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Abstract Power boilers should be characterized by high flexibility in
terms of loads, which results from the demand for electricity. In addition
to the flexibility of the boiler, it is also important for the boiler to oper-
ate under technical minimum conditions while maintaining harmful emis-
sions standards. A boiler operating with a technical minimum should also
exhibit a stable combustion process. The paper presents the results of nu-
merical combustion research for the minimum load of the two-pass ultra-
supercritical boiler with front wall swirl burners system. The combustion
stability for the minimum boiler load of 40% for the three mill system con-
figurations has been demonstrated. Based on the numerical tests carried
out in terms of obtaining the most favourable combustion conditions and
the emission of harmful substances, the most favourable of them cases was
indicated.

Keywords: Numerical simulations; Ultra-supercritical boiler; Coal combustion; Mini-
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1 Introduction

Power plants, despite the increasingly propagated and advanced technology
of using renewable sources or distributed energy, will remain for the next
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several years, a major energy producer. The development of modern tech-
nologies for the use of renewable and zero-emission energy sources is very
important. However, until the energy based on fossil fuels is eliminated, it
is important to improve and develop low-carbon combustion technologies
to meet the requirements of harmful emissions standards [1, 2].

Numerical modelling can and should be used to study the combustion
process in the furnace chamber. Numerical tests are often associated with
lower financial outlays and provide greater possibility of variants in the
design and construction process as compared to laboratory or industrial
tests. Nevertheless, it is very important to create numerical models based
on measurements or zero-dimensional calculation models to authenticate
numerically obtained results.

Currently, numerical modelling of the combustion process for models
including the combustion chamber together with the second boiler pass is
quite commonly used [3–5]. As a rule, numerical calculations are carried out
to modernize or optimize the combustion process in boilers [6–11] or tests
on a real object [12]. On the other hand, with a few exceptions [13–15], not
much research was carried out on boiler combustion for minimal boiler load.

In [10] numerical calculations of a coal-fired boiler for variable load
and fuel granulation were carried out to reduce SO2/NOx emissions. Chen
et al. [12] presented a model of anthracite combustion and NOx formation
for a 300 MWe boiler fired with swirl burners for 3 loads after implement-
ing a new combustion system. The distribution of secondary air from the
burners to the nozzles of the OFA (Over fire air) nozzle group results in in-
creased reheated steam temperature for lower loads, reduced NOx emissions
and improved combustion quality. In [13] the results of numerical modelling
of a lignite fired boiler are presented for three loads, including one below
the technical minimum. To obtain a load below the technical minimum
of the boiler, co-firing with pre-dried fuel was used. The reduction of the
minimum load and NOx emissions in a lignite fired boiler was achieved
by applying the stable flame concept [14]. A new concept for lignite com-
bustion has been presented, leading to improved combustion stability and
reduced NOx emissions. Tan et al. [15] presented the results of research
on the causes of flue gas temperature deviations in tower tangentially fired
boilers. One method to solve the problem is to add an arched nose before
the boiler draft.

Power boilers should work with high flexibility in terms of loads, which
results from the demand for electricity. In addition to the flexibility of the
boiler, it is also important for the boiler to operate under technical mini-
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mum conditions while maintaining harmful emissions standards. A boiler
operating with a technical minimum should also exhibit a stable combustion
process. The article presents the results of numerical combustion research
for the minimum load of the two-pass ultra-supercritical boiler with front
wall swirl burners system – BP 680 boiler, specified in the design phase at
Rafako factory. Computational fluid dynamics (CFD) modelling for a 100%
boiler load is presented in [16, 17].

2 Boundary conditions and modelling description

The BP 680 boiler is a two-pass boiler for ultra-supercritical parameters,
fired with hard coal dust, with steam reheated. The profile of the BP 680
boiler is shown in Fig. 1. The combustion chamber has a cuboid shape
with transverse dimensions of 15.62 m × 9.02 m. Located just above the
combustion chamber is the platen superheater (SH2b) The last fourth stage
of the live steam superheater (SH4) is above SH2b. Over its the second stage

Figure 1: Cross-section in the axis of the BP 680 boiler, SH2b – platen superheater,
SH4 – the last fourth stage of the live steam superheater, RH2 – the second
stage of reheated steam, SH3 – the third stage of live steam superheater, RH1
– the first stage of the reheated steam, ECO – economizer.
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of reheated steam (RH2) is localized. Around the draft the third stage of
live steam superheater (SH3) is presented. Then on the flue gas path the
first stage of the reheated steam (RH1) is showed. The economizer (ECO)
is the last surface in the second pass.

BP 680 is fed by four mills (M1–M4), each supplying a pulverized coal-
air mixture to six swirl burners located on the front wall of the furnace
– Fig. 2. The burners are fed from a common secondary air box. Above
the belt of burners on the front wall of the combustion chamber there are
6 OFA nozzles built-in, equipped with blades swirling the air at an angle
of 45◦.

Figure 2: Mills system with marked burners swirl direction.

Figure 3 shows the burner diagram. The burner is divided into two
sections of secondary air equipped with blades swirling the air at an angle
of 50◦.

Figure 3: The diagram of the burner.

Table 1 presents the coal analysis provided by Rafako, which are the
basis for developing input data for CFD software. Table 2 shows fuel gran-
ulation with average diameter of the coal dust particle used in the discrete
phase model (DPM).
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Table 1: Coal analysis.

Data Unit Value

Calorific value kJ/kg 21500
Ash content % by mass 22.00
Moisture content % by mass 11.30
Volatile matter content % by mass 37.60
Coal, C % by mass 56.80
Hydrogen, H % by mass 2.66
Sulphur, S % by mass 1.24
Oxygen, O % by mass 4.80
Nitrogen, N % by mass 1.20

Table 2: Fuel grain size.

Data Unit Value

Residue on 90 µm sieve % 15.00
Residue on 200 µm sieve % 0.48
Average diameter m 53 × 10−6

Polydispersity number – 1.26

For a 40% load, tests were carried out for the three mill system config-
urations:

1. Case 1 – chamber is powered by mills M1, M3; lower flame position.

2. Case 2 – chamber is powered by mills M1, M4; average flame position.

3. Case 3 – chamber is powered by mills M2, M4; upper flame position.

Table 3 demonstrates the air and fuel streams implemented into the
numerical model and their temperatures. The data is the result of boiler
balance calculations and was provided by Rafako.

The contour of the combustion chamber of the BP 680 boiler, the geo-
metric model and the numerical mesh, which is built of 3 768 850 numerical
cells, are showed in Fig. 4. The maximum value for skewness is 0.96 for
400 cells located in the flow part of burners and OFA nozzles not involved
in the combustion process. The skewness factor in the range from 0 to 0.1
represents 87% of all grid cells, whereas the skewness factor in the range
from 0.8 to 0.9 accounts for 13% of the mesh and occurs in the flow part
of the OFA burners and nozzles. A minimum cell volume of 1.59−6 m3 oc-
curs in the area of the burner belt. However, the maximum cell volume



98 B. Hernik and W. Zabłocki

Table 3: Air and fuel flows.

Mills
Data Unit Case 1 Case 2 Case 3

1 3 2, 4 1 4 2, 3 2 4 1, 3

Coal mass flow kg/s 5.65 5.65 – 5.68 5.68 – 5.72 5.72 –
Primary air mass flow kg/s 14.32 14.32 – 14.41 14.41 – 14.51 14.51 –
Secondary air mass flow 1 kg/s 14.71 14.71 7.06 14.89 14.89 7.06 15.09 15.09 7.05
Secondary air mass flow 2 kg/s 10.11 10.11 4.85 10.24 10.24 4.85 10.37 10.37 4.85
Cooling air mass flow (core) kg/s 1.65 1.65 1.65 1.65 1.65 1.65 1.65 1.65 1.65
Air mass flow to OFA kg/s 20.11
Mixture temperature ◦C 100
Secondary air temperature ◦C 309 310 308

Figure 4: Geometrical model and numerical mesh in the cross-section of the BP 680
boiler.

of 2.13−2 m3 occurs in the area of steam superheaters. The mesh in the
region of the burners has been compacted in order to obtain more credible
results. The model contains the first pass of the boiler, including steam
superheaters. The superheaters were treated as a porous body made in the
shape of plates, exchanging heat with flue gas. The standard energy trans-
port equation with modifications of the conduction flux were solved in the
porous body. In the porous medium, standard turbulence equations were
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solved as in the mass flow of fluid. The turbulence is regarded as if the
solid medium did not affect the rate of dissipation and the generation of
turbulence. Inside the porous body the superficial velocity was used based
on the volumetric flow rate. The porous body was modelled by defining an
additional momentum source in the momentum equations for superheater
areas:

Si = −
(
µ

α
νi + C2

1
2ρ |ν| νi

)
,

where Si is the momentum equation for i-th (x, y, z) directions; |ν| is the
magnitude of the velocity; ν is dynamic viscosity; 1/α = D means viscous
loss term based on Darcy’s Law; C2 means inertial loss term. Knowledge
of the heat exchanger geometry allows calculating in the zero-dimensional
model pressure drop, ∆p, and flue gas velocity, v. Pressure drop as a func-
tion of velocity through a porous zone can be extrapolated to specify the
D and C2 coefficients. The following equation should be used to calculate
the pressure drop:

∆p = ζ
ρfgν

2
fg

2 ,

where ζ is the number of resistance, ρfg is the density of the flue gas, νfg is
the velocity of the flue gas. In Table 4 values of porosity, viscous resistance
as well as internal resistance for porous zone was presented.

Table 4: Characteristic parameters of the porous zone.

Data Porosity Viscous resistance Internal resistance

Zone
Unit

– 1/m2 1/m

SH2b 0.55 1.60 × 105 21.45
SH4 0.61 2.09 × 106 239.72
RH2 0.66 2.33 × 107 2266.5
SH3 0.67 1.48 × 107 1234.02

Based on calculations with the zero-dimensional model, the amount of
heat received from the flue gas by steam was determined. Thus, this amount
of heat flux is included in the calculations as a negative heat source for
individual superheaters.

Numerical tests of the combustion process in the BP 680 boiler were
carried out using the Ansys Fluent 14 simulation software [18]. The CFD
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model has been verified by design calculations performed using the zero-
dimensional Rafako model. Thanks to it, the flue gas temperature in the
plane of the combustion chamber outlet was obtained. The oxygen content
was obtained by performing stoichiometric calculations based on the coal
composition. The model performs heat-flow balance calculations of the en-
tire boiler, taking into account all heat exchange surfaces in the direction
of flow and their characteristic dimensions. The heat transfer between flue
gas and the working fluid, including fouling and heat preservation of tubes
coefficients, is taken into account. The model provides the temperature of
the flue gas and working fluid behind each heat exchanger as well as in-
formation about its velocity. The water-walls of the furnace chamber were
modelled as flat surfaces exchanging heat with the flue gas.

Calculations were carried out in a steady state. At the beginning of
calculations, the first order upwind scheme was used for momentum, tur-
bulence, species, energy, and radiation. For a more accurate solution, when
the model has stabilized, a second order upwind scheme was used for them.
For pressure spatial discretization PRESTO (pressure staggering option)
scheme was used. Least squares cell based scheme was used to simulate
gradient spatial discretization. The walls were modeled as flat surfaces ex-
changing heat with the flue gas. For walls in the combustion chamber the
temperature of 377 ◦C and an internal emissivity of 0.57 were set. The wall
thickness corresponding to the wall thickness of the pipe in furnace was set
to 0.004 m. For walls of the slag hopper the temperature of 296 ◦C and an
internal emissivity of 0.5 were set. The research used the SIMPLE method
(semi-implicit method for pressure linked equations) to valuation the flow
fields [10, 19–22, 29]. The k-ε real turbulence model was also used due to
calculations of boilers equipped with swirl burners. The choice of this model
is a compromise between accuracy and calculation time, although it is no
less appropriate to simulate a vortex turbulent flow [3, 4, 20, 21, 23, 24,
27, 29]. The Euler–Lagrange approach is more precise than the Euler–Euler
approach in coal combustion calculations [3, 4, 19–21, 24, 25, 27, 29]. The
Lagrange approach was used to calculate the trajectory of a coal particle
in a continuous phase. 3960 particles have been tracked. The heat, mass
and momentum exchange between coal particles and flue gas was simu-
lated using the discrete phase model. The ability to model coal degassing
and char burning is the highest advantage of the Euler–Lagrange two-phase
approach. Coal degassing was modelled using the single rate model [21, 25,
26]. In turn, the combustion of char particles was modelled using a kinetic
diffusion model [5, 6, 8, 19–21, 25, 27]. The char oxidation reaction to CO2
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according to this model is shown below:

C + O2 → CO2 .

Fuel and thermal nitrogen oxides were included in the calculations [6, 7, 19]
and turbulent interaction as a function of probability density (PDF) was
determined.

For the calculation of the formation of thermal nitrogen oxides the
Zeldowicz mechanism was used [30]. By providing energy in the oxygen
particle, chains are intermittent and free O atoms can take part in the
reaction:

O + N2 ↔ NO + N,

N + O2 ↔ NO + O.

Under circumstances congruous to stoichiometric and for mixtures rich in
fuel, a third reaction was suggested, which contributes to the formation of
thermal nitrogen oxides [31–33]

N + OH↔ NO + H.

The concentration of O radicals was determined by applying the partial
equilibrium approach [34]. To determine the concentration of OH radicals,
an approach based on partial equilibrium was used [35, 36]. HCN/NH3/NO
was chosen as intermediates resulting from the volatile oxidation reaction,
while NO was chosen for char oxidation [37, 38]. The species transport
model was used to simulate the continuous phase. The finite rate/eddy dis-
sipation model was used to simulate the combustion reaction of volatiles [6,
19, 25], which calculates both the reaction rate according to the Arrhenius
equation and the reaction rate through the turbulent mixing process and
uses the smaller of them. Below is the reaction of the combustion mech-
anism of volatile components and carbon monoxide oxidation by volume
reactions

CmHnOlNkSj +
(m− l

2 + n
4 + j

)
O2 −→ mCO + n

2 H2O + k
2N2 + jSO2 ,

CO + 0.5 O2 → CO2 ,

where coefficients m, n, l, k, j were received on the basis of coal composition.
Radiation between the boiler walls and the surface of coal particles was

taken into account by using the discrete ordinates (DO) model [6, 19, 25,
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27]. Emission and radiation heat exchange between coal particles and flue
gas were also calculated using the DO model. Radiation transport equations
are solved for a finite number of discrete constant angles. Theta and phi
division coefficients controlled the accuracy of angular discretization. For
theta and phi division coefficients the value of 4 was adopted as well as
for theta and phi pixels the value of 3 was set. Radiation calculations were
used in each iteration. Table 5 presents the summary of numerical models.
Flue gas absorption was taken into account by using the grey gas model
[3, 6, 21, 26, 27, 29]. It is estimated based on local concentrations of H2O
and CO2, thickness of the radiating flue gas layer and total pressure. The
calculations assumed a spherical coal shape, and Rosin–Rammler–Sperling
distribution was used for its particles [24, 25, 28].

Table 5: Summary of numerical models.

Two-phase model Euler–Lagrange
Turbulence model k-ε real
Combustion model of volatile Finite rate/eddy dissipation

For the coal particle
Devolatilization Single-rate model
Combustion of char Diffusion-kinetic model
Radiation model DO

NOx model
Formation Thermal and fuel pathways
Concentration of OH and O Partial equilibrium
PDF turbulence interaction Temperature mode
Intermediates from volatile HCN/NH3/NO
Intermediates from char NO

3 Modelling results
Figure 5 presents a comparison of average flue gas temperatures in cross
sections as a function of furnace chamber height.

The average flue gas temperature increases from the slag hopper along
the height of the chamber. In the area of coal dust burning, the temperature
begins to rise rapidly. The temperature increases for all cases in the area of
OFA nozzles – as a result of combustion of unburned fuel particles resulting
from substoichiometric combustion. Above the OFA nozzle level, the tem-
perature falls sharply. In the region of the platen superheater at a height of
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Figure 5: Average flue gas temperature in cross sections of the combustion chamber as
a function of its height.

29 m to 32 m flue gas temperature slightly increases. It is caused by mutual
heat exchange between water walls and superheater. Then the temperature
steadily falls. For case 1, the flue gas temperature reaches the highest value
at the third row level of burners – mills M1 and M3 are worked. For case 2,
the flue gas temperature reaches the highest value at the OFA nozzle level.
Combustion is stretched along the height of the burner belt – mills M1 and
M4 worked. For case 3 the flue gas temperature reaches the highest value
at OFA nozzles level – mills M2 and M4 worked. For case 1 the average flue
gas temperature is higher than for case 2 and 3 in the slag hopper because
the burners powered by the mill M1 are worked – see Fig. 5.

Figure 6 shows the flue gas temperature in characteristic planes. Op-
erating boiler with mills M1 and M4 extends combustion along the burner
belt to a greater extent than with mills M1 and M3. In option 3, the flame
core is shifted up the furnace chamber and the highest temperature at the
outlet from the furnace chamber was obtained – Fig. 6 and Table 5.

Figure 7 shows a comparison of the average unit heat flux as a function
of the furnace chamber height for the 3 considered cases. For case 1 and 2,
the unit heat flow transmitted in the slag hopper is larger than for case 3
because the burners powered by the M1 mill were working.

Figures 8 and 9 present the unit heat flux received by the walls of the
first boiler pass. For case 1 (mills M1, M3) the second level of the burners
is the most heat loaded. The screen between the fourth row of burners and
OFA nozzles on the front wall is the most heat-affected in case 3 (mills M2,
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Figure 6: Flue gas temperature in characteristic planes of the first pass of the boiler.

Figure 7: Average unit heat flux in cross-sections of the combustion chamber as a function
of its height.

M4). The side walls in case 3 and 2 absorb the most unit heat flux at the
second and fourth level of the burners. The slag hopper takes over the least
unit heat flux in case 3 because the combustion chamber was powered by
mills M2 and M4.
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Figure 8: Unit heat flux [W/m2] received by the front and right walls of boiler.

Figure 9: Unit heat flux [W/m2] received by the rear and left walls of boiler.

Figure 10 presents the O2 mass fraction in the characteristic planes of
the first pass of the boiler. The oxygen content in the combustion chamber
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depends on the combustion process. For case 1 on the second and fourth
level of burners oxygen coming from the air cooling the inoperative burners
was observed. In case 3 operating with mills M2 and M4, oxygen from the
inoperative first level of the burners, not taking part in the combustion
process with a sufficient degree, accumulated in the slag hopper – Figs. 10
and 11.

Figure 10: Oxygen (O2) mass fraction in the characteristic planes of the first pass of the
boiler.

Figure 11 presents a comparison of the average oxygen content in the
flue gas in cross sections of the combustion chamber as a function of its
height.

The decrease in oxygen content for all cases in the region of working
burners for particular case is a result of the fuel combustion process. The
boiler operation with mills M1 and M3 (case 1) reduces the oxygen content
in the flue gas in the slag hopper, and increases from the fourth row of
burners compared to case 2 and 3 – see Fig. 11. For all cases, the amount of
oxygen in the flue gas increases around the level OFA nozzles. Its reduction
occurs there as a result of combustion of unburned fuel particles.

Figure 12 shows the CO content in the characteristic surfaces of the
model. Carbon monoxide appears in the area of degassing of coal dust
particles in the area of the burner belt of the combustion chamber and in
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Figure 11: Average oxygen content in flue gas in cross sections of the first pass of the
boiler as a function of its height.

the zone of combustion of volatile fraction. The appearance of CO in the
area of the burners is also a consequence of combustion of coal dust particles
with an oxygen deficiency in the combustion zone – Figs. 12 and 13.

Figure 12: CO fraction in dry flue gas [mg/m3
n 6% O2] in the characteristic planes of the

first pass of the boiler.
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Figure 13: Average content of CO in dry flue gas in cross sections of the first pass of the
boiler as a function of its height.

The comparison of the average CO content in dry flue gas in the cross-
sections of the first pass of the boiler as a function of its height for the
considered cases is presented in Fig. 13. For all cases the mass fraction
of CO increases at the level of burners operating in particular cases. This
results from the fuel degassing process. The area of inoperative burners but
supplied with air cooling as well as the OFA nozzle level are the zone of
CO oxidation to CO2.

Figure 14 presents the share of NOx in the characteristic surfaces of
the first pass of the boiler.

In case 3 (mills M2 and M4) in the slag hopper, the smallest amount
of nitrogen oxides is formed – Figs. 14 and 15. This is due to the lower
temperature in the hopper for this case – Figs. 5 and 6. A comparison of
the average content of nitrogen oxides in dry flue gas in the cross-sections
of the first boiler pass as a function of its height for the three considered
cases is presented in Fig. 15.

With the flame position rising (from cases 1 to 3) from the 3rd row of
burners to the OFA level, the content of nitrogen oxides in dry flue gas in-
creased. After reduction and a slight increase around the platen superheater
(because the flue gas temperature increases slightly at this level – Fig. 5),
the amount of nitrogen oxides practically does not change – Fig. 15. De-
spite the lower flue gas temperature for case 2 – Fig. 5 but a higher oxygen
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Figure 14: Share of NOx [mg/m3
n 6% O2] in characteristic planes for the first pass of the

boiler.

Figure 15: Average NOx content in dry flue gas in cross sections of the first pass of the
boiler as a function of its height.

content – Fig. 11 over the fourth row of burners, the amount of nitrogen
oxides in this case in this region is greater than in case 3.

Table 6 summarizes the temperature and amount of O2, CO, and NOx

in the dry flue gas in the outlet plane of the combustion chamber and in
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the outlet plane from the first pass of the boiler. The unburnt carbon (UC)
is also showed. Numerically results were obtained at a level close to the
calculated and design values of Rafako. Harmful substances such as carbon
monoxide and nitrogen oxides were calculated to 6% of O2 in dry flue gas
and presented in mg/m3

n. Presented values were received as area-weighted
average in plane.

Table 6: Comparison of results in the outlet planes of the combustion chamber and first
pass of the BP 680 boiler.

Case 1 Case 2 Case 3
Data Unit Rafako mills M1, M3 mills M1, M4 mills M2, M4

CFD

O2 furnace outlet % 7.1 6.65 6.95 6.47

CO – 6% O2 model outlet mg/m3
n – 0.94 0.52 3.08

NOx – 6% O2 model outlet mg/m3
n – 235 255 267

CO – 6% O2 furnace outlet mg/m3
n – 42 36 48

NOx – 6% O2 furnace outlet mg/m3
n – 230 253 266

Temperature mills M1, M3 975
furnace mills M1, M4 ◦C 1003 955 997 1028
outlet mills M2, M4 1030

Unburnt carbon fly ash % – 0.8 0.6 0.58
slag % – 2.14 2.46 3.08

Despite the high oxygen concentration in the slag hopper for case 3 but
the temperature is too low, according to reaction of char oxidation to CO2,
the fuel did not burn out sufficiently. This results in higher unburnt carbon
in slag compared to cases 1 and 2.

As Table 6 showed, boiler operation with a reduced load to 40% affects
the increase of oxygen in the flue gas at the combustion chamber outlet in
relation to the full boiler load.

For comparison purposes, for 100% full boiler load the individual values
for boiler operation on upper (M2, M3, M4) and lower (M1, M2, M3) mills
were quoted from [16]. For a 40% load of boiler, oxygen can be seen for
individual cases at 6.47 to 6.65%, while for 100% from 2.98% (M2, M3,
M4) to 3.5% (M1, M2, M3). Work at low loads also has an impact on the
reduction of carbon monoxide emissions in dry flue gas. For a 40% boiler
load, carbon monoxide reached values from 48 mg/m3

n to 42 mg/m3
n and

for 100% from 2005 mg/m3
n (M2, M3, M4) to 2870 mg/m3

n (M1, M2, M3).
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Operation of the boiler with 40% load cause a decrease in unburnt carbon
in fly ash as well as a slight increase in unburnt carbon in slag compared
to work at full load. For a 40% load of boiler, unburnt carbon in fly ash
was achieved from 0.58% to 0.8%, while for 100% from 0.76% (M234) to
1.04% (M1, M2, M3). In turn, unburnt carbon in slag for 40% load was
achieved from 3.08% to 2.14% and for 100% from 2.86% (M2, M3, M4)
to 1.99% (M1, M2, M3). Operation at the technical minimum lowers the
average temperature of the flue gas in the furnace chamber to the level of
about 1600 ◦C in comparison to 100% boiler load where the temperature of
1750 ◦C was occurred. The flue gas temperature at the combustion chamber
outlet also decreases for a boiler load of 40% compared to 100%. For 40%
load the temperature was obtained from 1028 ◦C to 955 ◦C and for 100%
load from 1303 ◦C (M2, M3, M4) to 1273 ◦C (M1, M2, M3). Similarly,
nitrogen oxides decrease with decreasing load. For 40% load they range
from 266 mg/m3

n to 230 mg/m3
n and for 100% load values from 360 mg/m3

n

(M2, M3, M4) to 298 mg/m3
n (M1, M2, M3) were obtained.

4 Conclusions

1. Quite good compliance of values obtained from CFD modelling in
relation to the values calculated with analytical models in Rafako, in
the outlet plane from the combustion chamber of the two-pass ultra-
supercritical boiler with front wall swirl burners system – BP 680
boiler – was achieved.

2. Moving the position of the flame core up the furnace chamber (for
cases from 1 to 3) increases the temperature, and thus the content
of nitrogen oxides in the dry flue gas at the outlet from the furnace
chamber and the first pass of the boiler was also increased.

3. Operating of the boiler with mills M1 and M4 (case 2) in relation
to mills M1and M3 (case 1) results in an increase in oxygen content
and a decrease in carbon monoxide at the outlet from the combustion
chamber and the first pass of the boiler.

4. The boiler operation with mills M1 and M3 (case 1) compared to
mills M2 and M4 (case 3) results in an increase in oxygen content
and a decrease in carbon monoxide at the outlet from the combustion
chamber and the first pass of the boiler.
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5. Operation of the boiler with mills M1 and M4 (variant 2) compared to
mills M2 and M4 (variant 3) results in an increase in oxygen content
and a decrease in carbon monoxide at the outlet from the combustion
chamber and the first pass of the boiler.

6. The content of the unburnt carbon in fly ash decreases and increases
in slag as the flame core moves up the furnace chamber (for cases
from 1 to 3).

7. Combustion stability was demonstrated for a minimum boiler load of
40% for three mill system configurations.

8. Based on the numerical research carried out in terms of obtaining the
most favourable combustion conditions and the emission of harmful
substances, case 1 should be indicated.
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