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Particularities of Thermal Regimes and Emission Characteristics of Hot
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Abstract. The aim of this study is to provide a scientific substantiation of the mechanisms of thermo-
chemical conversion of wood pellets and low-grade agrobiomass in the furnace chambers of municipal
boilers using multiparameter CFD modeling methods. To achieve this aim, the following tasks were
solved: a numerical approach combining the Discrete Phase Method (DPM) and the Laminar Flamelet
model was implemented to account for the staged release of volatile matter; the influence of intensive
aerodynamic turbulence on particle trajectories was investigated; and the processes of staged air supply
were modeled. The scientific novelty of the results lies in establishing the regularities of local reducing
zone formation in the flame root during the combustion of high-nitrogen fuels (bottom sludge and poul-
try manure), for which it was theoretically demonstrated that the vortex effect of turbulence ensures a
burnout completeness of the dispersed phase at the level of 98.0-99.2%. The most important results are
the proof that staged air supply forms stable reducing zones near the burner, limiting the local NOx
concentration to 36 ppm, as well as the mathematical determination of the safe slag-free interval (1000-
1150 °C) for the thermal conversion of straw and rapeseed. The practical value of the work consists in
the verification of the numerical model based on detailed chemical kinetics approaches, which provides
increased accuracy in predicting reducing zones compared with standard Eddy Dissipation models. The
significance of the obtained results lies in confirming the possibility of efficient and environmentally
safe utilization of low-quality agrobiomass and industrial sludge in serial boiler units. This determines
the optimal operating conditions of the equipment and creates a fundamental scientific basis for diver-
sification of the fuel base and extension of the residual service life of thermal power installations under
deep load maneuvering.
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Particularititile regimurilor termice si ale caracteristicilor de emisie ale cazanelor cu apa calda alimentate
cu pelete de combustibil eterogene
Racanskaii A.lu., Cernousenko O.lu., Baraniuk O.V., Onasko A.l., Tkacenko S.S.

National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute», Kyiv, Ukraine
Abstract. Scopul acestui studiu este de a fundamenta stiintific mecanismele de conversie termochimica a peletilor
din lemn si a agrobiomasei de calitate inferioara in camerele de ardere ale cazanelor municipale, utilizand metode
de modelare CFD multiparametrica. Pentru atingerea acestui obiectiv au fost realizate urmatoarele sarcini: a fost
implementatd o abordare numerica ce combind Metoda Fazei Discrete (DPM) cu modelul flameletului laminar,
pentru a descrie eliberarea etapizatd a materiilor volatile; a fost investigata influenta turbulentei aerodinamice
intense asupra traiectoriilor particulelor; si au fost modelate procesele de alimentare etapizata cu aer. Noutatea
stiintifica a rezultatelor consta in stabilirea mecanismelor de formare a unei zone reducatoare locale in radacina
flacarii In timpul arderii combustibililor cu continut ridicat de azot (ndmol de fund si gunoi de grajd de pasare). S-
a demonstrat teoretic ca efectul de vortex al turbulentei asigurd arderea aproape completa a fazei dispersate,
atingand un grad de conversie de 98.0-99.2%. Cele mai importante rezultate constau in demonstrarea faptului ca
alimentarea esalonata cu aer conduce la formarea unor zone reducatoare stabile in apropierea arzatorului, limitand
concentratia locald de NOx la 36 ppm, precum si in determinarea, prin modelare matematica, a intervalului sigur
de temperatura fara formarea zgurii (1000-1150 °C) pentru conversia termica a paielor si a rapitei.
Cuvinte-cheie: pelete de combustibil, bioenergie, acrodinamica flacarii, transfer de caldurd si masd, utilizarea
deseurilor, verificarea modelului, siguranta mediului, zgurii de suprafata, eficienta energetica.
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Oco0eHHOCTH TeNJIOBBIX PEeXKMMOB M SMHCCHOHHBIX XaPAKTePHCTHK BOJOTPeiiHbIX KOT/I0B IPH padoTe Ha
Pa3HOPOAHBIX TOIJIMBHBIX IPaHyJIax
Paunnckuii A.JO., Uepnoycenko O.10., Bapaniok A.10., Onnceko A.U., Tkauenko C.C.
HanuonansHbIl TexHUYECKUH yHUBEpCUTET YKpanuHsl «KueBckuil MOIUTEXHUYECKU HHCTUTYT UM. Urops
Cuxopckoro», Kues. Ykpauna

Abstract. Ilenplo TaHHOTO HCCICAOBAHHS SBIACTCS HAy4YHOE OOOCHOBAHHE MEXaHH3MOB TEPMOXHMHYECKOTO
NpEeBpaIleHNs] JPEBECHBIX MeEJUIeT W HHU3KOCOPTHOM arpoOMoMacchl B TOMOYHBIX KaMepax KOTJIOB
MYHHUIUIIAJIBHOTO HA3HAYCHMS MeTojaMu MHoromapamerpudeckoro CFD-monenupoBanus. it JOCTHXEHUS
LIETIN PELICHBI CIIEAYIONINE 3aa4n: PEeaM30BaH YHCICHHBIN MMOIXO0J C COYCTAaHHEM METOAa ANCKPETHOH (ha3bl
(DPM) u mozmenu Laminar Flamelet mis ygera cTaZnifHOCTH BBIXOJA JIETYYHX BEIIECTB, HCCICIOBAHO BIISTHUE
MHTEHCHUBHOH a’pajMHaMHUUYECKON TypOynHM3al Ha TPAeKTOPHIO YACTHI M CMOACIHPOBAHBI IIPOIECCHI
CTYNEHYaTOT0 IOJBOAA BO3Xyxa. HaydHas HOBH3HAa pe3yiabTaTOB 3aKJIOYaeTCi B  YCTAHOBJICHHH
3aKOHOMEPHOCTEH ()OPMUPOBAHUS JIOKAIBHBIX BOCCTAHOBHUTEIBHBIX 30H B KOpHE (akenma Ipu CKUTaHUU
BBICOKOA30THCTOTO TOIIMBA (JIOHHBIX HJIOB, ITHUYLETO MOMETA), MPU KOTOPBIX TEOPETHYECKH JI0Ka3aHO, YTO
BUXPEBOH 3 ekt TypOyiu3anun obecrieunBaeT HOJHOTY BHITOPaHUsl TUCTIepCHOH (a3bl Ha yposHeE 98.0...99.2%.
Hawnbosee BakHBIMHM pe3yibTaTaMH SIBIISIIOTCS JOKa3aTeJbCTBA TOTO, YTO CTyIEHdYaTas Iojada BO3IyXa
(dhopMupyeT cTadUIbHBIC BOCCTAHOBUTEIIBLHBIC 30HBI BOJIM3H FOPEIKH C OIPAaHHYCHHUEM JIOKATbHO KOHIICHTPAIIUH
NOx 110 36 ppm, a Tak)Ke MaTeMaTHUECKOE oMpeecHue Oe3omacHoro oecnuiakoBoro uutepsaia (1000...1150 °C)
JUISL TEPMHUYECKON KOHBEPCHUH COJIOMBI M parica. [IpakTiyeckas HEHHOCTh paOOThI 3aKJII0YAETCsl B BEpUPHUKALIUH
YHCIEHHON Mozenu Ha 0a3e IMOAXOM0B JETAIFHONH XUMHUYECKOW KHHETHKH, 00ECIEeUMBAIOUICH IOBBIICHHYIO
TOYHOCTB POTHO3UPOBAHMS 30H BOCCTAHOBJICHHS 110 CPaBHEHHMIO CO CTaHIapTHRIMU Moaensmu Eddy Dissipation.
3HAaUNMOCTh TIOJ[yYEHHBIX pE3yJIbTAaTOB 3aKJIIOYAeTCs B IOATBEP)KACHHHM BO3MOXKHOCTH 3(GQEKTHBHON H
9KOJIOTMYECKH O€30IacHOM yTWIM3allMd HU3KOKAYECTBCHHOW arpoOMOMAcChl M TPOMBIIUICHHBIX HJIOB B
CEpHIHBIX KOTJIOArperatax. JTo ONpeessieT ONTHMANIbHBIE 3KCIUTyaTallHOHHBIE PEKUMbI 000PyIOBaHUS, & TAKXKE
co3maerT (GyHAaMECHTAJIbHYIO Hay4yHYI0 OCHOBY JUIi JUBEPCU(HUKALUHM TOIUIMBHOW 0a3bl M YBEIUUYCHHUS
OCTaTOYHOTO Pecypca TEIIOIHEPreTHIECKIX YCTAHOBOK MPH ITyOOKOM MaHEBPUPOBAHUH HATPY3KOM.

Keywords: ToruiMBHBIE TpaHyJbl, OHODHEPreTHKA, a’poAMHAMHUKa (akesa, TEIIOMacCOOOMEH, YTHIH3AIU
OTXO/IOB,  BepU(HKaIMsd  MOJCIH,  OKOJIOTHYeCKass  Oe30MacHOCTb,  IIJIAKOBAaHHE  IOBEPXHOCTEH,
3Hepro3pPpeKTUBHOCTS.

INTRODUCTION allow the phases of thermal conversion of wood
pellets to be classified into three main regimes:

e  Gasification: intensive release of volatile
matter at relatively low temperatures.

e Flame combustion: rapid oxidation of
combustible gases.

e  Char (coke residue) combustion: the final
stage of solid carbon oxidation.

Experimental studies have established that the
dynamics of changes in fuel mass and volume
differ significantly at each stage. In the
gasification regime, the mass reduction can reach
37% with an insignificant change in volume
(approximately 7%). In contrast, the char
combustion stage is accompanied by a sharp
decrease in volume (up to 41%) with a smaller
change in mass (10%) [1]. It is important to
consider that at low ambient temperatures
(approximately 500 °C), the gasification stage
occupies the largest part of the total conversion
time [6]. Ksenia Vershinina [7] also points out the
effectiveness of co-combustion of coal sludge
with biomass, which improves the ignition
characteristics of the mixture.

Studies by Mykola Zhovmir [6] on low-
temperature burnout (700 °C) indicate that for
short pellets, the process is controlled by an

The modern global energy sector is
undergoing active transformation driven by the
global climate crisis and the need for industrial
decarbonization. In this context, renewable
energy sources (RES), particularly solid biomass
in the form of pellets, are becoming a strategic
alternative to fossil fuels. As noted by Etsuko
Kinefuchi [1], the pellet industry has successfully
positioned itself as a leader in the field of
sustainable development, which is confirmed by
the experience of the world’s largest companies,
such as Enviva. The political commitment of the
European Union countries, enshrined in the
Renewable Energy Directive (RED III), as well as
similar measures taken by the South Korean
government to increase the share of RES, indicate
the irreversible transition to biofuels [2, 3, 4]. In
particular, in Poland, the demand for wood pellets
is stimulated by air quality improvement
programs and subsidies for the replacement of
outdated boilers [5].

For an in-depth understanding of the processes
occurring in the combustion chamber, it is
necessary to consider the combustion of an
individual pellet as a multistage process. The
studies by Sae Byul Kang [3] and Joon Ahn [6]
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intensive axial diffusion flux, whereas for long
pellets, radial burnout is the limiting factor. These
data are of practical importance for selecting the
optimal pellet geometry in order to minimize
mechanical unburned losses [8].

Analysis of the available literature indicates
that when using pellets as fuel, the influence of
the raw material composition on fuel
characteristics should be taken into account. It is
known that the expansion of the raw material base
through the use of agro-industrial waste is
accompanied by changes in the thermophysical
and mechanical properties of the fuel:
Mechanical parameters: Cubomir Kubik
[8] demonstrated that mixtures of wheat and
rapeseed straw exhibit higher compressive
strength values (up to 7.10 MPa) and modulus of

elasticity  (14.97 MPa) compared with
homogeneous samples.

e Energy density:  Pelletization  of
lignocellulosic ~ biomass  (elephant  grass,

eucalyptus, bagasse) makes it possible to obtain
solid biofuel with high energy density, although
the high ash content (up to 6.48%) in some types
of grasses may deteriorate  operational
performance [9].

Inert components: The addition of pine
needles to pine shavings or rice straw to wood
chips makes it possible to regulate pellet quality
in accordance with 1SO 17225 standards [10, 11].

Analysis of legume waste (beans) showed that
its calorific value (17,1 MJ/kg) is close to that of
wood waste, while the emission level during
combustion does not exceed permissible limits
[12].

A critical aspect of agro-pellet utilization is the
specific nature of ash formation. Anna Strandberg
[13], using 3D X-ray microtomography, found
that poplar fuel forms porous, calcium-rich ash,
whereas wheat straw produces a high-density
silicate melt. This leads to the formation of
bubbles on the char surface, affecting gas
transport [13].

Studies by Polish researchers emphasize that
the chemical composition of ash is a key indicator
for assessing the risks of slagging and fouling of
boiler heating surfaces [8].

The efficiency of small-capacity pellet boilers
directly depends on the organization of air supply.
Porde Nov¢i¢ [14] and Rade Karamarkovi¢ [15]
highlight the importance of staged supply of
preheated air for separating gasification and
afterburning zones. The implementation of
refractory inserts and innovative burners (top-fed
or moving grate burners) makes it possible to
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stabilize the flame and increase efficiency.
Grzegorz Pelka [16] found that the average CO
and NOy values are similar for different types of
burners when operating at full load. Luigi
Francesco Polonini [8] demonstrated that
increasing the depth of the burning pot makes it
possible to reduce particulate matter (PM)
emissions to 6...16 mg/Nm?.

To stabilize boiler operation under varying
pellet quality, Sae Byul Kang [3] proposed an air—
fuel mixture control system based on oxygen
sensors and a PID controller. Such a system
maintains the Oz concentration in flue gases at a
level of 8,5% + 1% [3, 17].

Pellet boilers are a significantly cleaner
alternative to wood-burning stoves. The studies
by Michael Priestley [18] indicate that pellet
particulate emissions consist of 90% substituted
monoaromatic compounds, whereas wood
combustion produces 3...55 times more
polycyclic aromatic hydrocarbons (PAHS).

A study of co-combustion of wood pellets with
wheat seeds [19] revealed that an increase in the
wheat fraction leads to higher CO and NOy
emissions due to the higher nitrogen content in
agricultural raw materials and suboptimal
combustion chamber aeration. Similar results
were obtained by O.A. Siryi [5] for rapeseed
pellets, where the necessity of precise adjustment
of the feeding system depending on the release of
volatile fuel components was established. Even at
low temperatures (800...1200 °C), the
combustion of individual large pellets
demonstrates complex NO and SO: release
dynamics dependent on the air flow rate [20].

The application of computational fluid
dynamics (CFD) methods is an integral tool in
design processes. Modeling makes it possible to
optimize air distribution, as well as the number
and arrangement of openings in gasification
chambers [14, 21]. Numerical methods are also
used to analyze the influence of conical
turbulators on heat transfer intensification [22]
and to predict the thermodynamic efficiency of
agro-pellet utilization systems [23].

The use of pellet boilers in Ukraine today is
not merely relevant but represents a strategically
important direction. Considering the state of the
Integrated Power System (IPS) and the constant
risks to the gas transmission network, pellets have
become one of the most reliable means of
decentralizing heat supply.

Why is this relevant today?

The first answer to this question is Ukraine’s
aspiration for energy independence, since pellets
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are produced from domestic raw materials (wood-
processing waste, straw, sunflower husks), which
makes consumers independent of imported gas.
At the same time, unlike conventional wood-fired
boilers, pellet units operate automatically (fuel
feeding, ignition, and temperature maintenance),
bringing their comfort level closer to that of gas-
fired systems.

Furthermore, pellets are a «carbon-neutraly
fuel, which corresponds to the European course
toward decarbonization and Ukraine’s recovery
programs.

For businesses and public institutions, pellet
heating is often less expensive than gas, especially
during periods of peak natural gas prices.

Based on the analysis of the available literature
sources, the authors formulated the objective of
the study:

Scientific and methodological substantiation
and numerical modeling of three-dimensional
heat and mass transfer processes, aerodynamics,
and the kinetics of harmful emission formation in
the furnace chambers of low-capacity boilers
during their conversion from conventional wood
to alternative types of low-grade biofuel (agro-
pellets and bottom sludge).

To achieve the stated objective, the following
scientific and practical tasks were addressed in the
study:

e  Establishment of general regularities in
the formation of spatial temperature fields and
thermodynamic stability of the flame core during
the combustion of fuel pellets with different
physicochemical and raw material compositions.
Mathematical modeling and
guantification of the completeness of
thermochemical conversion of the dispersed
phase (Particle Burnout parameter) depending on
the structure and intensity of swirl generation in

the near-wall vortex flow within the burner device.

e ldentification of  cause-and-effect
relationships  between local aerodynamic
characteristics of the furnace environment and the
kinetics of nitrogen oxide (NOx) formation in
order to minimize anthropogenic impact during
the thermal conversion of high-nitrogen

agrobiomass.

METHODS

To accomplish the stated objectives, a mesh-
volume model was developed based on the
geometry of the prototype boiler and a system of
boundary conditions implemented in the ANSYS
Fluent software package [24]. The automated
boiler Kotlant KGP 25 was selected as the basic
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research object. Its design is characterized by the
presence of double steel walls (6 mm thickness),
forming a water jacket for the circulation of the
heat-transfer medium. The outer part of the casing
is equipped with an insulation layer and a
decorative cover. The general design of the boiler
is illustrated in Fig. 1. The unit is equipped with
an automatic fuel supply system (pellets, coal,
sawdust), but can also operate in manual mode
when a grate is installed.

This boiler operates based on the principle of
automatic fuel supply (pellets or coal) from the
hopper to the burner device using a screw
mechanism. The electronic controller regulates
the feed rate and fan operation, allowing the boiler
to maintain the set temperature and operate
autonomously for 3 to 7 days on a single fuel load.

Pellet consumption depends on the heat losses
of the building and fuel quality. When operating
at nominal capacity, it is approximately 5,9 kg/h.

Approximate consumption indicators:
Maximum consumption: up to 140 kg per
day (during continuous operation at full capacity
under peak negative temperature conditions).
Average consumption: for an area of 250
m?, it is typically 48...96 kg per day, depending
on the outdoor air temperature and the level of
building insulation.

Autonomy: due to the 250 dm?* hopper
capacity, a single full pellet load can provide
autonomous operation for a period of 3 to 7 days.

The model is also universal: provided that a
grate is installed, the boiler can be converted to
manual mode for combustion of wood logs or
large-piece coal.

In the presented work, computational fluid
dynamics (CFD) methods were wused to
investigate heat transfer and hydrodynamic
processes during the combustion of biofuel pellets
in furnace devices. The numerical solution of the
system of mass, momentum, and energy
conservation equations was performed using the
ANSYS Fluent software package. The modeling
is based on the system of steady-state Reynolds-
averaged Navier-Stokes (RANS) equations [24]:

Continuity equation:

op
Liv(pv)=5,,
o, PV(pv)=5,

)

where Sy, is the source term accounting for the
mass added to the gas phase from the pellets. The
use of the source term Sy, is necessary to account
for intensive interphase mass transfer interactions,
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since a significant amount of moisture and

volatile matter is released into the gas medium

during the thermal decomposition of pellets.
Momentum conservation equation:

0

or

(ov)+V(ovu)=-Vp+VZ+pg+F, (2

where ¢ is the stress tensor, F is the
interaction force with the discrete phase.

This form of the equation was selected to
account for the force F (interaction with the
discrete phase), which makes it possible to
correctly model the influence of fuel particles on
the flow aerodynamics inside the furnace.

A semi-empirical Realizable k—e model with
wall functions was used to simulate turbulence,
ensuring stable convergence for internal flows in
combustion chambers. The Realizable k—e model
was selected because of its ability to provide a
more accurate calculation of the dissipation rate
and improved modeling of flow separation and
vortical structures characteristic of modern pellet
burners with tangential air supply:

opk 0 0 u) ok
2 Z(pkx )= || p+ T [p= |+
ot ax,.(pk') axj[(” c;k]paxj ,
+G, +G, —ps

©)
Heat transfer was accounted for through
convection, conduction, and radiative heat
exchange. Since the combustion products contain
triatomic gases and solid particles, the Discrete
Ordinates (DO) radiation model was employed to
simulate radiative heat transfer, enabling accurate
calculation of local heat fluxes to the furnace
walls. The motion and thermochemical
conversion of fuel pellets were modeled using the
Lagrangian approach (Discrete Phase Model,
DPM) [24, 25].
Force balance equation for a particle:

8Vp _ _ g(pp_p)
E = FD(V Vp)+—pp , (@)

where Fp(v — vp) — is the drag force.

The Lagrangian approach was selected
because it makes it possible to track the trajectory
of each individual pellet, which is essential for
analyzing the residence time of agro-pellet
particles in the combustion zone to ensure their
complete burnout.
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The particle trajectories were calculated by
integrating the force balance acting on each pellet
in the gas flow. The DPM model included the
following sequential submodels:

e  Heating and moisture evaporation:
_ fhﬂd;(-rw _Tp)
B mPCP

oT

p

or ' ®)

o Devolatilization (volatile matter release):
the Single Rate or Constant Rate model was used
to describe the thermal decomposition of biomass.
The Single Rate model was selected as an optimal
compromise between computational cost and
accuracy for woody biomass, since its kinetic
parameters (activation energy E and pre-
exponential factor A) have been well studied and
validated for rapid pyrolysis processes. The
volatile matter release rate was determined
according to the Arrhenius law:

om

P
or

Km, —@—f,,m ], ®)

where fy is the initial volatile matter fraction in
the pellet.

k = Aexp(-E/RT, ), )

e Char combustion: a Diffusion-Limited
Surface Reaction model was employed,
accounting for both the oxygen transport rate to
the particle surface and the chemical reaction rate.
This model was selected because, at the high
temperatures prevailing in the boiler furnace, the
burnout rate of pellet carbon is limited primarily
by the oxygen diffusion rate to the pellet surface
rather than by the chemical reaction kinetics.

Reaction rate at the particle surface:

8mp

or

C,T

0X " ©

=—4md D

\ 8
Dt @

where Doy is the oxidizer diffusion coefficient.

To model chemical reactions and volatile
matter combustion, the Eddy-Dissipation Model
(EDM) was employed, in which the reaction rate
is limited by the intensity of fuel-oxidizer mixing.
The Eddy-Dissipation Model (EDM) was selected
because of the high intensity of biomass volatile

combustion reactions, where the process rate is
governed by the rate of turbulent mixing between
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the fuel and air rather than by microscopic
chemical kinetics. The oxidation reaction rate, Rip,
is limited by the intensity of turbulent mixing
(«the fuel meets the oxidizer»):

R, =min

(9)

where Yr is the mass fraction of the reactant,
and Yp is the mass fraction of the combustion
products.

Radiative heat transfer (DO Model). The
Discrete Ordinates (DO) model is the most
versatile because it allows radiation scattering by
solid fuel and ash particles to be taken into
account, which is essential for accurately
calculating heat fluxes to the walls of pellet-fired
boilers. The Radiative Transfer Equation (RTE)
for the radiation intensity | in the direction s is
given by:

oT?’

v/

v(I(r,s)s)+(@a+ac,)I(r,s)=an?

Ar
+ % [1(r,s")(s- s HeY
4r

+
, (10)

This model makes it possible to account for
flame shielding and heat fluxes to the furnace
walls.

The NOx concentration was calculated by
means of post-processing, taking into account
both the thermal NOx (Thermal NOy) and fuel
NOx (Fuel NOy) formation mechanisms, which is
essential for evaluating the environmental
performance of the transition to agro-pellets. NOy
modeling was performed to assess the
environmental effect of using agro-pellets (e.g.,
those produced from sunflower husks or sludge),
which have a higher nitrogen content than natural
gas and therefore require prediction of fuel NOy
concentrations.

For agro-pellets (with a high nitrogen content),
the fuel NOy (Fuel NOx) mechanism is dominant.
The formation rate is described by the transport
equation for the NO concentration [26]:

a(,DYNO )

ar + V(pVYNO ): V(pDeff VWio )+ Swo s (11)
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The source term SNO accounts for the
reactions converting nitrogen-containing volatile
species (HCN, NHs) into NO. The geometric
model was developed in the ANSYS Design
Modeler environment in accordance with the
drawings of the experimental facility (e.g., a low-
capacity boiler). A hybrid computational mesh
(Hexa/Tetra) with local refinement in the active
combustion zones and near the air supply nozzles
was generated to discretize the computational
domain. As part of the validation procedure, a
mesh independence study was performed by
comparing the results obtained using meshes with
different numbers of elements. In addition, the
hydrodynamic parameters of the flue gases at the
boiler outlet predicted by the CFD simulations
were compared with the corresponding values
specified in the boiler technical documentation.

Figure 1 shows the unstructured hybrid mesh
consisting predominantly of tetrahedral elements.
A significant mesh refinement can be observed in
the burner region (shown at an enlarged scale and
enclosed by a red frame in the lower fragment).
This is essential for accurately modeling the
active combustion zone, where intensive chemical
reactions occur and high temperature gradients
are present.

The uniformity of the elements in the
convective section (upper passages) ensures
stable calculation of flue gas flow without
excessive computational error. The model
includes the internal furnace volume and a multi-
pass convective flue gas passage. The segmented
configuration of the gas passages in the upper
section is intended to increase the residence time
of the gases within the boiler and to intensify heat
transfer to the water jacket, reflecting the actual
design of the industrial prototype.

Boundary conditions:

Inlet: the air flow rates (Primary
Air/Secondary Air) and fuel temperature were
specified. In Fig. 1, these are indicated by red
vectors. Since the boiler was equipped with a
standard retort-type pellet burner, the boundary
conditions at this location included the primary
and secondary air supply parameters, as well as
the initialization of the fuel discrete phase (DPM).
The vectors indicate the flow direction,
representing the aerodynamics of the forced-air
supply.

Outlet: a Pressure Outlet boundary
condition was specified. According to the boiler
specifications, the pressure at the chimney outlet
should correspond to a draft of 25 Pa, which was
prescribed in the numerical model. In Fig. 1, the
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outlet nozzle (Pressure Outlet) is indicated by
blue vectors in the upper section. This boundary
represents the exit through which the combustion
products leave the boiler after passing through all
stages of heat transfer.

Walls: a fixed wall temperature was
specified to model the cooled furnace walls.

Fig. 1. Image of the boiler computational
mesh.

The next stage after determining the gas-
dynamic parameters was the configuration of the
diffusion-type combustion model (non-premixed
combustion).

The basis of this approach is the generation of
a preprocessor file in the form of PDF tables
(Probability Density Function), which serve as a
database for ANSYS Fluent. These tables contain
calculated relationships between the local fuel
mixture fraction, chemical species concentrations,
and temperature parameters.
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To ensure high reliability of the results during
the combustion of heterogeneous biomass, the
chemical characteristics of the fuel were specified
based on elemental analysis both for the as-
received state and recalculated on a dry ash-free
basis (Table 1).

The calculation of the PDF tables was based
on the principles of chemical -equilibrium
(Equilibrium Chemistry). This approach, unlike
the simplified Eddy-Dissipation Model, makes it
possible to account for dissociation processes and
the formation of intermediate radicals, thereby
providing a more physically accurate flame
temperature profile. Particular attention was paid
to the accuracy of environmental impact
prediction.

To detail the mechanisms of nitrogen oxide
formation, the Laminar Flamelet concept was
applied. This made it possible to integrate the
effects of aerodynamic flame stretching into the
model and account for nonequilibrium
phenomena, in particular  sub-equilibrium
temperature effects and super-equilibrium radical
concentrations, which is critically important for
the accurate assessment of NO, emissions when
using agro-pellets.

RESULTS AND DISCUSSION

The object of numerical modeling was a solid-
fuel hot-water boiler. Structurally, this unit
implements the principle of shaft-type fuel
combustion with a lower combustion surface and
a vertical convective section.

The organization of the process within a
confined lower layer of the fuel bed makes it
possible to stabilize the thermal potential of the
flame and ensure efficient primary and secondary
air supply, which reduces heat losses due to
chemical incomplete combustion (qgs) as well as
emissions of nitrogen and carbon oxides during
the combustion of renewable biomass fuels (wood,
pellets, briquettes).

The results of modeling the temperature
regime in the longitudinal and transverse sections
of the boiler furnace are presented below.

During the combustion of hardwood pellets
(Fig. 2), the zone of maximum temperatures (red
core) is located somewhat farther from the fuel
bed compared with softwood pellets. This is
explained by the higher thermal inertia of
hardwood: the particle requires more time for
heating and the onset of intensive gasification.
The flame core remains stable, with temperatures
in the range of 1100-1250 °C. This ensures
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reliable burnout of heavy carbon chains
characteristic of hardwood.

Table 1.
Fuel characteristics on an as-received basis [29]
P Hardwood Mixed- Softwood Rapeseed Poultry Bottom
arametr ellets species ellets ellets manure and sludge
P wood pellets P P straw pellets pellets
cr 41,568 43,21 46,44 31,56 34,700 30,32
Hp 5,196 5,183 5,85 4,46 4,071 4,06
or 38,970 39,45 41,59 38,68 25,232 19,85
NP 0,061 0,044 0,076 0,622 3,653 2,782
Sp 0,026 0,009 0,057 0,064 0,592 0,694
we 9,00 0,80 0,40 5,40 13,50 21,80
AP 5,18 10,6 52 14,9 7,6 4.4
\vdaf o 70,0 75,8 79,2 62,5 63,6 59,5
LHVar,
MJlkg 14,97 15,67 17,234 10,94 12,93 11,82
" Fiic™
/ / A

X
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Temperature  Contour 1

P
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Fig. 2. Temperature field in the longitudinal
and transverse sections of the boiler
combustion chamber during the combustion
of hardwood pellets.

During the combustion of mixed wood of
different species (Fig. 3a), the central red zone
corresponds to temperatures of 1100...1250 °C.
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Fig. 3. Temperature field in the longitudinal
and transverse sections of the boiler furnace
during the combustion of poultry manure and
straw pellets (a) and bottom sludge pellets (b).
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This represents a «healthy» combustion
regime: the temperature is sufficient for complete
decomposition of tars and heavy hydrocarbons
characteristic of hardwood species, while
remaining below the threshold of intensive
thermal nitrogen oxide formation. Flame stability:
despite the heterogeneity of the fuel (mixed
wood), the flame maintains a stable geometric
shape. This indicates effective aerodynamic
preparation of the fuel-air mixture in the burner
unit.During the combustion of softwood pellets,
the active combustion zone begins almost
immediately at the burner outlet. This is
characteristic of softwood species due to their
ability to undergo rapid gasification. The flame
core is characterized by a high temperature
potential (1150...1300 °C), indicating intensive
combustion of resinous compounds. The flame
appears to be the most homogeneous compared
with other fuel types (sludge or agro-pellets),
indicating high process stability.

Rapeseed pellets have a high calorific value.
The high concentration of heat release indicates
rapid oxidation of volatile matter. The flame core
is stabilized within the range of 1050...1200 °C.
This is critically important because rapeseed ash
begins to melt at relatively low temperatures. The
model demonstrates that the boiler control system
maintains the temperature below the threshold of
intensive slagging while preserving a high
reaction rate.

During the combustion of pellets made from
poultry manure and straw, the straw component in
the pellet ensures rapid release of volatile matter,
which is observed as an intensive flame initiation

(Fig. 3a).
This contributes to stable ignition of the
mixture. The maximum temperatures are

concentrated in the central part of the flame. For
the mixture containing poultry manure, it is
critically important that the model predicts
temperatures within the range of 1000...1100 °C.
This is a «safe window» that allows complete
combustion of organic matter while preventing
extensive softening of poultry manure ash, which
has a low deformation temperature.

During the combustion of bottom sludge
pellets (Fig. 3b), the active combustion zone is
slightly shifted or has a smaller area compared
with wood pellets.

This is associated with the ballast effect of
mineral substances contained in the sludge, which
absorb part of the heat for their own heating. The
core temperature is maintained within the range of
1050...1150 °C, representing a compromise: it is
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sufficient for burnout, but remains below the
melting temperature of the specific sludge ash,
thus preventing vitrification.

To determine the completeness of the
thermochemical conversion of fuel pellets, which
reflects the fraction of combustible mass
transferred into the gas phase as a result of
devolatilization and char residue oxidation, the
CFD modeling results are also presented in the
form of the distribution of the «Particle Burnout
Degree» parameter (Figs. 5-7).

The use of this parameter within the
framework of CFD modeling makes it possible to
guantitatively assess the level of mechanical
incomplete combustion and the overall energy
efficiency of the boiler, as well as to clearly
localize the zones of reaction completion within
the furnace space for different types of biomass.
The analysis of particle burnout fields confirms
that the selected aerodynamic flow structure
provides sufficient residence time of the fuel in
the high-temperature zone, allowing a burnout
degree of 98...99% to be achieved and
minimizing the emission of harmful CO and soot
pollutants.

During the combustion of hardwood pellets,
the model (Fig. 4) records strong flow swirling. In
solid-fuel boilers of this type, this is critically
important: the vortex keeps heavy oak or beech
particles within the high-temperature zone for a
longer period, allowing them to be completely
oxidized before entering the convective section.
Hardwood species have a dense char structure,
which burns out more slowly, as demonstrated in
Fig. 5. The particle burnout degree for hardwood
pellets in the model reaches 98.5-99%. It can be
seen that by the time the particles exit the furnace,
the fuel concentration gradient has almost
completely disappeared (transition to the blue
color).

Since mixed wood contains components with
different volatile matter release rates, the burnout
zone (Fig. 6a) appears more extended compared
with pure softwood species. The model
demonstrates very high efficiency — at the furnace
outlet, fuel particles have almost completely
transitioned into the gaseous phase (the blue
region at the end of the flame).

For mixed wood, this parameter in solid-fuel
boilers reaches 98,5...99,2%, which minimizes
mechanical incomplete combustion.

During the combustion of softwood pellets, the
ash melting temperature of softwood is typically
high (above 1200 °C), while the ash content is low
(up to 0,5...0,7%); the model shows no signs of
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«heavy» particles falling out of the flow. This
minimizes the load on the grate cleaning system.

SRR,

Particle Burnout  Contour 1

Fig. 4. Particle burnout degree in the
longitudinal and transverse sections of the
boiler furnace during the combustion of
hardwood pellets

The absence of blue trails of unburned material
(soot) in the convective zone confirms that, during
softwood combustion, the boiler operates in the
most environmentally friendly mode with
minimal CO emissions.

During the combustion of rapeseed pellets, the
presence of oil-containing components may lead
to the formation of sticky deposits in the case of
incomplete  combustion, which indirectly
indicates efficient burner operation. The intense
flow displaces combustion products away from
the nozzle. The burnout gradient in the figure
demonstrates that the fraction of unburned carbon
is minimal at the burner outlet. The blue zones at
the end of the chamber confirm the efficiency of
the final oxidation stage — the burnout degree of
rapeseed particles reaches 97...98%.

During the combustion of poultry manure and
straw pellets (Fig. 5a), the particle burnout degree
(represented by the gradient distribution) shows
that by the end of the combustion chamber, the
majority of the fuel has transitioned to the
complete oxidation phase.

Since manure burns more slowly than straw,
the swirling nature of the flow (visualized through
particle trajectories) forces the heavier manure
particles to circulate within the hot zone for a
longer period. The model shows that fine ash
(which is abundant in agro-pellets) is uniformly
transported into the convective section. The boiler
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design directs the flows in such a way that
aggressive straw ash (rich in chlorides) does not
accumulate near the walls, minimizing the risk of
high-temperature corrosion.

Unlike wood, where burnout occurs almost
instantaneously within the flame, the combustion
of bottom sludge pellets is characterized by a
more  «extended» zone of the highest
concentration of solid particles (Fig. 5b). This
indicates that bottom sludge contains a higher
proportion of char residue, which requires more
time for complete oxidation.

57 B
s P ~

ST A

Particle Burnout Contour 1

Fig. 5. Particle burnout degree in the
longitudinal and transverse sections of the
boiler furnace during the combustion of
poultry manure and straw pellets (a) and
bottom sludge pellets (b).

In the lower part of the model (Fig. 5a), the
velocity distribution promoting the removal of the
fine ash fraction can be observed. Since sludge
contains a significant amount of inorganic matter,
the boiler design demonstrated by the model
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shows how air flows «wash» around the grate
section, preventing local overheating and the
adhesion of sludge deposits to the metal surfaces.
For this type of fuel, a burnout degree of 94...96%
is considered an excellent result. The blue color at
the combustion chamber outlet confirms that the
majority of the organic matter in the sludge has
been converted into thermal energy.

Thus, the analysis of the Particle Burnout
parameter distribution is fundamental for
confirming that the selected air supply strategy
ensures the maximum possible energy release per
unit mass of fuel.

The implementation of strategies aimed at
reducing anthropogenic environmental impact
requires preliminary monitoring of NOx
generation during the thermal conversion of
pellets. Based on the developed boiler model,
maps of nitrogen oxide distribution in different
planes were constructed (Figs. 6-7), confirming
the complex spatial nature of their formation. The
obtained pollutant concentration data are
presented in parts per million (NOx [ppm]),
ensuring a correct comparison of the results with
regulatory indicators.

The analysis of Fig. 6 shows that a dark blue
zone (0...36 ppm) corresponding to the minimum
NOx concentration is observed in the lower part of
both sections. This confirms the staged nature of
combustion: pyrolysis and reduction processes
occur in the initial zone, which suppresses
intensive nitrogen oxide formation. Comparison
of the two sectional planes confirms the three-
dimensional nature of nitrogen oxide generation.
The left fragment (longitudinal section) shows a
complex isoline structure reflecting the influence
of aerodynamic flows on the local particle
concentration, whereas the right fragment (cross-
section) demonstrates a more symmetrical
expansion of the flame.

As also shown in Fig. 6, as the flue gases move
toward the upper part of the combustion chamber,
the NOy concentration increases. This is caused
by the completion of oxidation reactions of
nitrogen-containing fuel components and by the
thermal mechanism of NOy formation in high-
temperature zones. At the furnace outlet and in the
horizontal gas passages, the distribution becomes
more homogeneous (uniform). The concentration
values stabilize within the range of 145...182
ppm, which corresponds to environmental
standards for modern pellet-fired installations of
this capacity. According to the color scale, peak
concentrations (above 250 ppm) are localized
only in individual zones and do not have a
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dominant influence on the overall emission
profile.

During the combustion of mixed wood of
different species, a zone with minimum NOy
values (blue color, 0...36 ppm) is observed in the
lower part of the furnace and directly near the
burner. This is explained by the physics of staged
combustion: in this region, endothermic pyrolysis
processes and volatile matter release predominate,
accompanied by the formation of a reducing
environment that suppresses nitrogen oxidation.
With increasing distance from the burner, a
gradual increase in nitrogen oxide concentration
is observed (transition to yellow-green shades).
This indicates intensive burnout of fuel-bound
nitrogen and the formation of thermal NOx in
zones of active heat release. In the convective
passages at the furnace outlet, the NOx
concentration stabilizes within the range of
145...182 ppm. For mixed wood, this value is
considered optimal, as it remains below the
threshold of intensive harmful emission formation,
confirming the environmental feasibility of using
this type of fuel. The analysis of the data
presented in Fig.10a also indicates the absence of
extensive zones with concentrations exceeding
250 ppm. This demonstrates the effective
organization of air supply, ensuring a
homogeneous temperature field and preventing
local overheating.

Fig. 6. Distribution of nitrogen oxides in the
longitudinal and transverse sections of the
boiler furnace during the combustion of
hardwood pellets.

During the combustion of softwood pellets, the
concentration field becomes homogeneous in the
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upper part of the furnace and in the convective gas
passages, stabilizing within the range of
145...182 ppm.

For softwood species characterized by specific
contents of resinous compounds and nitrogen,
such values indicate the stability of the thermal
regime and the absence of significant emission
fluctuations.

Individual ~ zones  with  concentrations
exceeding 230 ppm are practically absent in the
cross-sections, indicating effective flame cooling
and prevention of significant formation of
«thermal» NOx.

Compared with mixed wood, softwood pellets
demonstrate a more uniform distribution of
nitrogen oxides throughout the furnace volume in
the cross-section, which is associated with the
specific kinetics of volatile component burnout.

The calculations also indicate that the boiler
aerodynamics ensures environmentally safe
combustion of softwood pellets with a low NOy
formation level due to the organized staged air
supply.

Rapeseed pellets are typically characterized by
a higher nitrogen content compared with wood.
The active NO, formation zone begins at a higher
position than for wood pellets, which is associated
with the intensive release of volatile matter
characteristic of rapeseed.

In the upper part of the furnace and in the
convective bundle, the NOyx concentration
stabilizes within the range of 163...200 ppm.

This value is slightly higher than that for
woody biomass; however, it remains within the
acceptable environmental limits for equipment of
this capacity.

The modeling results presented in Fig. 10
confirm the possibility of environmentally safe
combustion of rapeseed pellets in this boiler.

Pellets made from poultry manure and straw
(Fig. 7) are characterized by a specific chemical
composition with a high content of fuel-bound
nitrogen.

Compared with woody biomass, zones with
moderate NOx concentrations (109...145 ppm)
occupy a larger volume of the furnace already
during the initial stages of flame development. In
the convective channels, the concentration
stabilizes within the range of 182-218 ppm.

This value is higher than for wood-based fuels
but is an expected result for straw and manure;
nevertheless, the obtained indicators remain
within controllable limits.

182

égntour 1
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Fig. 7. Distribution of nitrogen oxides in the
longitudinal and transverse sections of the
boiler furnace during the combustion of
poultry manure and straw pellets.

The combustion of bottom sludge (Fig. 8) has
a unique thermophysical nature due to its high ash
content and the specific characteristics of volatile
matter release. Due to the ballast effect of the
mineral fraction of the fuel, Fig. 12 shows the
most uniform NOy distribution field in the cross-
section. The maximum concentration values are
shifted upward in the combustion chamber,
indicating a more extended oxidation process of
nitrogen-containing compounds over time.

Fig. 8. Distribution of nitrogen oxides in
the longitudinal and transverse sections of the
boiler furnace during the combustion of
bottom sludge pellets.
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The NOx concentration at the outlet is
approximately 163...200 ppm. The main factor
and parameter directly affecting surface slagging
is the maximum local flame temperature
(combustion core temperature) tmax, considered in
relation to the ash melting characteristics of the
specific fuel.
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Fig. 9. Comparative analysis of maximum
flame temperatures based on CFD modeling
data with the critical ash slagging threshold
for renewable fuels (the dashed line indicates
the boundary of the safe window at 1150 °C).

Fig. 9 clearly shows that for wood pellets
(hardwood, mixed wood, and softwood), the
flame temperature (1175...1225 °C), although
being the highest among the considered cases,
does not exceed or is close to the safe melting
threshold of wood ash (1200...1250 °C). For
agro-pellets (rapeseed, straw, and sludge), the ash
deformation threshold is significantly lower (==
1100 °C); however, due to «soft combustion» and
staged air supply in the solid-fuel boiler, the
actual  temperature is  maintained at
1050...1125 °C, which also prevents deposit
formation and boiler fouling.

CONCLUSIONS

Based on the conducted CFD modeling of the
thermochemical conversion processes of various
types of renewable biomass in the combustion
chamber of a shaft-type solid-fuel boiler, the
following scientific and practical results have
been formulated:

1. The regularities of the influence of
intensive aerodynamic turbulence on the
macrokinetics of burnout of high-density fuel
pellets (made from hardwood species) have been
established. It has been proven that the formation
of vortex structures in the lower part of the shaft
compensates for the initial kinetic retardation of
the thermal decomposition of the dense char
residue of oak and beech. This increases the
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residence time of the dispersed phase in the high-
temperature zone, ensuring stable thermal output
and achieving a particle burnout degree (Particle
Burnout) of 98.5-99.0% with minimal thermal
impact on the heat transfer surfaces.

2. The features of staged combustion of
mixed wood from different species conglomerates
have been determined. It has been established that
vortex mixing provides spatial homogenization of
the temperature field within the range of
1100...1250 °C. This temperature level is
thermodynamically optimal for the complete
destruction of tars and heavy hydrocarbons of
hardwood species; however, it does not reach the
temperature threshold for intensive generation of
thermal nitrogen oxides, confirming the stability
of the flame geometry and the stability of the
flame front.

3. The thermal profile of the flame during
the combustion of softwood biomass has been
determined, characterized by a shift of the
maximum heat release zone (the core with
temperatures of 1150...1300 °C) directly toward
the burner outlet due to the high rate of
devolatilization of resinous compounds. It has
been mathematically confirmed that the organized
balance of air supply component flow rates
ensures radiative flame uniformity and minimizes
the local erosive and corrosive aggressiveness of
flue gases toward metallic heat transfer surfaces.

4. The effectiveness of the «soft
combustion» concept for high-calorific agro-
pellets (rapeseed), which are prone to low-
temperature slagging, has been substantiated. It
has been numerically demonstrated that precise
regulation of staged air supply makes it possible
to stabilize local temperatures within the furnace
volume in the range of 1050...1200 °C. This
maintains the thermal regime strictly below the
critical threshold of rapeseed ash deformation and
melting, preventing the phase transition of ash
deposits into glassy slag on the grates while
maintaining carbon burnout completeness at the
level of 97...98%.

5. The possibility of effective utilization of
high-ash and high-nitrogen alternative substrates
(pellets made from poultry manure, straw, and
bottom sludge) has been mathematically proven.
It has been established that, due to the ballast
damping effect of the mineral fraction of sludge
and the high volatile matter release from straw, an
extended thermochemical conversion zone is
formed with local temperatures maintained within
the «safe window» (1000...1150 °C), which is
below the sludge sintering temperature. At the
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same time, the formation of a reducing
environment (0...36 ppm NOx at the flame root)
and staged oxidizer supply ensure the binding of
fuel-bound nitrogen, stabilizing the integral outlet
NOx concentrations within the range of 145...218
ppm, which fully complies with the
environmental  requirements of  Directive
2010/75/EU  without the wuse of catalytic
denitrification systems.
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