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MODELING COMBUSTION PROCESSES DURING FORCED SHUTDOWN OF BURNERS

This study numerically examines the aerodynamics, coupled heat and mass transfer, and
pollutant formation in the BKZ-75 boiler furnace under an emergency scenario involving partial
burner shutdown. The study is aimed at assessing the effect of two fuel—air mixture supply
configurations, namely straight-flow and swirling injection, on the combustion behavior inside
the furnace. The numerical calculations were used to examine the velocity field, temperature
distribution, and NO, concentration both within the furnace chamber and at its outlet. In the
straight-flow case, the gas motion remains more strongly stratified, with relatively weak turbulent
mixing in the vertical direction and the formation of localized high-temperature regions. A
noticeably different flow structure develops when swirl is introduced. Large-scale vortical
structures promote a stable and efficient combustion process by providing more favorable
velocity and temperature distributions, while the maximum NO, concentration is formed in the
burner region. At the furnace exit, the calculated mean NO, concentration for the swirling
configuration is about 8% lower than that obtained for the straight-flow case. Overall, the swirl
method demonstrates higher environmental efficiency and operational stability. The identified
flow and emission patterns can support further refinement of BKZ-75 burner geometry and fuel-
air delivery schemes aimed at improving operating efficiency while limiting pollutant release.

Keywords: combustion, emergency operating conditions, harmful emissions, furnace
chamber aerodynamics, temperature field, nitrogen oxides.
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HaHapTbiKTapablH, MaXKOypAi ewipinyi KesiHAeri aHy npouecTepiH moaenbaey

Ocbl 3epTreyae bK3-75 Ka3zaHAablfblHbIH OTTbIK, KamepacblHAa *KaHapfblnapablH b6ip Heniri
aXKblpaTblIfaH aBaPUAbIK PEXMM Ke3iHAEer a3poAMHAMUKA, ¥Kbl/ly }KaHe Macca aaimacy, CoHAan-akK
NacTaylwbl 3aTTapdbiH, Ty3iyi caHAbIK a4icTepmMeH 3epTTeni. llewTeri »aHy npouectepiHe eki
OTblH-aya KOCMacblH Oepy CXemacblHblH, - TiKeel KaHe KyWMblHAbl - acepi KapacTblpblaaabl.
EcenTeynep Kblngamaplk neH TemnepaTypa epicTepiH, cCoHAal-ak Kamepa ilWiHAeri *KaHe OHbIH,
woliFbicbiHAaFbl NOy KOHUEHTPAUMACBIHBIH, TapaayblH Tanaay yWwiH kongaHblnadel. Tikenen Gepy
D/CI3 TiK TypPOYNEHTTi apanacTbiPyMeH »KIHE MKepriNikTi }ofapbl TemnepaTtypanbl aiMakTapablH,
naiga 60nybIMeH KaTap KYPEeTiH alKblH afblH CTpaTUPUKALMACbIHA aKenedi. YAKeH KyhbiHAap
KbINAaMAbIK, NeH TemnepaTypa CUAKTbI napameTpaep BoMbIHIWA TUIMA] KaHe TypaKTbl KaHyabl
KamTamacbl3 eTefi, an OTTblK alMafblHA@ a30T AMOKCUAiHIH MaKCMMandbl Mmesnuiepi Tysineaj.
KylblHAbl Bepy KesiHAe nelwTiH WhifbicbiHAaFbl NO, opTalla KOHLEHTPaUMACH Tikenen bepymeH
CaNbICTbIpFaHAa WamameH 8%-fa TemeH. MKannbl anfaHaa, KymbliHAbl AM3aH KOpLWaFaH OpTaHblH,
YAKCbIpaK, 6HIMAINIMH XoHe Ka3aHAbIKTbIH, TYPAKTbl XYMbICbIH KaMTamMacbl3 eTesi. AHbIKTaAfaH
yArinepAai TMiMAINIKTI apTTbipy KaHe WblfapblHAbINAPAb! @3aMTy yWiH BK3 - 750TTbIK reomeTprAChIH
*KaHe OTblH MeH aya bepy KylenepiH ofaH api *KeTinaipy ywiH nanaanaHyra 6onaabl.

TyliH ce3gep: KaHy, aBapPUAMbIK KYMbIC PEXMMAEPi, 3UAHIbI WbIFAPbIHALIAP, OTTbIK,
KamepacblHblH a3poaMHaMMKaCkl, TeMAepaTypa epici, a30T OKcnaTepi.
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Modeling combustion processes during forced shutdown of burners
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MopennpoBaHue NPOLECCOB roOpeHNs NPU BbIHYKAEHHON OCTaHOBKE ropesnok

B paboTe umcneHHo nccnenoBaHbl a3pPoAMHAMMKA, COMPSAXMKEHHbIN TEeNI0- U MacCoobMeH 1
obpasoBaHMe 3arpA3HAWMX BELLeCTB B TOMOYHOW Kamepe KoTna BbK3-75 npu aBapuitHom
peXKMMe, CBA3AHHOM C YaCTMYHbIM OTK/HOYEHMEM TOPeoK. PacCMOTPEHO BAMAHME BYX CXEM
noJa4u ToMJIMBHO-BO3AYLLIHON CMECH — MPAMOTOYHOM M BUXPEBOM — Ha MPOLECChl FOPEHUs B
Tonke. Ha ocHoBe pacyeToB MpPoOaHa/M3MPOBaHbl MOMA CKOPOCTEN M TeMMNepaTypbl, a TaKKe
pacnpegeneHne KoHueHTpauum NO, B obbeme Kamepbl M Ha ee Bbixoae. Npu NpAMOTOYHON
nonadye dopmumpyetca Hosee BbipaxKkeHHana cTpaTUdMKaLMA NOTOKA, COMPOBOXKAaemas ciabbim
BEPTMKANbHbIM TYPOYNEHTHbIM nepemellBaHNEM n nosABAEHNEM JIOKaNbHbIX
BbICOKOTEMMNEPATYPHbIX 30H. KpynHble BuMxpU o0bycnaBameatoT 3bdeKTUBHO-CTabuAbHOE
NpoTeKaHMe NpoLecca ropeHna No TakMM NapameTpam Kak CKOPOCTb M TemnepaTtypa, Npu 3TOM
MaKCMMasibHOE KO/IMYeCTBO AMOKCMAA a3oTa obpasyeTca B 0b6s1acTi ropesnku. Npu BUXpeBo
nogave cpeaHAa KoHueHTpauma NO, Ha BbixoAe M3 TOMKWM MPUMEPHO Ha 8 % HUKe, Yem Mnpu
NPAMOTOYHOM pexume. B uenom BuxpeBas cxema obecrneumsaer bosee 6HnaronpusTHble
3KOJIOTUYECKME  XapaKTepPUCTUKM K1 Bosee  ycToMuMBYtO paboTy KoT/Aa. BblsBneHHble
3aKOHOMEPHOCTU MOTYT BbITb MCMOb30BaHbI NP AaNbHENLLEM COBEPLLIEHCTBOBAHUN TEOMETPUM
ropenok bK3-75 1 cxem noaauum TonmMBa M BO3AyXa C Lie/blo NoBbleHUa 3GpGeKTUBHOCTM paboTbl
N CHUXKEHUA BbIOPOCOB.

Kntouesble €N0Ba: CcropaHune, aBapuidHble pexkuMmbl paboTbl, BpedHble BbIOPOCHI, aapoamMHamMmKa

KamMmepbl CropaHna, TemnepaTypHoe noje, okCnabl a3oTa.

Introduction

Energy-related activities remain the dominant
contributor to  anthropogenic  greenhouse-gas
emissions and therefore continue to intensify the
climatic warming trend [1]. International Energy
Agency (IEA) statistics show that the global primary-
energy balance is still governed mainly by fossil
resources, namely oil, natural gas, and coal.. In 2024,
global energy demand increased by 2.2%, with
renewable energy sources accounting for 38% of the
growth, followed by natural gas (28%), coal (15%),
oil (11%), and nuclear energy (8%). Even with more
than 750 GW of renewable capacity added in 2025,
about four-fifths of it photovoltaic, fossil fuels still
supplied roughly two-thirds of the increase in
worldwide energy consumption.. Accordingly,
energy-sector CO: emissions climbed to 38.0 Gt in
2025, establishing a new maximum and exceeding the
2024 level by 0.8%.

The global community is stepping up efforts to
decarbonize the global economy by 2050, including
carbon pricing mechanisms (carbon taxes and
allowances) and climate adaptation. The Paris
Agreement remains a catalyst for carbon neutrality:
the European Union, the United Kingdom, Japan, the
Republic of Korea, and over 110 other countries have
reaffirmed their goals of achieving net-zero emissions
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by mid-century. Nevertheless, the 2025 indicators
remained adverse: emissions reached record levels
and atmospheric CO: rose to 423.5 ppm,
approximately 1 ppm above 2024, against a
background of extreme weather, growing cooling
demand, and expanding electricity use by data
centers.

Although renewable power generation continues
to expand rapidly, coal-fired power plants still remain
an important source of controllable electricity in
many energy systems, particularly in regions where
security of supply and grid stability are major
operational concerns. IEA data indicate that global
coal demand increased by about 1.2% in 2024,
reaching approximately 8.79 billion tonnes, while
only marginal growth, to nearly 8.8 billion tonnes, is
expected in 2025 [2]. This relatively stable demand is
largely associated with the power sector. Coal-based
electricity generation was estimated at about 10,800
TWh in 2025 and continues to contribute to system
balancing, especially during periods when output
from variable renewable sources is constrained by
weather conditions or insufficient storage capacity.
Consequently, CO2 emissions associated with coal
use showed a slight increase in 2025, partly
counteracting emission reductions achieved in several
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other sectors. These developments illustrate the
persistent tension between near-term requirements for
reliable electricity supply and longer-term
decarbonization targets. In this context, further
progress depends not only on the deployment of low-

4% 3%1%

13 30%

23%

-’

26%

carbon and energy-storage technologies, but also on
improving the efficiency and flexibility of existing
coal-fired generation in order to reduce its
environmental impact during the transition period.

B oil

B Coal

P Natural Gas

[ Modern renewable energy sources and bioenergy
[ Nuclear energy

[ Hydronergy
I T:aditional biomass and others

Figure 1 — Shares of fuel in global primary energy supply in 2025 [2]

The coal industry faces a fundamental paradox:
positioned as the most polluting source in the context
of the green transition, it remains an economically
accessible and technologically reliable resource amid
escalating global demand. In leading countries
declaring carbon neutrality by 2050-2060, a radical
reduction in coal-fired generation is unfeasible in the
short term due to the risk of energy crises. Given the
sustained high cost of natural gas, rapidly increasing
electricity demand in Asia, and continuing industrial
development in China, India, and Southeast Asian
countries, a substantial decline in coal use appears
unlikely in the near term. Coal is therefore expected
to remain an important component of the energy mix
for at least the next 5—10 years [3-6].

In response to environmental challenges, "clean
coal" technologies are being actively implemented:
super- and ultra-supercritical units (efficiencies up to

49%, CO: reduction by 20-30%), circulating
fluidized bed boilers, and modern
DeSOx/DeNOx/dust  collection systems. These

solutions allow for a radical reduction in SOx, NOx,
Methods

The numerical framework combines physical
and physicochemical submodels to resolve heat and
mass transport in a high-temperature reacting
multiphase environment. The governing formulation
consists of the three-dimensional Navier—Stokes
equations and multistage reaction processes [18, 19].
The main equations used to solve the problem are
given below.

Law of conservation of mass (continuity
equation):

particulate matter, and some CO: emissions without
completely eliminating coal.

Coal-fired power generation continues to play a
key role in ensuring economic stability and the well-
being of the population in many countries [7—11].
Under these conditions, a more detailed analysis of
furnace combustion becomes essential in order to
identify operating regimes with improved thermal
and aerodynamic performance and to develop
technical solutions aimed at reducing the
environmental impact of coal-fired boilers.

Although coal's share of global electricity
generation will decline, it will remain the dominant
fuel in Kazakhstan's thermal power industry in the
coming decades. For this reason, one of the key
challenges facing energy policy and the power
industry in Kazakhstan is to develop cleaner
technologies for coal-fired plants and bring them into
practical use. Suppressing pollutant formation and
cutting total emissions deserve particular attention
here [12-17].

9,0 =0 1

Law of conservation of momentum (Navier-Stokes
equation):

a(pui) _ 0 aTi]' doP
ot~ ox (pujuy) + 5%, + ox, + pF;, (2)
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where p is density, u;; is velocity in the directioni, j,
xi; is Cartesian coordinates, 7;; is viscous stress tensor,
P is pressure, F; is external forces.
Law of conservation of energy (first law of
thermodynamics):
res
dq;
ax]'
L
T. y —_— ,
ij P x; h

op ., 0P
ot "~ Yo,

4 h) = 0 h
§(p) a_xi(p“")_
3)

where / is specific enthalpy, ¢/ associated with the
transfer of energy through thermal conductivity, flow
of matter and diffusion, S is energy source through
chemical reactions and radiant heat exchange.

Law of conservation of components of a
mixture:

) d dj;
a(pC[g) = —a—xl(pCBul) + a—xll + SB’ (4-)

where Cp is mass concentration of the component f,
J; is average mass flow in the i-th direction, Sp is

source term of the component £.

The gaseous phase is treated in an Eulerian
framework for the calculation of momentum, energy,
and species transport. Within the Eulerian
formulation, local conservation equations are solved
for mixture mass, momentum, enthalpy, and the
concentrations of gas-phase components. A
Lagrangian approach is used to describe the motion
and heat and mass transfer of individual fuel particles
along their trajectories. Turbulence closure is
provided by a two-equation k — € model, in which k
denotes turbulent kinetic energy and € represents its
dissipation. Radiative heat transfer is represented by
a six-flux transfer model [20-21].

The given system of equations (1-4) is solved
numerically using modern methods of computer 3-D
modeling. Formation of combustion products in the
pulverized-coal flame is calculated with a chemical-
kinetic scheme applicable over the temperature and
reactant-concentration ranges encountered in the
furnace. However, detailed modeling of all ongoing
reactions (including all intermediate reactions) is only
possible in simple cases, such as carbon monoxide
combustion, due to high computational costs or a lack
of information on all intermediate reactions.

Physical statement of the problem and computing mesh

The computational experiment is designed for
the parameters of the boiler of the Barnaul Boiler
Plant, which operates at a Thermal Power Plant in the
city of Shakhtinsk in the Karaganda region of
Kazakhstan. The BKZ-75 steam boiler is a vertical-
tube unit with a capacity of 75 tons of steam per hour
(heating power of 47 MW). The boiler is a single-
drum, natural-circulation boiler with a U-shaped
layout. Four axial-blade swirl burners provide
pulverized-coal combustion in the BKZ-75 boiler.
They occupy one burner level, with a pair installed on
the front furnace wall and a pair on the rear wall [22].

a)
Figure 2 — Division of the furnace computational domain into control volumes (a) and burner
configurations used in the simulations: (b, ¢)
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b)

Karaganda coal of the KR-200 grade is used as the
main fuel with the following characteristics: ash
content A, = 35.1%, volatile matter yield Vgar = 22%,
moisture content W, = 10.6%, net calorific value Q; =
18.55 MJ/kg.

Figure 2 presents the computational domain of
the BKZ-75 furnace divided into control volumes (a),
together with the burner arrangement used for the
emergency operating cases (b, ¢). The burners taken
out of operation are indicated in red.

¢)
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Two fuel-air supply configurations were
considered for the simulated emergency operating
condition. A straight-flow arrangement was used in
the first case, where two of the four burners kept
running and the other two were switched off (Figure
2b). The second case retained the same pair of
working burners but organized them for swirling
flow: a prescribed swirl was imposed on the air
stream and the burner jets were inclined at 30° toward

Results and discussion

Figure 3 shows the distribution of the total
velocity vector in longitudinal sections (x = 3.0 m) of
the combustion chamber during emergency operation
for the direct-flow and vortex fuel-air mixture
delivery methods. In both cases the flow field reaches
its peak velocities in the burner region, that is, within
the active combustion zone. Downstream of it the
flow splits: one fraction turns down toward the cold
funnel and forms a recirculation zone with vortex
structures, and the rest rises toward the furnace outlet.

Figure 3 indicates that introducing swirl into the
fuel-air stream enhances heat and mass transfer
within the reacting two-phase flow. The improvement
is associated with the development of a stable,
strongly turbulent recirculating structure, which
increases mixing intensity and results in a more
uniform combustion environment. In contrast, the
straight-through method is characterized by a less
organized flow structure, reduced turbulence, and
lower mixing efficiency.

O =N WwWwhH oo N
T 3 3

6 xm

Full velocity vector, m/s

|
12,92 19,26 25,60

a) b)

Figure 3 — Distribution of velocity vectors in the
longitudinal plane (x = 3.0 m) of the BKZ-75 boiler
furnace under emergency operating conditions: (a)
straight-flow fuel—air supply and (b) swirling fuel—
air supply

the boiler symmetry axis, the two remaining burners
again being out of service (Figure 2c).

For both emergency configurations, the
numerical calculations provided the spatial
distributions of the velocity vector, temperature, and
NO: concentration throughout the furnace chamber
and at the outlet. These data were subsequently used
to compare the aecrodynamic and thermal behavior of
the two pulverized-coal combustion regimes.

Figure 4 presents the velocity-vector field at the
furnace outlet cross-section (h = 16.75 m) for the two
fuel-air supply configurations considered under
emergency operating conditions. As the turbulent
stream approaches the furnace outlet, the velocity
field becomes progressively more uniform, while the
strength of the vortical structures weakens and the gas
velocity decreases accordingly.

This phenomenon reflects the natural decay of
turbulence and the stabilization of flow at the
chamber exit, ensuring smoother and more
predictable gas movement. In the vortex feed mode,
the observed lower outlet velocity is primarily a result
of enhanced mixing and increased energy dissipation
within the highly turbulent vortex structures. These
swirling flows significantly improve heat and mass
transfer, diminish temperature gradients, and enhance
the overall homogeneity of the combustion process.
As a result, the vortex method provides more stable
and efficient combustion even during emergency
shutdowns, outperforming the straight-through
configuration in terms of uniformity of flow, thermal
distribution, and operational reliability. The findings
clearly emphasize the benefits of vortex-based
mixing in managing combustion dynamics under
critical operating conditions.

Figure 5 presents the two-dimensional distribu-
tion of the cross-sectionally averaged temperature
along the height of the BKZ-75 furnace for the two-
emergency fuel-air supply configurations, namely
straight-flow and swirling modes. The numerical
results indicate that the introduction of swirl broadens
the high-temperature region, while the gas tempera-
ture at the furnace outlet becomes lower. The local
minimum observed in the temperature profiles is
associated with the injection of a comparatively cold
air—fuel mixture through the burner level located at
approximately (z=4 m). The predicted outlet tempe-
ratures are in satisfactory agreement with experi-
mental measurements reported for the combined heat
and power plant [23] and with the corresponding
theoretical estimates obtained using the thermal
calculation procedure developed by the Central
Boiler-and-Turbine Institute (NPO CKTTI) [24].
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Figure 4 — Distribution of the full velocity vector in cross sections at the outlet (h=16.75 m) from the
combustion chamber of the BKZ-75 boiler in emergency mode: (a) direct-flow and (b) vortex method of air-
fuel mixture supply
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Figure 5 — Distribution of temperature (T) along the
height of the combustion chamber of the BKZ-75
boiler in emergency operating conditions: 1 — direct-
flow method of air-fuel mixture supply; 2 — vortex
method of air-fuel mixture supply;

e experimental data at TPPs [23]; 4 - is theoretical
values obtained by the method of thermal calculation
(NPO CKTI) [24]

Figure 6 presents the spatial distribution of O:
concentration in the central region of the BKZ-75
furnace under emergency operating conditions for the
two fuel-air supply configurations considered in the
study.In the direct-flow supply scheme (Figure 6a), a
pronounced spatial unevenness in oxygen distribution
is observed. The area with reduced O: content is
concentrated in a relatively small region at the bottom
of the combustion chamber, while zones with higher
oxygen concentrations are located near the upper part
of the chamber. This distribution indicates
insufficient mixing of the fuel-air mixture and the
formation of a gravity-driven layered flow structure
with limited vertical interaction. Such stratification
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can result in local fuel-rich pockets, incomplete

combustion, and the generation of pollutants,
including CO and unburned hydrocarbons.
Additionally, localized overheating may occur,

potentially compromising boiler reliability and
operational safety.
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Figure 6 — Distribution of oxygen concentration O,
in the central section (y = 3.3 m) of the combustion
chamber of the BKZ-75 boiler in emergency mode:
(a) direct-flow and (b) vortex fuel and air
mixture supply method

In contrast, the vortex feed method (Figure 6b)
produces a significantly more complex and dynamic
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distribution pattern. The oxygen concentration field
exhibits alternating regions of low and high O:
throughout the central zone, indicating enhanced
turbulent mixing and more effective vertical
penetration of reagents. Compared to the direct-flow
scheme, the vortex method reduces regions with
critically low oxygen levels and distributes O> more
evenly across the combustion chamber height. The
rotational motion inherent to the vortex feed promotes
a symmetrical flow field, mitigates stable
stratification, and supports more complete
combustion, leading to higher thermal efficiency and
lower emission of incomplete combustion products.
Taken together, the results point to the mixture
supply method as a decisive factor for the
aerodynamics of the combustion chamber, for mixing
efficiency, and for performance as a whole. The
vortex feed regime, in particular, promotes the
formation of a well-mixed and stable flow pattern,
ensuring more uniform oxygen distribution
throughout the combustion chamber. Improved

direct method

NO,mg/nm?

50, — 669
mg/mnm I

— 657

-

i — 635
h I
— 623

a)

NO,, mg/nm*

I—735

—724

688,50

—709

—693

-
I—68|]

vortex method

-

mixing accelerates the interaction between the
reactants, limits the development of locally fuel-rich
regions, and lowers the probability of incomplete
combustion. As a result, the process becomes
thermally more efficient and remains more stable
over the operating range. Furthermore, by mitigating
stratification and supporting more complete
oxidation, the vortex method helps lower emissions
of carbon monoxide and unburned hydrocarbons. The
observed results demonstrate the importance of air-
fuel supply configuration to  combustion
performance, particularly during emergency and
transient regimes, in which rapid and uniform mixing
is required to support safe, efficient, and
environmentally responsible operation.

Figure 7 shows the three- and two-dimensional
NO: concentration fields along the furnace height
hfor the BKZ-75 boiler under emergency operating
conditions, comparing the two fuel-air supply
configurations considered in the simulations.

636,58 [ NO,,
mgmm® | mg/mm?

1700

b)

Figure 7 — Nitrogen dioxide concentration NO: versus the height h of the BKZ-75 boiler combustion
chamber in emergency mode, given in three-dimensional (a) and two-dimensional (b) form: curve 1 — direct-
flow supply of the fuel and air mixture, curve 2 — vortex supply

As the data show, the cross-sectional average
NO: concentration attains its maximum where
burning is most intense, namely in the burner zone.
The two-phase flow there is heated to about 1240°C,
and such conditions strongly favor nitrogen oxide
formation via the thermal and prompt mechanisms
alike. The elevated temperature enhances the reaction
rates between molecular nitrogen (N:) and oxygen
(O2), while the presence of hydrocarbon radicals in
the flame front further accelerates NO production. A
portion of this NO is subsequently oxidized to NOx,
resulting in a clearly defined peak in NO:
concentration at this height.

As the combustion products rise through the

chamber, the temperature gradually decreases, and
the local oxygen availability is dynamically altered by
the ongoing combustion reactions and flow patterns,
resulting in a gradual decline in NO2 concentration. In
the upper regions of the combustion chamber, lower
temperatures reduce the rates of both thermal and
prompt NO formation, while the continued mixing
with cooler combustion gases further dilutes NO:
levels. At the outlet of the chamber, the average NO:
concentration reaches its minimum, reflecting the
combined effects of gas dilution, decreased reaction
rates, and partial recombination or reduction of
nitrogen oxides in cooler zones. This overall vertical
distribution is clearly illustrated by curves 1-2 in
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Figure 7b and highlights the strong dependence of
NO: formation on local thermal and chemical
conditions.

The trends obtained tie the NO: maxima to areas
of high temperature and vigorous combustion, while
concentrations drop in colder parts of the furnace
where the reacting flow is less active. Understanding
this spatial variation is essential for optimizing fuel-
air mixing, combustion efficiency, and emission
control strategies. Under emergency and transient
operating conditions, temperature variations and
changes in the flow structure become more
pronounced. A detailed description of the NO:
distribution is therefore important for adjusting
burner operation, controlling the air supply, and
selecting appropriate emission-reduction measures.
The observed decrease in NO: concentration can be
attributed to several contributing factors. First, the
temperature of the gas environment drops
significantly with increasing altitude, which leads to

Conclusion

Numerical simulations were performed for the
BKZ-75 boiler under emergency operating
conditions, considering two fuel-air supply
arrangements: straight-flow and swirling modes.
Attention in this study was given to the velocity and
temperature  fields and to how pollutant
concentrations are distributed in space inside the
furnace. The way the fuel-air mixture is delivered
proved to have a marked influence on furnace
aerodynamics, on heat and mass transfer, and on
where high-intensity combustion regions develop.

The direct-flow mode is characterized by the
formation of layered, stratified flows with limited
vertical mixing and localized temperature and
concentration peaks, which reduces combustion
efficiency and contributes to localized increases in
nitrogen oxide emissions. The vortex method of
feeding the mixture creates stable, highly turbulent
vortex structures that ensure intensive mixing of the
reactants, equalization of temperature and velocity
fields, and combustion stabilization throughout the
entire chamber height.

The NO: field indicates that the highest
concentrations occur in the active burner region. This
area corresponds to the zone of greatest combustion
intensity. With the swirling configuration, the NO:

Author Contributions

a decrease in the rates of reactions responsible for
NOx formation. Second, the concentrations of active
nitrogen-containing components of the fuel and
oxidizer decrease, since most of them have already
entered into combustion reactions in the lower zone.
Third, the upper part of the furnace contains mainly
cooled and chemically stabilized combustion
products, in which NO: formation virtually ceases.
Thus, NO: concentration profiles are characterized by
a pronounced maximum in the active combustion
zone and a subsequent decrease towards the chamber
outlet.

A comparison of the two air—fuel mixture supply
configurations shows that the cross-sectional average
NO: concentration at the combustion chamber outlet
decreases from 688.50 to 636.58 mg/Nm* when the
direct-flow system is replaced by the vortex system.
The reduction amounts to approximately 8%, as
indicated by the profiles corresponding to curves 1
and 2 in Figures 7(a) and 7(b).

concentration at the furnace outlet decreases by about
8% compared with the straight-flow case. This
reduction indicates more favorable emission
performance. The effect is mainly associated with
stronger mixing and a more uniform thermal field,
which limit local temperature peaks and reduce
conditions favorable to pollutant formation. Overall,
the numerical results show that swirl-based fuel-air
delivery improves combustion uniformity and
stability while intensifying heat and mass transfer.
Under emergency operating conditions, NOx
emissions are significantly reduced.

The data obtained can serve as a basis for
optimizing burner design and fuel supply systems of
BKZ-75 boilers at coal-fired combined heat and
power plants. Introducing vortex-based mixing offers
gains in both operational and environmental
performance, making boiler operation under critical
conditions safer, more reliable, and cleaner in terms
of emissions.
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    𝜕 𝜌  𝜕 t +   𝜕  𝜕   x  i   ( 𝜌 u  i ) = 0 ,                                                 ( 1 )


    𝜕   ( 𝜌 u  i )  𝜕 t = −   𝜕  𝜕   x  j   ( 𝜌 u  i   u  j ) +   𝜕   𝜏  i j  𝜕   x  j +   𝜕 P  𝜕   x  i + 𝜌   F  i ,       ( 2 )


    F  i


    𝜕  𝜕 t  ( 𝜌 h ) =   𝜕  𝜕   x  i   ( 𝜌 u  i h ) −   𝜕   q  i  r e s  𝜕   x  j +   𝜕 P  𝜕 t +   u  i   𝜕 P  𝜕   x  i +   𝜏  i j   𝜕   u  i  𝜕   x  i +   S h ,                                                                 ( 3 )


    𝜕  𝜕 t  ( 𝜌   C  𝛽 ) = −   𝜕  𝜕   x  i  ( 𝜌   C  𝛽   u  i ) +   𝜕   j  i  𝜕   x  i +   S  𝛽 ,       ( 4 )
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