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Heat and mass transfer processes at high-temperature media during combustion of low-
grade pulverized coal

Abstract. The article is devoted to the complex research processes of heat and mass transfer occurring in the real
conditions of solid fuel (coal) combustion. Development of technological processes with economic and ecological
advantages are the main purpose for many researches in thermal physics and technical physics. The complex processes
of heat and mass transfer in the presence of combustion are non-stationary, strongly non-isothermal with a constant
change in the physical and chemical state of the environment. It greatly complicates their experimental study. In this
case, studying of heat and mass transfer in high-reacting media with simulation of physical and chemical processes
occur during combustion of pulverized coal is important for the solution of modern power engineering industry and
ecology problems. In this regard, a comprehensive study of heat and mass transfer processes at high-temperature media
observed. Investigations based on the achievements of modern physics by using numerical methods for 3D modeling.
Numerical experiments are conducted to describe and study aerodynamic characteristics, heat and mass transfer
processes during the burning of pulverized Kazakhstan low-grade coal. The results obtained are of great practical
importance, since they allow us to develop recommendations for the improvement and design of new combustion
chambers and burners, and also can be useful in optimizing the whole process of burning fossil fuels.
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IIpouecchl TenaoMacconepeHoca B BLICOKOTEMIIEPATYPHBIX 00J1aCTAX MPUA TOPEeHHH

BBICOKO030JIbHOT'0 MBLJIEYT'0JILHOI'0 TOIIJIMBA

AnHoranusi. CraTes TIOCBAIIEHAa KOMIUIEKCHBIM  HCCIEJOBAaHUSAM  IPOIECCOB  TEMIOMAacCOIepeHoca,
BO3HUKAOMIUE B PCAJIBHBIX YCJIOBUAX TOPCHUA TBEPAOrO TOILUIMBA (yFJ'IS[). YCOBepH_IeHCTBOBaHI/Ie TEXHOJIOTUYCCKHUX
mpoHecCcoB C€ ODKOHOMUYECKMMU W DOKOJOTHUYCCKUMH MNPECUMYIIECCTBAMU ABJIACTCA OCHOBHOM IECJIbKO MHOT'HX
uccie0BaHuil B o0acTu TerIoGu3nKu U TeruiodHepreTuku. KoMIuIekcHbIe Npoliecchl TEINIo- 1 MaccoliepeHoca mnpu
HaJIMYUU TOPEHUA SABIAIOTCA HECTAIMOHAPHBIMU, CUJIBHO HEU3OTCPMUYCCKHUMU C MOCTOAHHBIM U3MCHCHUCM (1)I/I3I/IKO-
XAMHUYIECKOTO COCTOSIHUSI OKPYIKAFOIIEH Cpellbl. DTO 3HAYUTEIHFHO YCIOKHACT X IKCIIEPUMEHTAIbHOE UcclienoBanue. B
9TOM cy4Yae H3ydeHHE TEIIOMAcCOIepPeHOCa B BBICOKOPEATHPYIOMIMX Cpelax ¢ MOAETHpPOBaHUEM (DU3HYCCKUX U
XAMHUYECKUX TPOIECCOB MPOUCXOAAIINX MPU CKUTAHUH TBUICBUIHOTO YISl MMEET BBICOKYIO BaXKHOCTH JUIS PEUICHUS
po0JIeM COBPEMEHHOW YHEPTeTHICCKO MPOMBIIIJICHHOCTH M SKOJIOTHU. B CBSA3M ¢ 3TUM HaOIIOHaeTcss BCECTOPOHHEE
HCCIICIOBaHNE TPOIIECCOB TEIUIO- U MacCOIEPeHOCa B BHICOKOTEMIIEPATypHBIX cpefax. MccinenoBaHus 0CHOBBIBAIOTCS
Ha JOCTIKCHHUSX COBPEMEHHOW (DM3MKH C WCIONB30BaHHEM YHCICHHBIX MeTonoB 3 D-MonmemmpoBanus. YuncieHHBIE
OKCOEPUMCHTBI IPOBOJATCA [JId OHNHCAaHWUA U HCCICAOBAHUA aA3POAMHAMUYCCKUX XapPAKTCPUCTHUK, TMPOLCCCOB
TEIMJIOMACCONEePeHOca MPH CKUTAHUH TBUICBHIHOTO Ka3aXCTAaHCKOTO HU3KOCOPTHOTO yruisl. [loydeHHbIe pe3yabTaThl
AMEIOT 0OJbIIoe MPAKTHUECKOE 3HAueHWE, TaK KaK TO3BOJSIOT pa3palaThiBaTh PEKOMEHIAIMHM 10 YAYUYIICHHIO U
MMPOCKTUPOBAHUIO HOBBIX KaM€P CropaHusa U ropeiiokK, a TaKKEe MOT'yT OBITH TOJIE3HEI IIpyu ONTUMHU3AIUN BCETO Mpo1Eecca
CXXUTaHUsI OPTraHNYECKOTO TOTUINBA.
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TAaCHIMAJIBIHBIH KEIIeH i mporecTepi OelcTallnoHap, KOpIIaraH OPTAaHBIH (QU3MKA-XUMHUSIBIK KYHIHIH Y3IiKCi3
o3repyiMeH H30TePMIBUIBIK eMec Oombln keneni. byn onapiblH SKCIIepHUMEHTaNAbl 3epTTeYIepiH KUbIHAATaubl. by
JKaFaiaa aH TeKTeC KOMIp/i *Kary Ke3iH/e OpPBhIH alaThlH (U3HNKAIBIK KOHE XUMISUIBIK TPOIECCTEPAiH MOIEIbICHY1
APKBUIBI JKOFapbl PEAKTUBTI OpTANapAarbl JKbUTy MEH Macca TAachIMAJbIH 3ePTTeY Kas3ipri 3aMaHFbl SHEpreTHKA JKoHe
9KOJIOTHSL TIpoONeMaNapblH MIeNTy YOIH oTe MaHb3Abl Oonbim  TaObuIagsl. OcbFaH OaifaHBICTHI, JKOFAPHI
TeMIepaTypaibl OpTaja >bUIy MEH Macca TachIMalbIHBIH IPOLECTepiH >KaH-KaKThl 3epTTey KeH OalKanaisl.
3eprreynep 3aMaHayu (Gu3MKaHbH 3D MonenbIeydiH CaHIBIK SAICTEPiH KoJiAaHa OTHIPHIN jkacairaH. KazakcTaHmarbl
TOMEHT1 CYpBINTHI KOMIpIl jKaFy Ke3iH/Ae a’dpoIMHAMHKaJbIK CHIIAaTTaMalapibl, XKbUIy JKOHE Macca TachIMaliaHy
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OOMbIHIIA YCBIHBICTAp o3ipieyre MYMKIiHIIK Oepeni, COHIAal-aK OpraHWKAJbIK OTHIHBIHBIH JKaHy IPOILECiH
OHTalJIaHABIpYJa NMai ab! 00BN TaObLIAIbL.
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1. Introduction

Solid fuel combustion is a complex physical and chemical phenomenon, which occurs at high
temperatures with rapid and complete oxidation of combustible matter (carbon) by atmospheric
oxygen and accompanied by a large amount of heat release [1-2]. Due to the low quality of main
Kazakh coal deposits their exploitation at industry has increased scientific and applied relevance.
Conducting of deep research on coal combustion in the real conditions can ensure the efficient
technological process at all [3-5]. Heightened interest observed in particular to the study of heat and
mass transfer processes at combustion of pulverized Kazakh coal with high ash content [6-10]. As it
known combustion processes take place under conditions of strong turbulence and non-isothermal
flow, multiphase medium with a significant impact of nonlinear effects of thermal radiation,
interfacial interaction and multistage proceeding with chemical reactions [11-13]. Such phenomena
have an important role in studying of the natural phenomenon of low-grade coal combustion. So
investigations of turbulent chemically reacting media are extremely important to deepen knowledge
of physical and chemical properties, for application possibilities.

In the context of depletion of natural energy resources and environmental pollution [12-13]
rational use of energy fuel, increasing the efficiency of energy generation and solution of
environmental problems are urgent and important task to solve. Development of technological
processes with economic and ecological advantages are the main purpose for many researches in
this area. The complex processes of heat and mass transfer in the presence of combustion are non-
stationary, strongly non-isothermal with a constant change in the physical and chemical state of the
environment. It greatly complicates their experimental study. In this case, studying of heat and mass
transfer in high-reacting media with simulation of physical and chemical processes occur during
combustion of pulverized coal is important for the solution of modern power engineering industry
and ecology problems. In this regard, a comprehensive study of heat and mass transfer processes at
high-temperature media observed. Investigations based on the achievements of modern physics by
using numerical methods for 3D modeling [14-15] that in turn do not need labor force also much
time. Applying of computational technology allow us to describe the actual physical processes that
occur during combustion of energy fuel as accurate as possible [16-17]. Finally it has been put the
objective of this paper oriented on holding numerical experiments on studying heat and mass
transfer processes occurring in the areas of real geometry of the combustion chamber during the
burning of energy fuel. It has been established mathematical model of physical-chemical
combustion process.

2. Materials and methods

Study of processes of heat and mass transfer during coal combustion is possible only based on
a complete theory of combustion physics. It includes a wide range of physical and chemical effects
and its formulation of a mathematical model. For the simulation of heat and mass transfer in the
presence of physical and chemical processes are used the fundamental laws of conservation of
mass, momentum, energy [18-23]. Heat and mass transfer processes in the presence of physical and
chemical transformations — is the interaction of turbulent flows. Therefore, the chemical processes
here should take into account the law of conservation of components of the reacting mixture,
multiphase medium, its turbulence degree, heat generation due to the radiation of heated fluid and
chemical reactions. The law of conservation of substance written in the form of the law of
conservation of matter as follows:
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The law of conservation of momentum and the equation of motion expressed as:
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The conservation law for the components of the reaction mixture:
0
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For technical flames, it takes into account the transfer of matter only by diffusion. Transfer of
substance due to the pressure gradient, the action of external forces (electric and magnetic fields)
and thermal diffusion are small and they be neglected. Then the last equation written as follow:
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In this paper for modeling of turbulence flows used the standard k-g¢ turbulence model,
excluding the effect of lift or “twist” of flow, which is represented by the equation of turbulent
kinetic energy transfer:
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And the equation of dissipation (turbulent kinetic energy conversion into internal) turbulent
kinetic energy &:
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Here the kinetic energy production:
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And the rate of dissipation of turbulent energy:
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If k and ¢ are known, the turbulent viscosity determined by the Prandtl-Kolmogorov
kz
relationship as: = —

Empirical constants ¢, = 0.09; ox = 1.00; o = 1.30; Ce1 = 1.44; Ce2 = 1.92 determined
experimentally [18]. For the turbulent numbers of Prandtl and Schmidt were taken 0.9 [24].
A generalized equation of the transport value in a turbulent flow will then be:
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High-temperature media emits heat during combustion. As a result this thermal energy is
transformed into radiant energy on the surface of the heated body. Thus, in the heat and mass
transfer studies in the presence of combustion in the energy equation (i.e. heat transfer) should be
considered the heat exchange by radiation too. On the heat exchange by radiation has a major
influence of the water vapor and carbon dioxide. In modeling of flows heat exchange by radiation
can be treated at temperatures 500 K < T < 2000 K in the region of the visible and infrared parts of
the spectrum. The emissivity of the gas mixture consists of components emissivity, and depends on
the partial pressure, temperature and wavelength.

To determine the intensity of the radiation used the six-flow model in this study [25]. It allows
approximating the intensity of the radiation with the help of the wall rows by the solid angle:
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This model has been used in the calculation of radiation heat transfer in combustion chambers
and showed good agreement with the experimental data.

Physical and chemical processes occurring in the combustion chamber are rapid and complete
processes of oxidation of the fuel (in this case high-ash content coal) take place at high
temperatures, accompanied by a large release of energy due to chemical reactions and changes in
the concentrations of all substances interact. To describe real physical transformations that occur
during combustion of fuel, it is necessary to choose an adequate numerical model [26-27] of
physical process. Chemical reactions, which in turn determines the source terms in the equations for
energy and the substance components. In this paper adopted a chemical model, which takes into
account only the key components of the reaction. A Mitchell-Tarbell model [28] is used, which
takes into account the rank of coal for modeling nitrogen-containing components (in this case for
the Kazakh coal ash content is 35.1%).

It was used one-step model of pyrolysis, when the change in the concentration of carbon
described by the ordinary differential equation:
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The rate of combustion of volatiles @, associated with the energy of turbulence k and its
dissipation €. For areas with a small amount of fuel and sufficient content of oxidizer, it have:
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For areas with sufficient amount of fuel reaction rate is determined by the stoichiometry
coefficient v, :
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From these three speed, the minimum speed of volatile combustion in the actual process is
established:

Q/Ol = min(leol ’ a)ZVoI ' CO3V0I) .

where C1=4.0,C2=4.0,C3=2.0.
The carbon C burning rate determined by the diffusion of oxygen into the pores of the solid
particles and reactions on its surface:

D), (ch
k((: )k((:c em) ’

K~ =—F—2——
C ™~ (D) ., (chem)
kC + kC

k(D) — 21/CDMC .
RTmdp

According to the Arrhenius law constant chemical reaction rate will be equal to:
kEeM _ k. exp(~E¢ /RT)-

The Mitchell-Tarbell model demonstrates the formation of nitrogen oxides NOx by the
oxidation of fuel bound nitrogen. The kinetic scheme takes into account the reaction of the primary
pyrolysis, homogeneous combustion of hydro carbonaceous compounds, heterogeneous combustion
of coke and formation of nitrogen compounds by thermal and fuel NOx mechanisms. The last
ending nitrogen centers considered in this model by subsystem of CN (HCN, CN et al.). The most
important overall chemical reactions involved in NOx formation during coal combustion
hypothesized to be those shown in Figure 1.
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Fig. 1 — Schematic Mitchell-Tarbell kinetic model

To avoid mistakes that can lead to a physically meaningless result, an adequate initial and
boundary conditions corresponding to real physical process given [29-30].

As an object of research were chosen the combustion process of Kazakh coal in combustion
chamber of the real energy facility (boiler BKZ-75 of Shakhtinsk TEC in Kazakhstan). All
conditions were taken into account of the real process of fuel combustion. For conducting numerical
modeling were used control volume method, where in computational experiment the chamber has
been divided into 126 496 cells.

3. Results of numerical modelling

Following shown results of three-dimensional modeling of heat and mass transfer processes
during combustion of pulverized low-grade coal in real conditions of combustion chamber of boiler.
Aerodynamic pattern of motion of two-phase turbulent flow of pulverized coal combustion causes
the heat and mass transfer process in general. Figure 2 shows a two-dimensional graph of the full

velocity vector, determined by the relationship: V =yU?+V?+W? . In the direction of camera
output speed of flows decreased. The peak area values with maximum speed is clearly visible,
which is equal to about 20 m/s. There at 4 meters by height of chamber located the combustor
burners, and fed the fuel and oxidant mixture into the camera at maximum speed. Distribution
character of flow velocity in height due to the vortex transfer of reacting medium and depending on
the geometrical design of the chamber at all. At the outlet of chamber, it seen that velocity has a
maximum value 8.76 m/s at section X=7.0 m and an average value not exceeding the 5 m/s by
height.
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Fig. 2 — Distribution of full velocity vector

There is a maximum perturbation of the turbulence characteristics in the vortex region, which
cause the biggest change of velocity (Figure 3). Available surroundings of vortical flow in the
central region of the combustion chamber are beneficial to the process of burning pulverized coal
(heat exchange and mass transfer).
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Fig. 3 — 2D distribution of turbulence characteristics

Figure 4 shows the distribution of maximum, minimum and average values of the temperature
field in the combustion chamber. There is also observed a sharp decrease in the temperature of fuel
feeding zone. This is because the fuel supplied by a lower temperature. It can be seen that
temperature values reach their maximum values in the area below a girdle of the burners where
located torch core (approximately at 3 meters). This is because in this area the eddy currents (from
installed four burners: on 2 burners on two opposite tiers) have a maximum convective transfer that



increases the residence time of coal particles in here. As a result, in this area observed temperature
rise to ~1370 °C. In addition, at the output of the chamber maximum value of temperature is about
900-950 °C. This clearly seen from the 3D picture placed in the right corner of the figure. In the
figure also presented the point of the theoretically calculated value of the temperature of exhaust
gases in the output of the chamber defined according to the normative method of thermal
calculation [31] and data from the natural experiments held in real TPP of RK [32].
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Fig. 4 — Distribution of temperature fields and its verification with known data

The method of thermal calculation in power engineering is still the most reliable for finding the
temperature at the outlet of the combustion chamber. It is seen that the difference between the
results of numerical calculation is small and is only 4.7%. This proves that the method of 3D
modeling gives good description of real processes of heat and mass transfer of fuel combustion. The
verification results show the good conformity with calculated results.

The following Figure 5, which shows the 3D temperature distribution by the chamber sections,
observed the same character as in the previous Figure 4. Temperature values by the height of the
combustion chamber monotonically fall. From 3D distribution it is seen that the core of flame is
located in the lower part of chamber in the section Y=3.19 m. Moreover, there the maximal value of
temperature is equal to 1340°C. Temperature fields are decreased by the height of camera. So
temperature has the value in average 940°C in section Z=12.65 m, when it has 922°C at the section
Z=7 m (the output of chamber).
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Fig. 5 — 3D temperature distribution by the chamber sections

Below shown the results of 3D modeling of carbon dioxide CO; and nitrogen oxides NOXx
concentration distributions. Carbon mono oxide CO reacts with oxygen completely and so formed
its dioxide CO». Concentrations of carbon dioxide CO2 have their largest amount at the top areas of
chamber (section Y=3.19 m). And the minimal values are observed at the region, where the burner
equipment is set. From the figure 6 at the section Y=3.19 m it is seen that concentration of carbon
dioxide CO- has the minimal value equal to 0.0089 kg/kg. In addition, in average it raised to ~ 0.13
kg/kg at the Z=12.65 m section by height and ~ 0.15 kg/kg at the outlet of the chamber (section
X=7.0 m).
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Fig. 6 — 3D distribution of the carbon dioxide concentrations on sections of the chamber (CO,
ka/kg)

Nitrous oxides NOx are formed by seven main nitrous compounds, but because of the small
portions of them, except of nitrous mono- NO and dioxides NO> (in total NOx), we negligible
others. So it could be seen that the maximal amount of nitrous oxides NOx concentrations 0.0109
kg/kg presented at the burners zone (Figure 7, section Y=3.19 m). It caused with the fuel-N
compound mechanism of NOx formation. Where with height of boiler, it shown decreasing of
nitrous oxides concentration. And it has the average value equal to 5.09-10-12 kg/kg at the output of
the combustion volume (section X=7.0 m).
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Fig. 7 — 3D distribution of the nitrogen oxides concentrations on sections of the chamber (NOXx,
ka/kg)

These concentration distributions of carbon dioxide and NOx verified with the known data as
shown in Fig. 8.
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Fig. 8 — Verification of calculation results with known data [32, 33]

Concentrations of carbon dioxide CO2 (a) and nitrogen oxides NOx (b) are in a good
agreement with experimental data, received from real thermal power plant equipment [32].
Moreover nitrogen oxides NOx concentrations limit value for Kazakhstan Republic TPP’s is given
[33]. By comparisons of numerical experiment results held in this work with natural data from TPP,
it noticed that the difference is for carbon dioxide CO2 is 4 % and for nitrous oxides NOX is 5 %.
So, considering results obtained in this paper we can propose the observed method of research of
combustion processes is reliable and valid sufficiently to be useful in studying of low-grade coal
combustion technological processes in energy objects.

4. Conclusion and perspectives

In conclusion, with computational research of combustion and modelling of heat and mass
transfer processes determined velocity characteristics of turbulent flows, their turbulent kinetic
energy and dissipation energy. Aerodynamic characteristics shows that intensive mixing of fuel and



oxidant held in the central part of the chamber. In addition, it caused the increasing of temperature
values to 1370°C in core of torch and monotonically decreased to 922°C at the outlet. Formation of
hazardous substances as carbon and nitrous oxides (CO2, NOXx) are depends on their chemical
interaction with oxygen. Carbon dioxide has its maximal values at the outlet of the chamber (~ 0.16
kg/kg), and the nitrous oxides have the maximal amount of ~ 1200 mg/Nm? at the burners’ zone.
Obtained results of numerical experiments have great theoretical and practical importance, as it will
allow improve the design of combustion chambers and burners, to optimize the process of burning
of high-ash content energy coal of Kazakhstan Republic.
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