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Abstract

In the present paper, a study of furnace processes in the combustion chamber of the real energy boiler BKZ-160
of Almaty TPP-3 (Kazakhstan) using three-dimensional modeling methods has been carried out. Calculations of
the combustion chamber for flame combustion of pulverized coal have been performed. The main purpose of this
paper was to study the effect of fractional fuel composition on the concentration characteristics of the combustion
process. Numerical simulation was carried out with two models of coal particle size distribution: monodisperse
fuel flame (coal particle size identical and equal to 60 um) and a polydisperse fuel flame (coal particle diameter
varies from 10 to 120 um). The polydisperse distribution corresponds to the fractional distribution (percentage of
total coal particles) calculated for this boiler: the first fraction — 10% with d, = 10 um; 20% with d, = 30 pm;
40% with d,, = 60 pm; 20% with d,, = 100 pzm; 10% with d,, = 120 ym. The numerical simulation results of the
influence of the pulverized coal particle size composition on concentration characteristics of combustion process
are presented. The distributions of oxidizer (oxygen) and combustion products (NO, CO, CO;) are shown. Areas
with the greatest concentration of gas products of burning are determined, regularities of formation of products and
their concentration at the exit of fire chamber are also determined. The effect of fractional fuel composition on the
obtained characteristics is sufficiently large, the empirical data obtained directly at TPP-3 show better convergence
with the result of the computational experiment that confirms simultaneously the adequacy of the used physical and
mathematical statement of the problem, as well as the validity of using the model of polyfractional distribution.
(© 2018 University of West Bohemia. All rights reserved.
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1. Introduction

Despite the great variety of alternative sources of energy, chemical energy obtained by way of
combustion of power fuels occupies a disproportionately large part of the energy produced in
the world [11]. This trend will occur in the near future, because it is convenient, energetically
favorable and economical. Because of keen interest in hydrocarbon fuel, world reserves of oil
and gas for the last centuries have been strongly depleted, production and use of coal — the
long-term solution of “energy crisis”, in connection with large world reserves of this fuel [2,3,5].

The limited resources of fossil fuels dictate the need to search for more economical methods
of its burning, and the scale of energy production is such that the problem of the formation of
harmful substances during combustion comes to the fore [23]. The main pollutants from coal
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combustion are soot, sulfur, nitrogen and carbon oxides, which bring irreparable harm to the
environment [12, 17]. Today the world community is faced with a problem about pollution of
Earth atmosphere due to the fact that environmentally harmful emissions occur.

First of all, for the solution of this problem it is necessary to study detailed process of
fuel combustion that due to the complexity of physical and chemical reactions is still not fully
understood. However, at the present stage of science and technology there is the opportunity to
use numerical modeling techniques and numerical experiment for a wide range of tasks in the
field of heat and mass transfer processes [4]. Computer simulation has become an indispensable
method and an effective way to describe the heat and mass transfer processes in high-temperature
and chemically reacting environments in the areas of real geometry of the flue combustion
chambers [10].

In this paper process of coal combustion in the combustion chamber was investigated by
the method of numerical simulation [6-9, 13, 14]. The aim of the study was to obtain the
concentration characteristics of Ekibastuz coal combustion, the study of the basic laws of the
distribution of concentration fields and their values in terms of the furnace combustion chamber.
In the paper research was conducted with fuel of various dispersion and results of modeling the
combustion of monodisperse and polydisperse flames are presented.

2. Object and method of research

For carrying out computational experiment the combustion chamber of the real power boiler
BKZ-160 Almaty TPP-3 (Kazakhstan) was selected. The boiler BKZ-160 (Fig. 1) of drum-type
furnace with dry slag removal has a calculated steam generating capacity 160 t/h at a pressure
of 9.8 MPa and a temperature of the superheated steam 540 °C. Combustion chamber volume is
790m?®. On the sides of the combustion chamber there are four blocks direct flow slot burners
(two burners in the block) which directed at a tangent to the circle with a diameter of one meter.
Each burner has a fuel mixture channel and two secondary air channel, they are located from
above and from below the channel of air-fuel mixture, and divided lined piers. The top and
bottom burners are also divided by a pier. In the center of burners is located oil-fired nozzle
for lighting and lighting of the flame. The performance of each of the eight coal-fired burner
fuels is 4 t/h. With a full description of the investigational boiler and its schema, the reader can
familiarize themselves in article [15].

Numerical modeling was carried out on the basis of the solution of the nonlinear differential
equations. It includes the solution of the equation of continuity and motion of a viscous medium,
equations of heat diffusion and diffusion of components of the reacting mixture and the reaction
products based on thermal radiation and multiphase media, equations of state, and chemical
kinetics equations defining the intensity of nonlinear energy and matter. A detailed description
can be found in [19,22]. To describe the motion and heat and mass transfer in the combustion
of pulverized coal, the authors used the Euler method. This method uses the spatial equations
of mass balance, momentum, gas component concentrations, and energy for the gas mixture,
which can be written in a generalized form [22]

d(pyp) d(purp)  O(puzp)  O(puzp)

ot - ox1 B Oxo - Ors *
0 0y 0 Oy 0 dp
81‘1 |:F¢ 633'1 :| 81‘2 |:F¢ 633'2 :| 633'3 |:F<P 633'3:| + Sw'

In this generalized equation: ¢ — the transport variable; S, — the source term, which is deter-
mined by the chemical kinetics of the process, nonlinear effects of thermal radiation, interphase
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interaction, as well as multistage chemical reactions; p — density; uq, ..., us — velocity vector
components; z1, . .., r3 — spatial coordinates; I'; — turbulent exchange coefficient.

The specified system of equations is solved numerically using the control volume method,
which is described in detail in [22] and was subsequently used in carrying out computational
experiments on burning of high-ash coal at Kazakhstan thermal power plants.

In this paper software package FLOREAN [18,19] for 3-D modeling of coal-dust combustion
in furnaces of real-sized boilers was used. The FLOREAN program package for computations
was developed at the Institute of Heat Engineering and Combustion of the Technical University,
Braunschweig (Germany). 3D simulation in this program makes it possible to derive detailed
information on the furnace performance, including fields of velocity, temperature, heat radiation,
concentration distributions, etc., in the furnace axis and along the walls. The information derived
during simulation is useful for estimation of combustion and for design of an optimum furnace
for operating in industries. The application of FLOREAN is also useful for enhancement of
combustion of various fuels in industrial boilers, optimization of operations, and minimization
of pollutant emissions [16,20,21].

3. The results of calculation

To improve the environmental and energy performance of any thermal power plant and the
complex as a whole, we need to learn how to significantly influence the processes of combustion
of substances occurring in the combustion chambers. In this context, the numerical experiment
on the combustion of pulverized coal, which was carried out by the authors of this article, is the
most effective method of investigation.

Fig. 1 shows a general view of the combustion chamber BKZ-160 and its mesh into con-
trol volumes (60 x 72 x 120) and aerodynamics of a stream of air-fuel mixture at tangential
configuration of flames [15].
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Fig. 1. The combustion chamber of the boiler BKZ-160: a) general view of a computational mesh of the
control volumes, b) flow field with the tangential feed of polydisperse coal dust
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Combustion of energy fuel is accompanied by the formation of harmful emissions, the
amount of which in each case depends on the technology and regimes of burning coal dust,
as well as on its composition. The most harmful substances that enter the atmosphere during
combustion in the combustion chambers of pulverized coal are solids (ash, dust, soot particles),
as well as gas emissions (oxides of nitrogen, carbon, sulfur, etc.).

To solve the problem of dust and gas emissions of air pollution, it is necessary to deve-
lop an environmentally “pure” energy fuel combustion technology. In this regard research of
concentration characteristics of hazardous substances in products of burning is an actual task.

Since the concentration of carbon monoxide and carbon dioxide, and nitrogen oxides also
depend directly on the concentration of oxygen in the combustion chamber, Figs. 2 and 3 show
the distribution of oxygen in the central cross-section of researched combustion chamber, as
well as two-dimensional distribution of oxygen concentration on its height.
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Fig. 2. istribution of the oxygen Oy concentration in the longitudinal cross-section of the combustion
chamber (y = 3.7 m)
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Fig. 3. Comparison of the average oxygen concentration values for poly- and monodisperse flame on
height of the combustion chamber
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It should be noted that the distributions of all concentration characteristics are shown in
comparison of burning monodisperse and polydisperse coal dust.

In the longitudinal section (x = 3.16 m) of the combustion chamber the oxygen concentration
distribution zone is clearly visible, it should be noted that the nature of the oxygen distributions of
polydisperse and monodisperse flame differ. In the case of burning polydisperse pulverized coal
zones the oxygen concentration has higher value and dominates in comparison with the burning
monodisperse flame (Fig. 2). The average value of the oxygen concentration O, in longitudinal
section (z = 3.16 m) for the polydisperse flame is 8.14 - 10~2 kg/kg, for the monodisperse flame
is 7.78 - 10~% kg/kg.

Analyzing Fig. 3 there is a uniform decline in oxygen concentration on height of the com-
bustion chamber, result of its gradual burnout at the initial stage of combustion process. The
peaks of oxygen O, concentration in the arrangement of burners indicates oxidant feed point.
It is clearly seen that the average oxygen concentration in combustion polydisperse dust takes
large values in each section of the combustion chamber.

Figs. 4-6 and 8-9 show the distributions of the concentration of carbon oxides in the cases
of combustion of polydisperse and monodisperse flame.
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Fig. 4. Comparison of the average values of concentration CO for poly- and monodisperse flame on
height of the combustion chamber

In the field of an arrangement of burners concentrations of poly- and monodisperse flame do
not differ. The average value of the concentration of carbon monoxide for polydisperse flame in
the first tier of burners (z = 4.81 m)is 0.184-10~2? kg/kg, for monodisperse is 0.185- 102 kg/kg,
in the second tier (z = 5.79m) is 0.279 - 10~2 kg/kg both for poly- and for monodisperse flame
(Fig. 4). In the area of active burning the concentration of carbon monoxide CO reaches the
maximum value, chemical processes of formation of carbon monoxide CO fade to output from
the combustion chamber, for polydisperse flame at the exit of the combustion chamber the mean
value is 1.35 - 10~*kg/kg, for monodisperse is 0.61 - 10~* kg/kg.

Analyzing the Figs. 5 and 6 it can be argued, the nature and pattern of carbon monoxide CO
and carbon dioxide CO, are different from each other. Concentration of carbon oxide reaches area
of the maximum values in a zone of active burning, unlike carbon dioxide which concentration
increases as it moves out of the combustion chamber.

131



A. Askarova et al. / Applied and Computational Mechanics 12 (2018) 127—-138

0.10 -

0.05 -

! - - - - Polydisperse
] —— Monodisperse

0.00

0 2 4 6 8 10 12 14 16 18 20 22

Z, m
Fig. 5. Comparison of the average values of concentration COs for poly- and monodisperse flame on
height of the combustion chamber
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Fig. 6. Distribution of the carbon oxide concentration in the longitudinal cross-section of the furnace
combustion chamber (y = 3.7 m)

Fig. 7 shows the experimental points obtained directly from measurements at the thermal
power plant. This experiment was conducted during the commissioning of this boiler. The
experimental data used in this article were obtained by burning polydisperse coal dust with a
fineness of grinding equal to Rgy = 15%. During the experiment, Ekibastuz coal was burned
with an ash content of 36.9% and a humidity of 6.5%. It is confirmed that the numerical
simulation results are in good agreement with the results of a natural experiment. It is leading to
the conclusion of the applicability of the proposed physical-mathematical model of combustion
processes, used in the present work.
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Fig. 7. Comparison of average temperature values for poly- and monodisperse flame on height of the
combustion chamber and a comparison with the full-scale experiment [1, 15]
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Fig. 8. Distribution of carbon dioxide concentration in a longitudinal cross-section of the combustion
chamber of the combustion (y = 3.7 m)

Nitrogen oxides are a result of the interaction of nitrogen with oxygen. These oxides are ha-
zardous substances. About 40% of the total amount of nitrogen oxides emitted to the atmosphere
accounted for thermal power plants. Formation of monoxide of nitrogen NO is 95-99%, for-
mation of toxic dioxide of nitrogen NO, equal to 1-5% when burning fuel. To date, as a result
of many studies generally recognized three mechanisms of nitrogen oxide: thermal oxidation of
nitrogen in the air; air nitrogen oxidation with participation of reactions of pyrolysis of hydro-
carbons (formation of “fast” nitrogen oxides); and oxidation of nitrogen contained in the fuel
(fuel nitrogen oxides) [24,25].

Distribution of average values of concentration of nitrogen oxide of poly-and monodisperse
flame is shown in Figs. 10-12.
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Fig. 9. Distribution of carbon dioxide concentration in the cross-section (z = 20.96 m) of the combustion
chamber

o T . T T T T T T T T T T T T T T T T T T ]
£1600 ]
o . E O Polydisperse

£1400 A\ —— Monodisperse

%1200-2 it - Experiment

1000 ]

800 ]
600 ] , ’ T :
wol |

200 -

01— EEEES B S B S B S BB S B
0 2 4 6 8 10 12 14 16 18 20 22
Z, m

Fig. 10. Distribution of the average values of NO concentration of poly- and monodisperse flame and a
comparison with the data of field experiment [1]

As seen from the pictures the most intensive gas generation of the main nitrogen-containing
components comes in the field of distribution of streams from flame, where present in the
maximum amount of fuel and oxidizer, which corresponds to the real picture of the process in
the combustion chamber.

At the same time nature of distribution of concentration of nitrogen oxide is ambiguous that
speaks about difficult nonlinear nature of this process. From the analysis of Figs. 7 and 10 it is
possible to assume that in the field of active burning concentration of nitrogen oxide NO depends
on value of temperature in this area that is connected with Zeldovich’s mechanism (formation
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Fig. 11. Distribution of concentration of nitrogen oxide in a longitudinal cross-section of the combustion
chamber (x = 3.16 m)
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of nitrogen oxides from air nitrogen) [24]. At the height of z = 13.6 m, where coal-dust flame
temperature starts to decrease, this mechanism does not work, contribute to the formation of
nitric oxide makes the fuel nitrogen. This is true both for combustion of polydisperse and
monodisperse flame.

Fig. 10 shows the distribution curves of the concentration of nitric oxide. Here the experimen-
tal data obtained directly at Almaty TPP-3 are also presented. Average values for polydisperse
flame at the outlet of the combustion chamber is 555 mg/m?, for monodisperse flame this value
is 523 mg/m? (under normal conditions). Values obtained as a result of field experiment are
closer to the curve for a polydisperse NO flame.

The formation of nitric oxide and nitrogen-containing substances is ambiguous, complex,
non-linear process that can occur for a variety of schemes and mechanisms. However, the
analysis of results of computing experiment shows that they are in quite good agreement with
the experimental data obtained on object of research (combustion chamber of boiler BKZ-160
Almaty TPP-3) [15]. It may be noted that the model of burning polydisperse flame better
describes the real process of coal combustion in the combustion chamber.

4. Conclusion

In this paper, research of processes of turbulent heat and mass transfer in high-reacting flows is
conducted and defined characteristics of concentration of oxygen O, carbon oxides CO, COs,
and nitrogen oxide NO in the real three-dimensional physical-chemical system (combustion
chamber).

The study can be formulated following conclusions:

1. In the arrangement of burners, which is enriched with oxygen, chemical energy takes a
maximum value, as the energy released by chemical reactions depends on the concentration
of oxygen in the combustion chamber. Closer to the exit of the combustion chamber
an oxygen concentration decreases because of it initially burnout, chemical processes
weaken.

2. The nature of formation of carbon oxide and carbon dioxide is various. Maximum concen-
tration of carbon monoxide reaches in the zone of active burning, the formation of carbon
dioxide increases moving towards the exit from the furnace. This is due to afterburning
of carbon monoxide CO in the upper combustion chamber with the additional formation
of carbon dioxide CO,.

3. The formation of nitric oxide and nitrogen-containing substances is ambiguous, complex,
non-linear process that can occur for a variety of schemes and mechanisms. The most
intensive formation of nitrogen oxide NO occurs in the propagation of the burners flows,
where a maximum volume of fuel and oxidant are present.

4. The results of computer simulation of temperature and nitric oxide were compared with
the results of field experiments, the analysis of which confirms the correctness of the
chosen model of the numerical experiment.

5. The nature of combustion of mono- and polydisperse dust is different. The effect of fineness
has a significant impact on the processes of heat and mass transfer in the combustion
chamber of TPP boilers. The model of burning of polydisperse dust reflects real process
of burning more precisely that confirms comparison with field. However, the use of this
model requires a large computer, time resources.
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The results obtained in this study will help to advice for optimization the process of
combustion pulverized coal to reduce emissions. And will be helpful in the creation of
power plants to “clean” and efficient use of coal.
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