpAaIHsl, BIAKHOCTh, KaMepa CTrOpaHUs, OKCHIBl KHACIOpOJa W YIIepoja, 3alluTa OKpYKaroleH
Cpens
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