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Abstract—Investigation of the combustion of the coal-dust flame in a BKZ-75 boiler furnace of the Sha-
khtinskaya thermal power station (TPS) is carried out using three-dimensional simulation. The distributions
of the full velocity vector and the temperature and components concentration profiles, including hazardous
pollutants, in the furnace volume and at its outlet are determined. It is shown that swirling flows of the air—
fuel mixture that enters the furnace through contradirectional burners form a volume vortex flow in the cen-
tral section. The maximum concentrations of combustion products in the area of arrangement of burner
devices are observed in the cross section of the body of the flame. The concentrations of hazardous pollutants
at the furnace outlet are less than the admissible concentrations accepted for the TPS.
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INTRODUCTION

In the immediate term, one would expect a sub-
stantial increase in the fraction of solid fuel in the
power output of thermal power stations (TPS) of the
Republic of Kazakhstan. Boiler installations for high-
output power units on coals of existing and new
coalfields will be developed to replace the outdated
equipment. From the experience of the adoption of
new power pulverized-coal units, the investigation of
furnace processes in large-scale boiler plants for their
improvement is extremely difficult. To enhance the
reliability and to improve the design quality, of great
engineering importance is the development of meth-
ods for complex designs of furnace devices with con-
sideration of the aerodynamics, ignition, burning of
the coal-dust flame, heat exchange, and the chemical
kinetics of combustion product generation.

Modernization of power boilers with small and
average powers for purposes of more rational fuel
combustion, enhancement of the efficiency of heat
transfer from a surface, and the possibility for low-cal-
orie solid fuel combustion is economically more
advantageous than their full replacement [1]. In recent
years, the design and modernization of boilers, indus-
trial furnaces, and combustion chambers have been car-
ried out with broad application of computer three-
dimensional simulation based on mathematical heat and
mass transfer with consideration of the chemical reac-
tions within the furnace space using the fundamental
laws of physics and chemical thermodynamics enhanced
by the corresponding models of turbulence and chem-
ical kinetics. The application of three-dimensional

simulation makes it possible to investigate numerically
nonlinear physical processes of hydrodynamics and
heat and mass transfer with consideration of physico-
chemical phenomena: combustion, radiation heat
transfer, and heightened turbulence [2, 3]. In view of
this situation, the aim of this study is numerical simu-
lation of pulverized coal combustion in a BKZ-75
boiler furnace of the Shakhtinskaya TPS for purposes
of enhancing its efficiency due to an increase in the
completeness of fuel burn-out (CO, concentration)
and a decrease in the chemical underburning of the
fuel (CO concentration) and nitrogen oxide (NO,)
emission into the environment. The results of numer-
ical simulation make it possible to optimize the fur-
nace configuration and the arrangement and con-
struction of pulverized-coal burners and to develop
engineering solutions based on it for effective burning
of power-generating coals.

For numerical simulation of the temperature, aero-
dynamic, and concentration characteristics of coal
combustion, we choose the BKZ-75 power boiler fur-
nace of the Shakhtinskaya TPS (Kazakhstan) with the
following technical characteristics [4]. The Shakhtin-
skaya TPS is equipped with four BKZ-75 boilers with
a steam capacity of 75 t/h. The BKZ-75 boiler of the
Shakhtinskaya TPS (Fig. 1a) is equipped with four
swirl pulverized-coal burners (Fig. 1b) mounted by
two from the front and the back in one tier. The boiler
furnace burns the dust of the Karaganda common
(KR-200) coal with an ash content of 35.1%, devola-
tilization degree of 22%, humidity of 10.6%, and com-
bustion heat of 18550 kJ /kg.
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Fig. 1. General view of (a) the BKZ-75 boiler furnace of the Shakhtinskaya TPS and (b) the pulverized coal burner.

MODEL OF PHYSICOCHEMICAL PROCESSES

In the present study chemical, mathematical, and
physical models were used to investigate heat and mass
transfer in high-temperature media with physico-
chemical processes occurring in them. These models
include a set of three-dimensional Navier—Stokes
equations and heat and mass transfer equations subject
to source terms, which are determined by chemical
kinetics of the process, nonlinear effects of thermal
radiation, interfacial interaction, and the many stages
of chemical reactions. Let us write the general equa-
tions used for solving the formulated problem:

—mass conservation law (continuity equation)

op, 0
_ 4 — . :O’
Py axi(pu,)

—momentum conservation law (Navier—Stokes

equation)
0 0
(p ) 0x; 7 o ;o Ox

Where p is the density; y; ; is the velocity in directions
i,J; x; ;are the Cartesian coordmates T, ; is the viscous
stress tensor P is the pressure, and f- are external
forces;

—the law of energy conservation (first law of ther-
modynamics)
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where £ is the specific enthalpy, ¢;" is related to energy

transfer due to heat conduction of substance flow and

diffusion, and .S, is the energy source due to chemical
reactions and radiation heat transfer;

—and the law of mixture components conservation
(pC u;) + 2
Cox T
where Cj is the mass concentratlon of component J,

Ji is the mass-averaged flow in the ith direction, and Sy
is the source term of component 3.

0
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The procedure based on the Euler approach was
used to describe the flow and heat and mass transfer of
the gas phase. This procedure uses spatial equations of
the balance of mass, momentum, gas component con-
centrations, and energies for the gas mixture. To
describe the motion and heat and mass transfer of sin-
gle particles of fuels along their trajectories, the
Lagrange approach [5] is used. The turbulent flow
structure is described by the k—e turbulence model,
where k is the kinetic energy of turbulence, and € is the
turbulent energy of dissipation. Radiation heat trans-
fer is represented by a six-flow transport model [6, 7].

The mentioned set of equations is solved numeri-
cally with the modern methods of 3D simulation.

For the simulation of the formation of combustion
products in the coal-dust flame, the kinetic model of
chemical transformations was applied, which is true
for a wide range of temperatures and reagent concen-
trations. However, detailed simulation of all the reac-
tions occurring (including all the intermediate reac-
tions) is possible only in simple cases, such as, for
example, during carbon monoxide burning because of
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the great computational consumption or the absence
of information on all intermediate reactions.

Use of the model of the integral reaction is based
on the fact that most chemical reactions occur in sev-
eral steps, and the slowest step of the reaction deter-
mines the rate of the entire reaction. A great number
of multistage reactions can be modeled using laws of
single-step reactions, and the kinetic data in such case
are determined by the slowest step of the reaction. The
model of coal dust combustion used in the present
study takes into account the integral reactions of fuel
component oxidation to stable final reaction products
[8]. At the same time, the intermediate reactions, for-
mation, and change of unstable intermediate products
are not considered.

Here, the combustion model is considered in the
form of the following steps:

—pyrolysis with the output of volatile substances
and the formation of the carbon residue,

—combustion of volatile products and carbon
monoxide,

—and combustion of carbon residue.

Pyrolysis Simulation

The combustion model must exclusively describe
the local heat release as a result of combustion and the
effect of combustion products on heat transfer. There-
fore, we rejected the application of cumbersome sys-
tems with a great number of components when choos-
ing models of pyrolysis and combustion.

This study uses the single-step pyrolysis model
described in [9, 10] because in this case the stoichio-
metric coefficients of the pyrolysis reaction can be
derived from the data of proximate analysis that is sig-
nificant and preferential. In addition, this model ope-
rates sufficiently accuracy in many cases and is a good
compromise for decreasing computational costs.

Simulation of Volatile Substance Combustion

Pyrolysis products mixing with air form a chemi-
cally responsive mixture. The combustion reaction
rates of these gaseous products are so high that the
approximation of diffusion combustion is admissible.
Volatile substances are considered during the descrip-
tion of pyrolysis as fictitious hydrocarbons. Because
only the rate and heat release during oxidation is of
primary interest, volatile substance combustion at
high temperatures and the substantial amount of oxy-
gen can be represented in the form of the two-stage
reaction under the assumption that first the oxidation
of volatile substances to CO and H,O occurs [10],

CH, +(§+§)02 —>xCO+§H20, (1)

and at the second step the oxidation to CO, takes place
[11,12]:
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xCO + goz — xCO,. ()

In the study subject to reactions (1) and (2), the
burning rate of pyrolysis products is determined using
the concept of turbulent dissipation (Eddy-Dissipa-
tion Model, EDM) proposed by Magnussen and con-
sidered in detail in [8] in the approximation of instan-
taneous mixing, in which there is no necessity addi-
tionally to solve the transport equation. The given
model basis is the assumption that large-scale vortices
characterized by turbulent energy k accelerate macro-
mixing and turbulence energy dissipation € accelerates
micromixing. Consequently, the burning rate of pyroly-
sis products can be related to characteristics k—¢.

Simulation of Carbon Residue Combustion

The heterogeneous reaction of solid carbon com-
bustion at the coke particle surface is determined by
oxygen diffusion from the environment into the
boundary layer and into the porous medium of the
particle and the reaction between carbon and oxygen
at the particle surface as well. The slowest process
among them determines the coke burning rate. Car-
bon monoxide and dioxide form depending on the
diameter and temperature of particles [13]:

C+0, —2CO,

2CO + 0, > 2CO0,.

It is suggested that the fuel particle diameter
changes from d, to d, during carbon residue combus-
tion. The particle size is invariable during the output of
volatile components, and only the fuel density changes
from dry coal density p, to coke density p,:

0.333
& = d, {A—} ,
EATEA

P =pil =1,
where 4, and W), are the ash content and humidity
after milling and f, is the mass fraction of volatile sub-
stances in dry coal.
The change of carbon concentration & in coke is
determined by the equation

d

% = _KCAsp&_:CJ

where K is the oxidation rate constant of coke residue
carbon and A, is the specific particle surface related to
its mass.

For the nth order reaction, we have the relation

K n
K¢ = Ko (Po2 _—Cj .

Here, K}, is the rate constant of the kinetic compo-
nent of the coke carbon combustion reaction, K is the
oxidized diffusion rate constant, and po, is the relative

partial pressure of oxygen. Reaction order » takes the
following magnitudes: 1 for black coal and 0.5 for
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Fig. 2. Distribution of the full velocity vector in the central
section over the furnace height.

brown coal. Then, for example, the equation for black
coal is

Po,
1,1
Kd Kkin

The contribution of oxygen diffusion is determined
in terms of the oxidized diffusion rate constant ac-
cording to [13]:

KC:

_ ShMf, Do,
T Rd, Ty
where M is the molar mass of carbon; Sh is the
Schwarzschild number (Sh = 2 is taken for spherical

_Is+Tp

particles); Tgg = is the average temperature of

the mixture; 7, and Tpare the temperatures of gas and
1.75
solid particles, respectively; and Do, = Dy o, Tgs
0
is the coefficient of oxygen diffusion to the particle
surface [13], where D, = 3.49 x 10~* m?/s is the self-
diffusion coefficient at 7, = 1600 K [14].

The contribution of chemical reactions is deter-
mined through the chemical reaction rate constant,
which is expressed by the relation [15]

KC = kO’CG RTD.
The kinetic parameters used in computations are
taken from [15].
Thus, the nth-order chemical reaction of formed-
coke combustion can generally be written as
d k. Y
E = _éCAsppg)ZKkin 1- L .
dt K,po,
Nitrogen oxides (NO and NO,) cause photochem-
ical air pollution, oxidation of atmospheric humidity,
and ozone depletion and are considered as the most

toxic emissions [16, 17]. Reduction of the nitrogen
oxide concentration at the outlet of the furnace cham-
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ber is a very significant problem in the organization
and optimization of coal combustion on the TPS.

Formation of Nitrogen Oxides

The formation of nitrogen oxides NO, was com-
puted based on the model proposed in [18]. The great-
est contribution to nitrogen oxide formation during
coal combustion gives fuel nitrogen (fuel nitrogen
oxides). Nitrogen oxides may also form from molecu-
lar nitrogen of the air (thermal nitrogen oxides). The
proposed kinetic model takes into account the reac-
tions of the release of volatile substances of coal,
homogeneous combustion of hydrocarbon com-
pounds, heterogeneous combustion of coke, and the
formation of thermal and fuel nitrogen oxides.

The formation of nitrogen oxides can be repre-
sented in the following way: fuel-containing nitrogen
is emitted during the thermal decomposition of the
coal particle; and, at the same time, approximately
80% of bound nitrogen is gasified in the form of cya-
nides:

N - HCN.

The cyanides formed are transformed into amines,
which either react with oxygen and form NO or reduce
N, from NO:

HCN + H,0 +0.50, — NH; + CO,,
NH; + 0, — NO + H,0 + 0.5H,,

NH; + NO — N, + H,0 + 0.5H..

The residual 20% of nitrogen is oxidized immedi-
ately to NO with the rate proportional to the coke
burning rate:

N +0.50, - NO.

In addition, there are the following reactions: for-
mation of HCN as a result of hydrocarbon interaction
with NO

NO +C,H, - HCN + H,0

and the heterogeneous reaction between NO and the
coke particle

C+2NO — CO, + N,

For closure of the model of nitrogen oxide, it is suf-
ficient to determine the rates of chemical reactions
conditioned changing the concentrations of NH;,
HCN, NO, O,, coke, and volatile substances, which
were taken from [19].

RESULTS AND DISCUSSION

Numerical experiments and the creation of a data-
base for simulation were carried out in several steps
using program complexes and with application of the
control volume approach (CVA). For this approach,
the overall computed region is divided into control
cells (volumes), in the nodes of which the above-
described set of nonlinear equations is solved. The
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Fig. 3. Temperature profiles (a) at the level of the burner arrangement and (b) in the longitudinal section of the furnace, and
(c) the distribution of average magnitudes of temperature over the furnace height.

BKZ-75 boiler furnace was divided into 1500000 ele-
mental cells (Fig. 1a).

As a result of computations, we found the change in
the full velocity vectors over the furnace height (Fig. 1a).
One can observe regions of the supply of the fuel mix-
ture through furnaces, in which velocity maximums
are observed. The velocities decrease with distance
from the level of the burner arrangement, and the
velocity field is smoothed out uniformly distributed
over the section of the combustion chamber. In the
area of pulverized coal furnaces, we can observe inten-
sive vortex flows evolving into direct-flow ones with
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movement of combustion products to the outlet of the
furnace.

The temperature conditions (Fig. 3) characteristic
for pulverized coal combustion in the furnace chamber
form in turbulent jets and are determined by the inten-
sity of heat and mass transfer in them and by the char-
acter of propagation of jets in the furnace. Therefore,
the physical conditions of combustion in turbulent jets
are determined by the laws of the distribution of tem-
peratures and velocities [17, 20]. The maximum of
convective transfer in the furnace is observed in the
region of the supply of the pulverized coal mixture.
Consequently, the most intensive combustion occurs
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Fig. 4. Distribution of CO and CO, concentrations in the section (a), (b) at the level of the burner arrangement and (c), (d) at the

furnace outlet.

in the central section of the furnace, which is testified
to by the maximums in the temperature distribution in
various sections of the combustion chamber (Fig. 3c).

Combustion reactions in the mentioned areas
occur the most intensively, to which the significant
changes in the temperature of this area are related.
Peaks in the distribution of the temperature and its

gradient are revealed near the reaction zone in the
flame. The temperature decreases smoothly to the
outlet of the furnace chamber (Figs. 3b, 3c).

The chemical and mechanical combustion com-
pleteness can be estimated by the concentration fields
of products of chemical reactions occurring in the
combustion chamber between fuel (coal) and oxidizer
No. 3
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Fig. 5. Distribution of the NO concentration in the section (a) at the level of the burner arrangement and (b) at the furnace outlet.

(air oxygen), which can be realized by the scheme of
the above-described chemical model. Carbon (CO
and CO,) (Fig. 4) and nitrogen (NO) (Fig. 5) oxides
are the main pollutants of environment. Figure 4a
shows the distribution of the carbon monoxide con-
centration in the furnace section at the level of the fur-
nace arrangement. [ts maximum concentration is
observed in the furnace hole (2 x 10~2kg/kg). Figure 4b
shows the distribution of the CO concentration at the
outlet of the furnace where the oxygen deficiency and
the temperature is substantially lower than in the body
of the flame (Fig. 3). It is evident that the chemical
processes related to the intensive formation of CO are
dampened. The average CO concentration at the out-
let of the furnace is 4.47 x 10~* kg/kg, which corre-
sponds to the maximum permissible concentrations
accepted for the TPS and testifies to the chemical
completeness of fuel combustion.

The distribution of the CO, concentration (Figs. 4c,
4d) differs from that considered for CO, which sug-
gests differences in the formation of CO, and CO. It is
evident that the main formation of carbon dioxide
occurs with distance from the furnace center, i.e., from
the area of collision of fuel and oxidizer jets of opposite
burners. This shows that carbon monoxide formation
depends not only on the transfer phenomenon, but on
process kinetics as well. The fact of that carbon may
react with oxygen in various ways is extremely signifi-
cant for designing furnace chambers. Combustion
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technology must provide for complete mixing of the
fuel with oxygen and its complete combustion with the
formation of CO, and not CO. If not, heat release
abrupt decreases because only 28% of energy released
during the CO, formation is released during CO for-
mation.

Figure 5 demonstrates NO concentration distribu-
tions in the furnace. The greatest NO concentrations are
related to the zone of the furnace arrangement, where the
body of flame and the maximum oxygen concentration is
observed. For example, the maximum NO concentration
in the furnace zone is 3675.4 mg/nm?. The minimum
NO concentration at the outlet is 565.3 mg/nm?; and
the section-averaged magnitude is 609.8 mg/nm?,
which is fully admissible for NO emission standards
accepted for the TPS.

CONCLUSIONS

(i) Swirling jets supplying fuel through opposite
burners in the furnace create a volume vortex flow in
the central part. The flow in furnace corners is distri-
buted into two parts because of the direct impact on
furnace walls. The main flow part goes up, and the
other one goes downstream under a small angle,
untwisting into two vortices. Because of the intensive
vortex motion of pulverized coal flows within the fur-
nace, the fuel particle residence time in the furnace
increases substantially, which makes it possible to
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achieve more complete burning even during combus-
tion of coal dust with a coarser grade.

(ii) The most intensive combustion is observed in
the central part of the furnace, where the flow tempe-
rature attains the order of 1200°C. Because coal parti-
cles radiate more intensive in this area and have a
higher concentration and total surface area, the tem-
perature attains a maximum near the section of the
burner arrangement. Combustion occurs most inten-
sively precisely in this area.

(iii) Maximum concentrations of combustion
products in the furnace are observed in the area of the
burner arrangement in the section of the body of the
flame. Emission concentrations at the outlet of the
furnace do not exceed the maximum permissible con-
centrations accepted for Kazakhstan HPPs operating
on pulverized coal.
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