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NUMERICAL SIMULATION OF FUEL COMBUSTION PROCESSES
TO REDUCE HARMFUL DUST AND
GAS EMISSIONS USING OVER FIRE AIR

Currently, air pollution is a huge environmental problem. The participation of energy companies in
environmental pollution by fuel combustion products and solid waste is significant. Above all, power
plants operating on solid fuel are one of the main sources of air, water and soil pollution. Until recently,
during coal combustion process the most part of attention has been paid to protecting the environment
from solid pollutants, such as ash. Very little attention has been paid to the gas products of combustion
reactions, especially to NOx 1 SO,.

Mainly NO and NO; of nitrogen oxides are found in the atmosphere. NO is an unstable component
that oxidizes to NO; during 0.5-3 to 100 hours. The toxicity of NO; is 7 times higher than the toxicity
of NO. Nitrogen oxides are most dangerous as an active ingredient in the formation of photochemical
smog. Currently nitrogen oxides are recognized as the most toxic atmospheric pollutants, and their
maximum permissible concentration is 6 times less than for sulfur dioxide. It is believed that emissions
of nitrogen oxides generated during combustion contribute to the oxidation of precipitation,
photochemical air pollution and depletion of the ozone layer.

In this regard, many studies are aimed at the development of technologies for environmentally
friendly combustion, which provide harmful dust and gas emissions at the level of international
standards.

One of the ways to reduce the concentration of nitrogen oxides NOy is the stepwise combustion of
a powdered coal mixture, in particular the "Over Fire Air" technology. The idea of this method is based
on the fact that the main volume of air is supplied to powdered coal burners, and the rest of the air is
supplied further along the height of the torch through special nozzles.

The article presents the study results of the Over Fire Air technology influence on the aerodynamic
characteristics of the combustion chamber of the BKZ-160 boiler.

Key words: energy, combustion, nitrogen oxide, injector, combustion chamber, aerodynamics.
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Over Fire Air-Abl KOAAQHDIN 3USIHADI LLIAHTa3Abl TO3aHAbI KAAABIKTAPAbI
Q3aMTy YLUiH OTbIHADBI XKaFy NPoOLEeCTePiH CAHAbIK, MOAEAbAEY

Kasipri yakpbITTa aTMocdepaAbiK, ayaHblH AaCTaHybl KYH TOPTIOIHAETT ©3eKTi SKOAOTUSIAbIK, MOCEAE
GOABIM OTbIP. DHEPreTUKAAbIK, KOCIMOPbIHAAPAbIH KOpLLUAFaH OpTaHbl OTbIHHbIH, >XKaHy 6HIMAEpPIMEH,
KaTTbl KAAABIKTApMEH AacTaHyblHa KATbICybl aMTapAbIKTal ABpEXKere >XeTKeH >XOHe MyHAaM
HblCaHAAPFa €H aAAbIMEH KaTTbl OTbIHMEH >KYMbIC >KacaliTblH, 8pi aya, Cy >KeHe TOMbIPaKTbl AaCTayLLbl
Herisri Ke3aepAiH 6ipi 6OAbIN caHaAaTbIH SAEKTP CTaHUMsAAPbI XKaTaAbl. COHFbI KE3AEPi KOMIPA >Kary
GapbiCbiHAA KOpLUaFaH OpTaHbl KaTTbl AACTaybllITapAAH, MbICaAbl, KYAAEH Koprayfa 6aca Hasap
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AYAQPbIAbIN KEAAi, aAanAd, >KaHy peakuMsiCbiHbIH, ra3abl eHiMaepi, acipece NOy neH SO KaTbICThI
MaceAeAep KMbIHABIK, TYAbIPbIN Typ.

ATMocepaaa a3oT TOTbIKTapblHbIH, iWiHAE HerisiHeH NO >xeHe NO; ke3peceai. NO 0,5-3-teH
100 car iwiHae NO3z AeiiH TOTbIFaTbiH OPHBIKCbI3 KOMMOHEHT 60AbIN Tabbiraabl. NO3 yAbiAbiFbl NO
YABIAbIFbIHAH 7 ece >KOFapbl. A30T TOTbIKTapbl (POTOXMMMSIABIK, TYMLUAHbIH, TY3iAYyi Ke3iHAeri 6eAceHA|
KOMMOHEHT peTiHAe KayinTiAiK TyablpaAbl. Kasipri yakblTTa @30T TOTbIKTapbl aTMOC(epaHbIH eH, ipi YAbI
AaCTayLIblAapbl GOAbIM TaHbIAFAH, aA OAAPAbIH, LLEKTI PyKCaT €TIATeH KOHLEHTPaUMACh! KYKIpTTi ra3oeH
CaAbICTbIpFaHAa 6 ece a3. JKaHy 0apbICbIHAA KaAbIMTacaTbiH a30T TOTbIKTapPbIHbIH KAAABIKTApb!
aTMOCEpPaAbIK, bIAFAAABIH, TOTbIFYbIHA, ayaHblH (DOTOXMMMSIABIK, AACTaHyblHa >KOHE 030H KabaTblHbIH
a3fblHAAAYbIHA 8KeAin coKTbipaAbl. OCbl TYPFblAA KOMTEreH 3epTTeyAep 3USIHAbI LAHra3AbIK, TO3aHAbI
KAAABIKTApPbl  XaAbIKApPaAblK, CTaHAQPTTap AEHreriHAe LWbIFYbIH  KaAaFaAalTbiH  Tasa  Kafy
TEXHOAOTMSIAAPbIH XKacayFa OarbITTaAFaH.

A30T TOTbIKTapbiHbiH NOy KOHLEHTPAUMAAAPbIH KEMITYAIH OCbIHAQM TOCIAAEPIHE LUaHKOMIpAi
KOCMaHbl caTblAail >KafyAbl ailTyFa 0OOAaAbl, OHbIH illiHAE HakTbipak antcak, «Over Fire Air»
TEXHOAOTMACHI. ATaAFaH BAICTIH M8HI ayaHblH HEri3ri KeAemi LaHKeMipAi XaHapFblAapFa, aA KaAFaH
aya aAayAblH OUIKTIri GOMbIMEH apHalibl COMAOAAP apKblAbl GepiAETIHAITIHE Heri3aeAeAi.

Makanapa Over Fire Air TexHoaoruscbiHbiH BK3-160 ka3aHAbIFbIHbIH, >KaHY KamepacblHbIH,
A3POAMHAMMKAAbIK, CMMATTaMaAApPbIHA 8CEPIH 3epTTey HOTUXKEAEPi KEATIPIAreH.

Ty#HiH ce3aep: sHeprus, >kaHy, a30T OKCUAi, MHXKEKTOP, XKaHy Kamepachl, aapoArHaMMKa.
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YucaeHHOE MOAEAMPOBAHME NMPOLLECCOB CXKUTaHUS TOMAMBA
AASl CHUXKEHUS! BpeAHDBIX NMblAera3oBbiX BbIGpocoB ¢ npumeHeHnem Over Fire Air

B HacTosliee BpemMsi OCTPOM 3KOAOTMYECKON NMPOOAEMON SIBASIETCS 3arpsi3HeHWe aTMochepHoro
BO3AyXa. YyacTue 3HeprornpeAnpusaTuii B 3arpsa3HeHMM OKpPYy>KatoLlen cpeAbl MPOAYKTaMM CropaHms
TOMAMBA, TBEPABIMM OTXOAAMU 3HAUMTEALHO, 1 3TO, MPEXKAE BCEro, SIAEKTPOCTaHLMM, paboTaloLme Ha
TBEPAOM TOMAMBE U SIBASIOLIMECS OAHWM M3 OCHOBHbIX MCTOUYHMKOB 3arpsi3HeHUs BO3AyXa, BOAbl M
nouBbl. AO MOCAEAHEro BPEMEHU MPWU CKUIaHWK YIAS BHUMaHME YAEASAOCH 3alumMTe OKpy>Katollen
CpeAbl OT TBEPAbIX 3arpsi3HUTEAEN, HANPUMEP 30Abl, 3HAUUTEABHO CAOXKHEE OOCTOUT AEAO C ra30BbIMM
NPOAYKTaMM peakumin ropenust, n ocobeHHo ¢ NOx n SO,.

B atmocdepe u3 okcmpoB asota BcTpedvaloTtcs B ocHOBHOM NO u NO,. NO sBasietcs
HEeYCTOMYMBbLIM KOMIMOHEHTOM, KOoTopbiii B TedeHne oT 0,5 — 3 Ao 100 u okucasietcs Ao NOa,.
TokcnuHoctb NO2 B 7 pa3 Bbiwe TokcuyHocTM NO. HamboAbllyld OMacHOCTb OKCMAbI a3oTa
NPEACTABASIOT KaK akKTVMBHbI KOMMOHEHT npu 06pa3oBaHum hoToxmummueckoro cmora. OKMCAbI a30Ta
MpU3HaHbl B HACTOSILLEE BPEMS HAMOOAEE TOKCUUHBIMU 3arpS3HUTEAIMU aTMOCEpDI, a X NPEAEAbHO
AOMNYCTVMasi KOHLUEHTpauMsl B 6 pa3 MeHblUE, YeM AASl CEPHUCTOro rasa. Cumraercs, YTo BbIOPOCHI
OKCMAOB a30Ta, 06pasyIoWmMXCs MpU FOPeHMM, CMoCOOCTBYIOT OKMCAEHMIO aTMOCEPHbIX OCAAKOB,
(POTOXMMNYECKOMY 3arpsi3HEHMIO BO3AYXa M UCTOLLLEHUIO O30HOBOIO CAOSI.

B 3TOM CBA3M MHOIME WMCCAEAOBAHMS HarnpaBAeHbl Ha Pa3paboTKy TEXHOAOTUI 3KOAOTUMYECKU
UMCTOrO CXKMraHus, obecrneumBaiolIMX BPeAHble MblAera3oBble BbIOPOCbI Ha YpOBHe TpeboBaHMit
ME>KAYHAPOAHBIX CTaHAQPTOB.

OAHUM 13 CrnocoBOB CHUXEHUSI KOHLEHTpauum okcMaoB aszota NOy sBAsieTCs CTyneHuyaToe
CXKUraHue MbIAYTOAbHOM CMeCH, B 4acTHOCTM TexHoaorma «Over Fire Air». CyTb AQHHOrO MeToAQ
3aKAIOYAETCsl B TOM, UTO OCHOBHOM 06bEM BO3AyXa MOAAETCS B MbIAEYTOAbHbIE FTOPEAKM, @ OCTAAbHOM
BO3AYX — AdAee MO BbICOTe (hakeAa yepes crielmabHble COMAQ.

B cratbe npeAcTaBAeHbl pe3yAbTaTbl MCCAEAOBaHUS BAMSIHMS TexHoaorum Over Fire Air Ha
AdpoAMHaMMYECKME XapakTepPUCTUKM TOMOYHOM Kamepbl koTAa BK3-160.

KAloueBble cAOBa: 3HePrus, ropeHne, okCma a3oTa, MHXXEKTOP, TOMOYHas KaMmepa, adpoAMHaMMKa.

Introduction industry, they have changed the system of view on

its role and place in the modern and future society

Energy is one of the leading industries of many  radically. The new system of view is reflected in the
industrialized countries. These countries have  Smart Gird concept — the smart energy system,
switched to the innovative development of this  which should be the basis of the national energy and

ISSN 1563-0315 Recent Contributions to Physics. Nel (68). 2019 93
eISSN 2663-2276



Numerical simulation of fuel combustion processes to reduce harmful dust and gas emissions using Over Fire Air

innovation development policy of any country and
should be taken into account in the development of
the domestic energy.

Efficient energy use is a prerequisite for
economic and social development, as well as
improving the ecology.

In the "Kazakhstan-2050 Strategy" N.A. Nazar-
bayev noted that: "Kazakhstan is one of the key
elements of global energy security...".

Worldwide, the use of renewable energy
resources (the share of solar and wind energy in the
total energy consumption of the Republic of
Kazakhstan is about 0.02%) is an integral part of
measures to solve environmental problems.

Oil

20% Atomic energy 4 0%
Gas 'f
10% Hydroenergy iRenewablE energy*0,5%
0% : 0,0%
1970 1890 2010 2030
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However, solar and wind energy production is
relatively expensive compared to traditional
sources.

The country's coal power plants generate more
than 80% of energy. Therefore, “in the future, coal
will have been playing a significant role in the
country's energy sector” [1-4].

Energy is one of the leading industries in many
industrialized countries, including Kazakhstan. It
should be noted that more than 80% of all energy
produced in the world is produced by combustion
organic fuel (Figure 1) [5]. In Kazakhstan, about 70%
of electricity is generated from coal, 14.6% from
hydro resources, 10.6% from gas and 4.9% from oil.

m Renewable energy™
m Hydroenergy

M Atomic energy

m Coal

 Gas

m Oil

1670-
1990 2010 203Q; *including biofuels

1690- 2010-
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Figure 1 — The share of energy sources in the period from 1970 to 2030

The main part of electricity in Kazakhstan is
generated by 37 thermal power plants operating on
coal from Ekibastuz, Maikubinsk, Turgai and
Karaganda basins.

Production of electricity by burning solid fuel
(coal) for our country is the traditional and most
developed way due to the presence of hard coal huge
reserves. Therefore, in spite of the beginning of the
search process for Kazakhstan of alternative, more
environmentally friendly ways of obtaining energy,
for a long time the power plants operating on solid
fuels will have been being the basis of energy
production and energy security of the country. The
quality and quantity of gas emissions and waste of
thermal power plants is greatly influenced by the
type of used fuel [6-9].

The coal of Kazakhstan is cheap energy fuel, the
reserves of which will be enough for many hundreds
of years. At the same time, its low sulfur content and
low nitrogen content (not more than one percent)

should be noted. However, at the same time, the coal
of Kazakhstan, being a good energy fuel in its
reactivity, has one big drawback — high ash content.
The ash content of coal supplied from individual
Kazakhstani fields to thermal power plants sometimes
exceeds 70%. In compliance with the law in the UK it
is — 22%, in the USA — 9%, in Germany — 8%.

The presence of ash in the fuel affects on its
quality negatively, since ash reduces the amount of
heat per unit mass of fuel. The smallest solid
particles of ash are captured by the flow of flue gases
and are carried away from the burner, forming fly
ash, which pollutes and sometimes floods the
convective heating surface.

During combustion of all types of fossil fuels,
one of the most harmful products of combustion are
NOx oxides, which damage both the environment
and human health.

Thus, one of the actual tasks in the development
of new and operation of existing combustion devices
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is to reduce the concentration of carbon and nitrogen
oxides during the combustion products.

Reducing NO, emissions from fuel combustion
at TPPs plays an important role in reducing the total
level of nitrogen oxides NOx emitted into the
atmosphere. When using methods to reduce NOy in
calculating the amount of NO,, it should not be used
the traditional percentage of NO; of the total amount
of NOy (10%), as this leads to very significant errors
in the calculations.

One of the ways to reduce the concentration of
nitrogen oxides NOx is the stepwise combustion of a
powdered coal mixture, in particular the "Over Fire
Air" technology. The idea of this method is based on
the fact that the main volume of air is supplied to
powdered coal burners, and the rest of the air is
supplied further along the height of the torch
through special nozzles [10-15].

Mathematical model describing the process
of heat and mass transfer during combustion of
coal dust in the combustion chamber of the boiler
BKZ-160 on Almaty thermal power plant

Many experimental and analytical studies are
conducted under simplified conditions that differ
from the actual conditions of the combustion
process. For example, many of them are conducted
under the conditions of burning large particles when
they are burned in a large excess of air. Some
researchers assumed that the temperature of the
medium during the combustion process would not
change, and the combustion would proceed in one of
the extreme regimes: kinetic or diffuse. Such
simplification of the combustion process
misrepresents its essence and does not allow to
determine the aerodynamics and heat transfer
occurring in a real combustion chamber.

During the combustion of solid fuel in a
powdered state, turbulent processes of heat and mass
transfer of reacting components and products of
their interaction occur in the combustion chamber.
Equations based on the laws of mass and momentum
conservation describe such processes. For reacting
streams in which heat transfer processes and
chemical reactions occur, it is necessary to solve the
energy conservation equation and add the mixture
components conservation equation or the mixture
fractions conservation equation and their changes
additionally. Turbulence is described by transport
equations for turbulent characteristics.

The system of basic equations of the
mathematical model used in this project to describe

ISSN 1563-0315
eISSN 2663-2276

the processes of turbulent heat and mass transfer
during the combustion of solid fuel in a powdered
state (powdered coal flame) [15-20]:

a) The mass conservation equation, or the
continuity equation:

op 0
- ___- ), 1
PR i(pul) (M

b) The law of conservation of momentum:

0 0
—(pu.)=——(pu.u.)+
at(p ) ox, (pu;u;)

o o L@
+g(TU)'g+Pfi
j i

Here f; is bulk forces, z; is viscous stress tensor.

Turbulent flows are characterized by velocity
pulsations that contribute to the mixing of
transported characteristics, such as impulse, energy,
and component concentration, and also cause
fluctuations in these characteristics. Since the
pulsations can be small in scale, but have a high
frequency, directly calculating them is a very
difficult task in practical technical calculations.
Instead, the instantaneous (exact) determining
equations can be averaged by the time, represented
as an average over an ensemble, which leads to
modified systems of equations that need less costs to
solve.

However, the modified equations contain
additional unknown variables. Therefore, additional
turbulence models are necessary for their
determination.

Many turbulence models used in computational
practice are based on the concept of vortex
(turbulent) viscosity. In contrast to molecular

viscosity v, turbulent viscosity V, is determined by

the state of turbulence and does not relate to the
properties of the fluid. Turbulent viscosity can vary
greatly from point to point in space depending on the
type of flow. Sometimes, when calculating turbulent
flows, v; is assumed to be constant. However, such a
rough description of turbulence is permissible in
those cases where the value of turbulent transfer is
not significant or the use of more complex structures
seems to be unjustified.

In this project, the standard k-&¢ model of
turbulence is used to describe turbulence.
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¢) Energy equation:

0 0 oq:”
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+—+u —+T. —+S
ot ox, ' ox !

here h is enthalpy; qireS is energy flow density due

to molecular heat transfer, Sq is energy source.

The source term S, takes into account:

- heat flow due to convective exchange
between particles and the gas phase — Sj ;

- the combustion heat, which takes into account
the presence of solid particles of powdered coal fuel
in the total flow of the mixture — Sus;

- heat due to radiation — Sy, the contribution of
which, in the flame zone, is about 90% or more to
the full heat transfer.

Therefore, we have: S, = Sq + Sapr+ Shp

Heat exchange through radiation, as mentioned
above, makes the maximum contribution during
powdered coal fuel combustion in the combustion
chambers of industrial boilers. In this regard, the
simulation of radiant heat transfer in the study of
heat and mass transfer in the combustion chambers
is an important step in the calculation of heat
exchange processes with physics and chemical
transformations.

d) Conservation law for a substance component:

The concentrations of the mixture components
in the element’s volume are recorded through the
corresponding balance ratio, which takes into
account the physics and chemical processes that
influence on the concentration change of these
substances.

In the element’s volume, the total mass is
determined by the sum of the masses of all
components involved in the chemical reaction of the
coal particle combustion:

m=m,. 4)

n

In general form the equation describing the
concentration of the mixture components is written
as follows:

0 0
£ (o) puc)-
)
ofmea],
ox,| o, 0ox, o

n,eff

where SC is source term, taking into account the

contribution of chemical reactions to changes in the
components concentration.

For multicomponent mixture, the source term is
determined by the relation:

S, =20,,, (6)

where @ is the speed of the chemical reaction,

which is written as follows:

dc
n,r = ?AB = k(T)CACB '

e

The speed of the reaction depends on the
temperature and concentrations of the substances A
and B involved in the reaction (starting,
intermediate, final products). The speed constant of
the reaction k(T) is written as an exponential
temperature dependence in the form of the
Arrhenius law:

k(T)=k,e "7, (7)

where: ko is the constant, in the first approximation,
is not dependent on temperature, E [kcal / mol] is
activation energy, R=1.986 [kcal/mol-K] is
universal gas constant.

Results of modeling the coal combustion
process, using «Over Fire Air» technology

The combustion chamber of the BKZ-160 boiler
(Figure 2a) has a design steam capacity of 160 t/h,
at a pressure of 9.8 MPa and a superheat temperature
of 540 °C. Thermal power of the combustion
chamber is 1244 MW. On the sides of the
combustion chamber there are 4 blocks of straight-
through slot burners, directed tangentially to the
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central conventional circle. To study the influence of  total air volume supplied through injectors in the upper
OFA, 3 modes were selected: 0%, 10% and 20% of the = part of the combustion chamber (Figure 2b) [21-26].

Injectors

OFA

&
a ‘\F\

Iy
¥ femp

a) Traditional combustion mode b) Combustion using OFA Injectors

Figure 2 — General view of the combustion chamber
of the BKZ-160 boiler and its divisionon control volumes

The location of the injectors applied to the “Over Figures 3 and 4 show the results of computational
Fire Air” technology and the determination of the  experiments on the effect of OFA technology on the
level where the secondary injected air mixes  aerodynamics of flows in the combustion chamber of
thoroughly (Figure 2b) are very important to create ~ the BKZ-160 boiler. There is also comparison with
the conditions for the efficient combustion of coal  the basic combustion mode of solid fuel, when there

powder. is no additional air supply (OFA = 0%).
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a) OFA-0% 6) OFA-10% B) OFA-20%
Figure 3 — The distribution of velocity vectors in the longitudinal section
of the combustion chamber of the BKZ-160 boiler
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Analysis of the figures shows that the use of
OFA-injectors in the area above the combustion
devices does not have a significant effect on the
aerodynamic picture in longitudinal sections along

Section 7=481 m

—= outward vector
—= inward vector

a) Burner cross section

the height of the combustion chamber (Figure 3), i.e.
it does not violate the general combustion mode of
powdered coal and removal of combustion products
from the combustion chamber.

Section 7 =10.15 m
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6) OF A-injector section

Figure 4 — The velocity vector field in the cross sections of the combustion chamber of the boiler BKZ-160

However, if we look at Figure 4, which shows
the distribution of the velocity vector in the cross
section of the installation of burners (Figure 4a)
and in the cross section of the installation of OFA-
injectors (Figure 4b), here we see that the
supplying of an additional air amount through the
OFA-injectors supports the vortex process of
combustion. This affects favorably on the intensive
mixing of the fuel and oxidizer, and, consequently,
on the complete combustion of coal particles,
which lead to a reduction in mechanical
incombustion and in harmful dust and gas
emissions, such as NOx.

Conclusion

The study conducted a comprehensive study on
the creation of energy-saving and environmentally
friendly technologies (Over Fire Air technology) in
order to increase the efficiency of thermal power
plants and minimize harmful dust-gas emissions into
the atmosphere when high-ash Ekibastuz coal is
burned in the combustion chambers of the BKZ-160
power boilers.

The “Over Fire Air” technology has been
described and applied to optimize the combustion of
coal dust in combustion chambers. The methods for
its implementation in power boilers of thermal
power plants have been developed. The experience
of foreign experts in reducing harmful emissions
into the atmosphere have been studied.

The analysis of the "Over Fire Air" technology
and the methods of Kazakhstan's energy fuel
combustion were carried out taking into account its
peculiarities, as well as the design features of the
combustion chambers of operating TPPs industrial
boilers. The existing technology “Over Fire Air” has
been adapted and supplemented to a specific low-
grade Kazakhstan fuel having an ash content of ~
40-50%.

Various systems of staged air supply were
investigated: the systems of separate (SOFA) and
dual “sharp” blast (CCOFA). The aerodynamics of
the flue space was obtained (the aerodynamic
picture of introducing additional air streams into the
chamber according to the Over Fire Air method and
the wvelocity distribution in the combustion
chamber).
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