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INTRODUCTION

The relevance of simulation of convective heat and mass
transfer processes in reactive environments in combustion
chambers and the growing attention of the world public to such
studies can be explained by the fact that with the growth of in-
dustrial production there has been a heavy increase in the
amount of pollutants entering the biosphere.

Many countries, including Kazakhstan, have faced the task
of regulating the quality of the environment in connection with
damage to nature caused by human activities.

In the cities of Kazakhstan, atmospheric air is polluted with
many harmful ingredients; this problem is especially pressing
for the city of Almaty, where high level of pollution is contrib-
uted to by total emissions from motor transport, industrial en-
terprises, and unique geographical conditions of the city.
Among the thermal power sources, the main share of emissions
falls on large sources of district heat supply: CHPP, GRES of
different levels, district plants houses, etc.

About 30% of the produced fuel is used for the production
of electricity in our republic, more than 40% goes to the pro-
duction of heat, or almost 3/4 of fuel is used for these purpos-
es. Participation of energy companies in environmental pollu-
tion by fuel combustion products and solid wastes is signifi-
cant, and these primarily include power plants that operate on
solid fuels and are the main source of air, water and soil pollu-
tion.

Heat-and-power engineering of Kazakhstan is focused on
the use of high-ash coals, mainly the Ekibastuz-basin, where
low-cost coals are mined by the open-pit mining. As a result of
the adopted technology for the extraction of high ash coals
from Ekibastuz deposit and their use without prior enrichment,
the natural environment experiences significant anthropogenic
impact. Most of the coal, for example from Ekibastuz, is of
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low quality due to high ash content. Ash is a mixture of miner-
als that are in a loose condition or associated with fuel. These
non-combustible minerals are primarily composed of alkali and
alkaline earth metal salts, silicon, iron, aluminum oxides, and
calcium and magnesium sulfates. The presence of ash In the
fuel adversely affects the quality of the fuel, because it reduces
the amount of heat per unit mass of fuel. The smallest solids of
ash are captured by the flue gas stream and carried away from
the furnace, forming fly ash, which pollutes, and sometimes
floods, the convective heating surface, reducing heat exchange.
Ash content of domestic coals reaches 10-55%. Accordingly,
dust content of flue gases also changes, reaching 60-70 g/m?
for high-ash coals.

The use of such coal is associated with a number of difficul-
ties, such as unstable combustion, slagging problems, as well
as protection of the atmosphere from ash, carbon monoxide
(CO), nitrogen oxides (NO and NO,), sulfur oxides (so, and

s0,), hydrocarbons, compounds vanadium (mainly vanadium

pentoxide), etc. However, it is known that Ekibastuz coal has
such advantages as a low tendency to spontaneous combustion,
a low sulfur S content, and boiler units operating on this coal
have a high efficiency in pulverized coal combustion.

Analysis of steam generators operation using Ekibastuz
coals shows that high ash content of fuel poses a humber of
additional requirements for the design of combustion and burn-
er devices and has a significant effect on its combustion pat-
terns in furnaces.

As is noted in the monograph of B.K. Aliyarov [1] by the
beginning of the 1970’s there were practically no detailed data
on the ignition and burning out of the Ekibastuz coal flare, ac-
cording to the objective laws of heat exchange in boiler units
operating on these coals. The available results were obtained
on different types of boiler units, at different times, by different



authors and have a limited nature. It became necessary to con-
duct a detailed theoretical and experimental study of the pecu-
liar characteristics of burning of Ekibastuz coal in the furnace
of a modern powerful steam generator.

While in the past in the energy sector only energy produc-
tion was in the foreground, today it is necessary to comply with
strict emission standards and at the same time use the equip-
ment efficiently. It is extremely important to develop a process
of "clean" coal combustion with the minimum possible emis-
sion of harmful substances, and therefore all design and operat-
ing parameters of such a process should be optimized.

To reduce the emission of harmful substances, primary
measures are applied, such as a special fire mode that sup-
presses generation of harmful substances in the flame. There
are also secondary measures, such as connection of the emis-
sion gas control system. Development of new ways to reduce
emissions of harmful substances using these primary and sec-
ondary measures with the help of physical models, on the one
hand, involves large costs related to physical experiment, on
the other hand, this development can only provide suggestions
to solve partial problems, as physical simulation of all the par-
allel processes in the combustion chamber and in smoke duct
on scaled-down units is essentially impossible. This problem
can only be solved on the basis of systematic analysis, physical
and chemical modeling. In this connection, the numerical ex-
periment becomes one of the most cost-effective and conven-
ient methods for detailed analysis and a deeper understanding
of complex physical and chemical phenomena taking place in
the furnace units [2-4].

To apply mathematical simulation, it is necessary to have
sufficiently accurate and informative content about regularities
of occurrence of physical and chemical phenomena in condi-
tions close to full-scale, as well as physical and kinetic parame-



ters that can be obtained from experiments. The numerical ex-
periment includes the following steps:

o formulation of the physical model of the phenomenon;

o refinement and formulation of the mathematical model
(equations and boundary conditions), adequately describing the
physical process we are studying;

e development of a numerical method and algorithm for
solving problems or choosing a known method;

e development of a program or software package for solv-
ing the problem and processing results on a computer or choos-
ing a well-known problem-oriented software package;

e debugging the selected software package and testing;

e solving a specific physical problem, analyzing and pro-
cessing the results;

e comparison of the obtained results with physical experi-
ment data obtained on full-size objects or on their scaled-down
models, which will make it possible to make conclusion on the
relevance of the mathematical model we have chosen to the
real physical process under consideration and the need for
some adjustment of the physical (mathematical) model or im-
provement of the numerical method and program;

e practical application of the results of computing experi-
ment and optimization.

A rigorous mathematical description of all the processes
taking place in steam generators, furnaces and reactors, togeth-
er with modern computational algorithms using super-
computers, allow solving these problems for specific installa-
tions. Conducting numerical experiments with a purposeful
change of these or other parameters proved to be more effec-
tive than labor-intensive and energy-intensive field experi-
ments and allows one to flexibly intervene in the process at any
stage of it, and in changing the design features of the apparatus
without considerable costs. Using computer simulation, a wide



analysis of all characteristics of the future boiler can be made
within a short time, which will save time and money, unlike
construction of the current model, individual technical solu-
tions can be tried out (camera configuration, layout and design
of burner units), and environmental problems of emissions of
harmful combustion products addressed.

A number of monographs [5-13] and reviews [14-18] are
devoted to the problems of mathematical modeling of heat and
mass transfer processes in the reacting media. In simulating
processes in chemically reacting flows, simplified schemes are
applied in a number of cases [19-29] or, which is very widely
used in heating engineering to calculate free and wall jets and
flows, the problem is solved in the boundary layer approxima-
tion [30-50]. Much attention is paid to the development of per-
fect models [51-58], for more accurate numerical experiments.

Analysis of works devoted to the combustion of solid fuels
in combustion chambers of power plants has shown that they
are mostly carried out on the assumption of one-dimensionality
or two-dimensionality of motion, and in cases where three-
dimensional transfer equations are used, only aerodynamics of
the flow are considered. The energy crisis and environmental
problems require effective management of the fuels combus-
tion in boiler plants with the necessary impact on various pa-
rameters using a computer and predicting the impact result.
Such optimization of processes occurring in combustion cham-
bers has long been used in advanced economies of Europe and
it can be carried out more efficiently using three-dimensional
simulation.

Significant experience in optimizing the combustion of sol-
id fuels in order to reduce the emission of harmful substances
and increase the efficiency of power plants has been accumu-
lated in Germany [59-69]. However, it should be noted that
coal, which is used by German colleagues in power plants and,
accordingly, in numerical simulation has very different charac-
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teristics, for example, very low ash content (about several per-
cent) compared to Kazakhstani coal (40-50%).

This manual presents the results of computing experiments
on 3-dimensional computer simulations of heat and mass trans-
fer processes in the combustion of Ekibastuz coal in steam
boilers furnaces. Computing experiments were carried out both
on the fire model of the boiler furnace unit with tangential fuel
supply and in combustion chambers of operating boilers with
vortex burners: BKZ-420 at Pavlodar CHPP and PK-39 Erma-
kovskaya GRES. The obtained results will allow optimizing
fuel combustion process with respect to efficiency and minimi-
zation of harmful emissions and creating cost-efficient power
plants efficiently using "clean™ coal.

Physical and mathematical models of the problem are de-
scribed below, as well as methods for solving equations de-
scribing three-dimensional process of convective heat and
mass transfer during combustion of solid fuel in a pulverized
state, taking into account radiation transfer and multiphase na-
ture of the medium.



1 BASIC EQUATIONS AND DESCRIPTION OF
THEIR SOLUTION METHOD

Burning of a pulverized-coal torch under real conditions
represents a physicochemical process that is complex for math-
ematical analysis. In furnace units designed to burn sputtered
fuels in the air flow and flue gases, a number of interrelated
phenomena occur: complex aerodynamics, the combustion of
coal dust under conditions of changing gas temperature and
concentration of chemical components therein, radiant heat ex-
change of the flare with the fencing surfaces of the furnace
unit.

Simultaneously, the processes of formation of carbon, nitro-
gen and sulfur oxides, corrosive and carcinogenic substances
take place; the mineral part of the fuel is converted.

The mathematical model for the description of reacting
flows in combustion devices is a system of nonlinear partial
differential equations consisting of the continuity equations,
the motion of a viscous medium, the propagation of heat and
diffusion for the components of the reaction mixture and reac-
tion products, the equation of state and equations of chemical
kinetics determining the intensity of nonlinear sources of ener-
gy and matter. In this case, unlike boundary layer equations,
the solution of these equations requires set-up of boundary
conditions at all boundaries of the region under review.

Numerical simulation of solid fuel combustion in a pulver-
ized state was carried out on the basis of three-dimensional
transport equations taking into account chemical reactions. In
the general case of a 3-dimensional fluid motion with variable
physical properties, the velocity, temperature, and concentra-
tion field is described by a differential equations system:
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To close them and simulate turbulent viscosity, we use k-¢
turbulence model. The standard k-¢ turbulence model includes
two differential equations: the equation of transfer of the kinet-
ic energy density of turbulence and the equation for dissipation
rate of turbulent kinetic energy:

0 o (— O | MHet K _

(k) == (pugk Jr -S| et Sy 5

(o)== (k) ﬂ{ O,J n-pe ©
- ﬂ lue ﬂg 2

E(P5)=——< i )+g{ fo g}fcglkn CcaP (6)

A,

where n=|:ﬂt(ﬂ+—JJ—2 5”}0(7“ (7)

X &) 3 &

11



and also the model correlation for turbulent viscosity:
wi=cupk?/e.

A correlation connecting the density of the medium with
temperature and pressure must be added to the above system of
equations, for which we shall use characteristic curve for ideal
gases.

When developing methods for the numerical solution of
equations of the type (1-7), the main one is the description that
is sufficiently accurate for the practical purposes of the fields
of the unknown quantities, calculation of the main operating
characteristics of heat and mass exchange processes in the real
range of technical (technological) parameters in the geometric
configurations that occur in practice) and their satisfactory co-
incidence with the experimental data obtained at full-scale
sites. Currently, problem-oriented software packages for the
entire class of problems of continuum mechanics are created
[70-77].

To carry out the computing experiment, a computer soft-
ware package was used for the programs of 3D simulation of
coal combustion in combustion chambers of steam boilers
FLOREAN [78-83]. This package is based on the solution of
conservative equations for a gas-fuel mixture by a finite vol-
ume method. It includes a sub-model balance of momentum,
energy, SIMPLE-method of pressure adjustment, k-¢ turbu-
lence model, a 6-stream model for calculating heat transfer by
radiation, the balance equation for the matter components.

The selected software package allows us to calculate the ve-
locity components - u, v, w, temperature T, pressure P, concen-
tration of combustion products and other characteristics of the
solid fuel combustion process in the pulverized state through-
out the combustion space. For the transition from the specific
enthalpy h = ¢, T to gas temperature in the computational pro-
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gram, there is a procedure for calculating heat capacity of a
mixture of gases and fuel. Dependence of the heat capacity of
individual components (CO2, N2, air, water vapor and ash) on
temperature is presented in the form of polynomials [84].
There is also a procedure for calculating dust/gas mixture den-
sity.

FLOREAN computer software package for the calculation
of 3-dimensional turbulent flows of reacting media, which is
verified in detail on a large number of experiments in laborato-
ry conditions and in large furnace units, does not require huge
computational costs. When the goal is to solve a specific type
of reacting flotation problem, the best method to use is one that
was well tested and adjusted. Let us dwell on the method for
solving the above equations and on the main points of the
FLOREAN software package mathematical model.

1.1 Two-phase floatation simulation

In floatations with a large number of particles, a solid medi-
um can have a reverse effect on convective and diffusion trans-
fer. However, the presence of solids in carbon monoxide from
installations with combustion of coal dust is so insignificant
(except for the region near the burners) that the effect of the
second phase is neglected in calculations [85-87]. Then the
combustion of solid fuel in combustion chambers can be repre-
sented as follows: the flame is a two-phase gas-dispersed sys-
tem, and the effect of the solid phase on aerodynamics of the
flow is insignificant [13].

In this paper, this assumption is used to reduce computa-
tional costs and transfer processes in the flame region are simu-
lated roughly. Thus, for example, the point concentration of a
solid matter is determined using the balance equations for a
monodisperse solid with an average particle diameter. To de-
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termine density of the mixture, we proceed from a homogene-
ous model, when velocities of solid particles are assumed to be
equal to the local gas velocity, in some cases we will take into
account the heat exchange between solid particles and gas by
radiation. The solid phase effect on the turbulent exchange co-
efficients can be quite simply taken into account using the fol-
lowing empirical correlation:

Op ot = Hp et (8)

GP,turb

Then for the turbulent viscosity with allowance for solid
particles, we can use the following formula [88]:

Hp et = Ho et L+ oo / pg )7% : 9)

which shows that an increase in the partial density of solid
particles results in a decrease in the turbulent exchange. For the
turbulent Schmidt-Prandtl number, taking into account the par-
ticles, the following numerical value was selected [88]:
Op o =0.7.

1.2 Heat transfer by radiation

When considering reacting flows in furnace units, it is nec-
essary to take into account heat exchange by thermal radiation,
which occurs due to energy transfer in the form of electromag-
netic waves between two mutually radiating surfaces. In the
process of heat exchange, a double energy conversion takes
place: heat energy into the radiant energy on a body surface
radiating heat, and of radiant energy into thermal energy on the
surface of the body absorbing the radiant heat flux.
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The radiant heat exchange phenomena play an important
part in the working processes of various industrial devices,
primarily combustion units and furnaces. In a steam boiler,
heat is transferred from the fuel combustion products to the
steel walls of boiling and screen tubes by radiation and convec-
tion, and through steel walls of the pipes it is transferred to wa-
ter by thermal conductivity.

To simulate technical currents in the temperature range from
500K to 2000K, only the exchange of radiation in the infrared
part of the spectrum and in the visible light region is important
[89]. Although the integral equations of radiant energy ex-
change are known, their application to solving practical prob-
lems is extremely difficult. The radiation energy is character-
ized by the spectral intensity Iv [90]:

dE, (10)

| = lim
dade.dv.dr—0 cos @dAdQd vdt

v

This quantity describes the radiation energy flux over dt
time from the dA site in the dv frequency range, in the dQ sol-
id angle and in the direction determined by ® angle cone be-
tween the normal to the plane and radiance beam.

In the emitting, absorbing and scattering medium, the inten-
sity of radiation weakens due to absorption and scattering and
amplifies due to the energy of radiation coming from the sur-
rounding medium. In the general case, the radiation energy bal-
ance equation can be written as follows:

10’]‘/ :+dv_(Kav+K5v)|v+

ca 1% ‘ ‘ 11
" (11)

+Ka,v|b,v+

> [P, (Q" - Q)l,(Q)de”
A o
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In this equation:

0;” - change in intensity along an infinitely small ds ele-

ment;

-(K,, +K,,)I, - weakening of intensity due to absorption
and dispersion;

K, I1,, - increase in intensity along the segment due to

a,v by

self-emission in the direction of radiation;

K * * - - - -
%jPV(Q — Q)1 (Q)dQ" - increase in intensity due to
T o

the influx of radiation energy from all directions.

Let the thermodynamic equilibrium come and the heat trans-
fer process by radiation is quasi-stationary. In this case, emis-
sion and absorption coefficients are equal, and because of the
high light velocity, the intensity variation with time can be ne-
glected. Let us also assume that all the surfaces and volumes
participating in heat transfer are considered gray radiators,
which will allow further simplification of the radiation transfer
equation. For a gray volumetric radiator, we can write the fol-
lowing:

TK + K, dv = (K, + KL, (12)

where Iy is the intensity of black radiator, K, and Ks are in-
tegral absorption and scattering coefficients. For the intensity
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of black radiation according to Planck’s law, we have the fol-
lowing:

oT?

T

l, = [1,,dv= (13)
v=0

To determine the Sq source term Sq in the energy equation
(3), it is necessary to integrate equation (11) over the solid an-
gle. Then for gray radiation and isotropic scattering from (11)
we obtain the following:

[ 4, d =+(K, +K,) [1,d2+K, [ldQ
Q=4r és Q=A4r Q=A4r

(14)

According to [91], the radiation scatter in equation (14)
does not contribute to the source term of the energy balance
equation (3). Let us write the radiation balance equations (14)
for gray radiation and isotropic scattering in the Cartesian co-
ordinate system [92]:

a a a o4
Zhy T =K I+ 2T, 15
531 l//d(z (’)a(s al+— (15)

where £ =sin ©®cos¢, y =sin Osin ¢, ¢ =CcoS¢.

When determining the boundary conditions, equations are
required to describe the surfaces and volumes of radiation. Sol-
ids are impenetrable for radiation and emit radiation into a
half-space above the surface. The dependence of the radiation
emitted by solids from the direction is described by the Lam-
bert cosine law. The radiation emitted by gray radiating surface
does not depend on the direction:
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di = [1cos@dQ =7l = ecT* (16)
2z

If instead of the surface the volume of the liquid radiates,
heat flux is equal to the following:

ds = [ [(K, +K)1,dodv (17)

V 4rx

Integral absorption coefficient depends on the properties of
the liquid and temperature. The radiation transfer equation (11)
is an integrodifferential equation. Models for solving this equa-
tion can be divided into three groups: statistical models, zonal
methods and flow models [92].

In statistical models (Monte Carlo models), the trajectory of
individual rays in space is traced. The initial direction of rays,
their interaction with matter is determined with the help of
random numbers, which are defined in such a way that in the
statistical sense the physical laws are fulfilled. The course of
each ray is traced until its original energy is absorbed by the
medium or the beam does not leave the system.

Naturally, the accuracy of the method depends on the num-
ber of traced rays. The Monte Carlo method is considered a
method capable of giving an exact solution for equation (11).
Its disadvantages are as follows: a large expenditure of com-
puter time; the algorithm for solving the radiation transport
equations differs significantly from the method for solving heat
and mass transfer equations [93-94].

In zonal methods, the solution region is divided into a finite
number of volumes and zones bounding the surface. Constant
conditions are assumed within the zone and volume. The ex-
change of radiation energy between the zones is described by
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radiative exchange factors, which are determined by numerical
integration of the differential equation. The exchange coeffi-
cients determine the radiation energy balance for each volume.
This leads to a nonlinear algebraic system of equations. When
considering radiation transfer in a medium with a temperature-
dependent absorption coefficient at each time step, it is neces-
sary to re-determine the radiative exchange coefficients. Zonal
methods, like the Monte Carlo method, are considered to be
methods that can provide an exact solution to the radiation
transfer equation [95]. The disadvantage is the high cost of the
computer main memory.

The flow model contains various assumptions about distri-
bution of radiation fluxes along the direction. According to this
model, equation (11) is integrated over solid angles for which
the flows are assumed to be independent of the direction. As a
result, the integrodifferential equation (11) comes down to a
system of coupled differential equations. These solution meth-
ods were developed for astrophysics problems and later applied
in fluid thermodynamics. So, the Schuster, Schwarzschild, Ed-
dington and Schuster-Hamakar methods used in astrophysics
with the division of a solid angle into two parts were used to
calculate heat transfer in the furnace units [96]. In works [97-
98], two-flow methods were developed in a four-flow model,
which is used for axisymmetric geometry problems. For three-
dimensional Cartesian geometry in six-flow models [99], the
radiation flux is divided into six parts in coordinate directions.
Flows in different directions for these models are bound to
temperature only.

In the present paper, a more advanced six-flow model was
used to calculate heat transfer by radiation, proposed [100].
According to this model, the radiation energy flux distribution
in the corresponding regions is approximated by means of
power series and spherical functions.
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To determine the source term in the energy balance, the ab-
sorbed radiation energy of all the individual rays passing
through the control volume is summed. Using this method,
heat transfer in the furnace flame was considered in [101]. Ad-
vantages of this method include, first of all, insignificant com-
puter time expenditure, as well as similarity of the algorithm
with the methods for solving basic heat and mass transfer equa-
tions. The intensity distribution along various directions is ap-
proximated using power series along the solid angle [100]:

| =AGTQ)+A () +A (KQ)+ 8)
+B,((Q)* +B, (jQ)° +B, (KQ)* +......

The Aj and Bi coefficients of this expansion, like two-
current Schwarzschild model, are associated with radiation in-
tensities:

A =07 -1) (19)

Bi =%(|f + Iii) (20)

Here I'i and I are the radiation intensities integrated over
the wavelengths in £x, +y and £z directions. We add the poly-
nomial (18) to the radiation transfer equation (11), and inte-
grate it over the solid angle Q, =27z . Integration leads to a
system consisting of three equations and six unknown quanti-
ties [100]:
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B (b;;)

& —K,A, (21)
1 12 y2

where b =Zly2 1 12 (22)
Y2 12 1

If further we integrate the radiation transfer equation with
the adopted intensity distribution (18) over infinitely small an-
gles, the bisector of which lies on the positive and negative co-
ordinate axes, we obtain the following correlation:

A_ g K
X V4

(23)

Substituting (23) into (21), we obtain the following differen-
tial equations system of the six-flow model:

2Ly Ko
X K, & T

(24)

This model was used in work [102] in case of variable inte-
gration angles, which are related to the intensity distribution in
three coordinate directions. The b;; coefficients are determined
by the following matrix:
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Loy 1-x7% 1-x

1] 1-x? i 2 1—2x."2
bi,j=§ 2' 1+ X 2'
1-x? 1—x? )

2' 2' 1+ %"

(25)

xi parameters depend on the intensity of the guiding radia-
tion and are determined by the following correlation:

$ &0 _ B - where y=0.1

i Y
B +B? +B?

(26)

The source term associated with radiant flows in the energy
balance (3) is obtained by integrating the total intensity along
the solid angle Q=4r. In accordance with equation (16) we
have the following:

q:ﬂ[ﬁ+ﬁ+ﬁ] n
3 d(l @(2 6(3

The main influence by radiation on heat exchange is exerted
by water vapor and carbon dioxide due to their high concentra-
tion in the combustion chamber, and such components as sul-
fur dioxide or ammonia make a small contribution to heat ex-
change by radiation, as their concentration is negligible. The
dispersion of the radiation energy for gases in the region of
thermal radiation can be neglected. Water vapor and carbon
dioxide emit and absorb thermal radiation in limited wave-
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length regions. To calculate the heat exchange by radiation us-
ing a six-flow model, it is necessary to take into account that
the emissivity of a gas mixture consists of the emitting powers
of components and depends on temperature, wavelength and
partial pressure. In a mixture for which there is overlapping of
emission bands of different components, the emissivity must
be reduced by means of a correction term. The nature of the
radiation, effective radiation ranges, diagrams, and methods for
calculating emissivity are described in [103].

The influence of partial pressure of water vapor and dioxide
is taken into account in work [104]. Here, to simplify the radia-
tion model, it is assumed that the emission bands of both gases
completely overlap, and mass factors and specific absorption
coefficients depend on the gas temperature. Then for the ab-
sorption coefficient we have the following correlation:

Ka,G =85 co, kéoz Pco, + aG,HZOkIZQO Ph,0
(28)

The model constants are given in Table 1 according to
[104].

Table 1
Model Constants
Component k. 1/ mbar a6 4
CO, 85.0 T(;% 0.275-8.410° Tg
H.0 1100 T4°%2 72T

In gases containing solids, the effect of particles on heat ex-
change by radiation can be several times greater than the effect
of water vapor and carbon dioxide. The processes occurring
during the emission of particles differ from the gas radiation
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processes: in a particle cloud, radiation is partially scattered on
the surface of individual particles and is partially absorbed.
However, it is necessary to take into account the processes of
reflection, diffraction and refraction, and the fact that the prop-
erties of the particles cloud radiation are affected by their mag-
nitude and shape, which change in the burnout process, and the
wavelength [92].

Analytical determination of the absorption and scattering
coefficients is impossible (for example, because optical proper-
ties are unknown for coal dust).

In this paper, by analogy with gas emission, the follow-
ing correlation is chosen for them, which takes into account the
attenuation of the intensity due to the presence of coal dust
[94]:

| = (Kp + K, (29)

Absorption is proportional to the surface of all particles. For
simplicity, it is assumed that the particle cloud consists of gray
radiating balls with different diameters, and then the scattering
and absorption coefficients of the particles are determined as
follows:

! T
Kpa = xanpzdﬁp "
’ n=1 "4
(30)

!
Ks = XsnpzdnzpZ
= 4

(31)

Xa and X take into account properties of gray radiation and
are called absorption and scattering factors, which for gray ra-
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diation are bound by the following formula: X =1-X,. The

values of absorption and scattering factors are given in work
[94]. If we assume that the particle cloud consists of particles
of the same diameter and density, this simplifies determination
of the absorption and scattering coefficients:

K,, = X, 2PeXe (32)
4p.d,

The averaged value of the absorption factor is X, = 0.85.
Where there is a thermodynamic equilibrium between gas and
solid particles, emission of suspension is described by combin-
ing the emissions of dust and gas:

Ka = Ka,P + Ka,G (33)
Xa and X;s take into account properties of gray radiation and

are called absorption and scattering factors, which for gray ra-
diation are bound by the following formula: X =1— X, . Work

[94] cites the absorption and dispersion factors values.

1.3 The method of solving transport equations

Equations (1-6) with the corresponding boundary conditions
form a closed system of equations, which we write down in the
following generalized form:

0 7 0 oD
E(P@) :—gi(PUi(p)Jrgi(am gi)Jqus (34)

This system of equations has no analytical solution and can
only be solved numerically. Solution method for such equa-
tions was proposed by Patankar and is described in detail in his
works [27, 105-106]. In order to solve these transfer equations,
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it is necessary to know such properties of gas-fuel mixture as
thermal conductivity, specific enthalpy, heat capacity, the de-
pendence of which in the form of polynomials on temperature
is presented in work [85]. The liquid density is determined and
concentrations for various relative values are recalculated ac-
cording to R. Leitner [107].

The system of transfer equations (34) is a system of second-
order differential nonlinear equations. For their numerical solu-
tion, the entire design area is divided by a difference mesh into
discrete points or volumes, a continuous field of variables is
replaced by discrete values at grid nodes, and the derivatives
entering differential equations are replaced by their approxi-
mate expressions through the difference of values of the grid
nodes functions. As a result, we obtain a system of nonlinear
algebraic equations, the number of which is equal to the num-
ber of grid nodes. There are various methods for obtaining dif-
ference equations [54]:

— Taylor series expansion for grid nodes;

— use of polynomial approximation;

— use of local analytical solutions of differential equations
for individual control volumes;

— variational calculus or Galerkin's methods (finite element
methods);

— control volume approach.

Approximation of differentials in all methods results in an
error (the difference between analytical and numerical solu-
tion), which heavily depends on discretization method and the
size of the grid. However, discretization methods should not
only have a small error, yet be stable. The methods of high ac-
curacy order formally give small errors, but are prone to insta-
bility. For three-dimensional simulation of complex turbulent
flows with chemical reactions, it is necessary to use fairly sim-
ple, reliable and stable methods. The systems obtained by the
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difference equations must be solved with little computer
memory and time expenditure. Many of the discretization
methods described in the literature has a high order of accura-
cy, but on coarse grids and with large grid Reynolds numbers it
proves to be unstable.

Thus, in work [108], a comparison of the finite-difference
method and discretization method using spline interpolation
and fourth and sixth-order Hermite polynomials for flows in
isothermal boundary layer was carried out. The work shows the
advantages of finite-difference methods: simplicity, efficiency,
cost-effectiveness, utility, etc.

A model of a turbulent diffusion flame using the finite ele-
ment method was proposed in work [109]. The finite element
method allows simple modeling of geometrically complex flow
modes. In this paper, we compared the results and computer
time expenditures for the finite-difference method and the fi-
nite element method. The computer time expenditures for the
finite element method were 50% higher. For three-dimensional
problems of convective heat and mass transfer, the main disad-
vantages in using the finite element method are large computer
time and memory expenditures. For such tasks, the control
volume method, which is physical in its essence and most viv-
idly describes the process of numerical simulation itself, is
considered to be the most suitable one [105, 110-114].

1.4 Obtaining difference equations by control volume
method

The method of obtaining difference equations using the con-
trol volume method is that for each cell in the computational
range, the physical conservation laws and differential equations
that describe these conservation laws (transfer equations) are
used, and integrate over the volume of each cell. Then the fol-
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lowing integro-differential equation is valid for the @ variable
balance equation:

gj% SV = [{(‘ (pDu.)+0., %Jﬁdﬁm +[S.av
(35)

The surface integral on the right-hand side (35) describes
the convective and diffusive transfer of the desired @ variable
through the A surface of the cell. The volume integral on the
right-hand side describes the variation of the @ variable in the
V volume due to the source term. To integrate the integro-
differential equation (35), we adopt the following assumptions:

— as the values of the @ variable and the properties of the
substances, the mean value of the cell is used;

— flows through the cells boundaries are also determined by
mean values over the areas of the corresponding surfaces. The
average by area and by volume is considered equal.

Then, for the control volume in the Cartesian coordinate
system (see Fig. 1), from equation (35) we obtain the following
equation:
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2 (p), axayaz =[(pn, ), ~ (o, | Jyaz +
+ !(p@z)s _(p@zxn ]AXA_Z + [(p@udb —(p@lt3)t]AXAy -

(36)
—|| O @ —| O @ AyAZ —
d(l w d(l e
—|| Om 2\ _ O @ AyAz -
@(2 S d(z n
—|| Om @ Ory a AYAZ + S, AXAYyAz
i Xy )|, Ky ),

Analysis of this equation shows that along with the values at
the center of the control volume (point p), the variables and
their derivatives at the boundaries of the reference volume
(points e, w, b, t, s, n) are required. These values should be de-
termined by interpolation. The choice of the interpolation
method affects approximation errors and stability of the meth-
od.

Figure 1 — Control Volume

In technical currents, when convective transfer predomi-
nates over a diffusion one, the approximations of convective
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terms cause great difficulties. High-order methods become un-
stable for large Reynolds numbers, and methods of the first or-
der of accuracy have a significant "scheme" or "approximate"
viscosity and distort the results of the numerical calculation.

"Scheme" viscosity, or as it is also called "numerical” diffu-
sion, as is well known, arises by using asymmetric differences
to approximate convective terms in the transfer equations, and
this leads to the appearance of an additional summand in the
difference equation. Then numerical solution of this equation
will correspond to the process of transfer of the @ quantity in a
medium with an additional fictitious transfer coefficient, i.e. as
if with a distorted transfer coefficient. The magnitude of this
distortion can be reduced by decreasing the spatial Axi interval
between the grid nodes. However, for technical processes,
when absolute speed value is significantly greater, the distor-
tion of the transfer coefficient may be much larger than the ac-
tual value.

In this case, an important stability criterion is the "grid"

Reynolds number Re = Axlip , formed by a reference volume
Hett

dimensions and saying that "numerical” diffusion and instabil-

ity increase with the width of the grid.

An estimate of the "numerical” diffusion coefficient for ro-
tating two-dimensional flows with a uniform grid can be ob-
tained with the help of the following formula proposed in
[110]:

0, ~ gpsin [i + ®)|U|Ax sin 20, (37)
T

where: © is the angle between the velocity vector and the
mesh (grid) line; |U| is the vector module velocity. An equation
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analysis (37) shows that the numerical diffusion reaches its
maximum value if the flow line crosses the grid line at an angle
of 45°.

Patankar's paper [105] describes the approximation schemes
often used in fluid mechanics: unwind differences schemes and
central difference; hybrid scheme, etc. He has shown that the
unwind differences are unlimitedly stable, but they have the
first order of accuracy and are rather coarse.

The scheme with central differences is formally more accu-
rate, but for Re>2 it is unstable. Therefore, it is necessary to
use a very small grid, which results in a large computer
memory and time expenditure. In hybrid schemes, the central
differences are used up to the critical Reynolds number and the
unwind difference at large grid Reynolds numbers. Such
schemes provide a smaller approximation error and are unlim-
itedly stable [111].

The analysis shows that when comparing the results of these
three approximation methods with the experimental data, they
all give about the same error. But it should be noted that higher
order methods require about 3 times more time than unwind
differences. Therefore, in mathematical simulation of complex
physical processes, the most appropriate is the use of simple
and stable approximation schemes.

For reasons of stability and the saving of computer time, in
this paper, the unwind differences are used to solve the system
of transfer equations. Due to the choice of a sufficiently fine
grid in those regions where strong gradients of the sought ¢
value are expected and there is a large angle between the flux
lines of this value and the grid, it is possible to reduce the ef-
fect of "numerical” diffusion. For convective terms in the x di-
rection, the unwind differences lead to the following formulas:
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(ou,@), = (ou,), @, with u,)0.0

(38)
(u,@), =(pu, ), Ds with u,(0.0

Formulas for the remaining cell boundaries are similar.

To approximate diffusion a flow, a second-order accuracy
method is used, which here does not cause any stability prob-
lem. For the x direction, for example, we have the following
(see Fig. 1):

@TM@ = O 1 M

X X g — X

e 1, P

(39)

The source term in the balance equation is integrated
over the control volume. If the source is a function of a varia-
ble S,. = f(®), itis linerarized:

S =Si —SKD;.
(40)

The linearization of the source term is described in detail in
[105].

The approximation method of time derivatives also affects
the accuracy of the solution. In three-dimensional problems,
due to lack of memory, an approximation is used with no more
than two layers in time. One can use the forward and backward
differences. Forward differences result in an explicit equation
solution method:
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P’ pP™ - pd" _ oo @)
a | At

(41)

However, the time step is subject to strict stability criteria:

<M|n{AX } ,
Jui|
(42)

2 2 2
My (Min| L AN
2Re AX® + Ay* + Az

(43)

The fulfillment of stability conditions (42-43) in practice of-
ten leads to unjustified reduction of At step for the achieve-
ment of high accuracy. In backwards approximation using time
derivative of the differences, leads to an implicit method:

A p(p|"+1 (D M pn
a | At
(44)

=RS(o")

To solve the system of equations (44), iterative solution
methods must be used. Implicit schemes are certainly sustaina-
ble; as time step for an implicit scheme can theoretically be
arbitrary. But the high stability of such schemes leads to the
complication of the algebraic side of the problem, since in this
case it is necessary to solve a system of related algebraic equa-
tions. This is especially true for the multidimensional and non-
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linear equations of the problem that we have set, which, as a
rule, are solved using the iteration method.

In this paper, the system of equations (34) is solved with the
help of a perfect implicit method. The system of algebraic
equations for the difference equation of the control volume
(36) looks as follows:

aa™ = > ad, +SvAXAYAZ,

n=EW,N,S,T,B

(45)

where the coefficients of the ¢n variable at six adjacent
points of the control volume are determined by the following
formulas:
0

a. = (AMAX (0.0;—(ou)), )+ AXH’ A,
(46)
a, = (AMAX (0.0;~(pu)|, )+ ii’WWW
(47)
O,
a, = (AMAX (0.0,~(ov)|, )+ ay A
(48)
a, = (AMAX (0.0~ ()] }+ 222) A
YAy
(49)
Oy
a, :(AMAX (0-0;—(,0W)|t)+ Ay’ )Alt
(50)
. aTM’b
a, = (AMAX (0.0;~(ow)], )+ Ay, A,
(51)
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These coefficients in turn determine the a, coefficients in
the center of the control volume:

a, =ag +a, +ay +a +a, +a5 +SA"AXAYAZ
(52)

Here, for the source term, according to equation (40), we
have the following formula:

SAP =(SE + p°@°)
(53)

As a result of approximation of the equations system (34),
we obtained an algebraic equation (45) for each control volume
and each desired @, variable. The coefficients of this equation
are functions of the @ variables and are simultaneously direct-
ly or indirectly related to variable in other equations. Thus, we
have obtained a nonlinear, connected (non-autonomous) sys-
tem of algebraic equations. No direct method for solving this
system of equations is possible because of the large computer
time expenditure.

The system of equations can be linearized, and transfer
equation for each variable can be solved separately, using itera-
tion methods. There are many different iterative methods for
solving the system of algebraic equations (45). It is well-known
that the degree of convergence of the iterative methods is
greater the better the relation between elementary volumes is
taken into account during the solution of the equations. How-
ever, it should be taken into account that the higher the rela-
tionship between variables is, the higher the numerical cost of
the calculation.

When simulating technical flows by the control volume
method, simple and cost-effective methods for solving systems
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of algebraic equations are often used, such as sweep methods
[85, 105]. For the linearization of equations, the coefficients of
the variables can be determined using the quantities from the
previous iterations, where the corresponding quantities are kept
constant during the solution of the linearized system of equa-
tions.

The calculated values are used at the next iteration to de-
termine the coefficients [77].

where:60< y.. <500,

I:)(O-h /O-h,turb) = 924[(O_h /O-h’turb)sM —1][1+ 0.286(_0'007%/0'”““’)]

Boundary conditions for the transfer equation of the concen-
tration of components
Input: cg is the value of the component concentration,

.
Output: —=

: s
=0, line of symmetry: | = 0, on the sur-

no i Ino

=0

no

A
face: —2
X

1.5 Pressure calculation

To solve the momentum transfer equation, it is necessary to
know the pressure distribution. However, in the system of ¢
transfer equations (34) there is no equation that explicitly de-
termines the pressure. Therefore, pressure is indirectly deter-
mined through the relationship between the equation of conti-
nuity and the equation of motion. Using certain pressure distri-
bution, we can determine the velocity field from the motion
equation. However, pressure distribution in the flow region
needs to be adjusted in such a way that for the velocity fields
satisfying the equation of motion, the equation of continuity
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was fulfilled simultaneously. If the pressure is incorrectly se-
lected, we get the so-called "defect” of the masses for the refer-
ence volume. Therefore, further adjustment of the pressure and
a new calculation of the velocities is needed. The velocities
and pressures are corrected with the help of the following for-
mulas [54]:

p=p +Ap, u =u +Ad
(54)

Correction to pressure Ap is determined from the following
formula:
Ampg

Ap=- 20t((L/ AXP) + (11 Ay?) + (11 AZ))

(55)

(0]
where: Am s the mass defect, B-relaxation parameter. Us-
ing the Ap adjustment in control volume and velocity on its

edges is adjusted as follows:

* A « AU . At
p=p +Ap1 UiZUi +§Ap, ui—].:ui—l_EAp

(56)

However, the equations for the velocity and pressure com-
ponents are solved completely separately. The pressure adjust-
ment and solution of the momentum transfer equation must be
repeated until the mass defect in all control volumes reaches
the required limit or is less than a certain predetermined value.
This iteration method of pressure adjustment, which is called
the SIMPLE method, was proposed by Patankar and is de-
scribed in detail in [105].
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1.6 Initial and boundary conditions

To solve non-stationary transfer equations (34), it is neces-
sary to specify initial and boundary conditions. Solution of the
Navier-Stokes equations requires formulation of boundary
conditions at all boundaries of the region under consideration.
Errors in the choice of boundary conditions can result in a
physically meaningless result or in instability of a finite-
difference scheme and can become a source of large computa-
tional costs and errors.

To solve the equations describing convective heat and mass
transfer, it is sometimes difficult to formulate the boundary
conditions to make them simple for calculation and physically
identical. Therefore, in numerical modeling, "wall laws"
are often used, when the concept of a viscous sublayer is used
to calculate the boundary values of the desired variables, which
corresponds to a greater accuracy in the specification of the
boundary conditions.

Let us formulate the initial and boundary conditions for our
problem:

a) Initial conditions. The initial values (at t=0) of u, v, w
and P variables are usually chosen to be zero in the entire solu-
tion region. Sometimes, as initial values, the previously ob-
tained convergent solutions are used.

b) Boundary conditions. The boundaries of the design area
in the combustion chambers can be solid walls and free surfac-
es. Free surfaces are the inlet (fuel and oxidizer supply points),
exit from the combustion chamber and the plane of symmetry.
The formulation of the boundary conditions at the input and
output causes great difficulties for such problems.

The distribution of all input and output variables is known
in very few cases. In fluid dynamics, the Neumann conditions
(second kind conditions) are usually used when normal deriva-
tive at the boundaries and the Dirichlet conditions (first kind
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conditions) are fixed when the values of the variables on the
boundary are set. Based on the type of boundary conditions
used, it is necessary to determine the convective and diffusion
flows through the cells surface located at the boundaries of
computational domain.

In order to reduce the influence of the choice of boundary
conditions at the inlet and outlet, these boundaries should be as
far removed as possible from the region of interest [77]. Dur-
ing iterations, additional control volumes located outside the
calculation area are often used to specify the difference bound-
ary conditions. Let us write down the boundary conditions for
the solution of the motion equation. For the motion equation,
the values of velocity components or normal and tangential ve-
locity gradients must be fixed at the boundaries. For this prob-
lem, we choose the following boundary conditions:

Input: - ui — input velocity values

Output: A =0
O’Xi no

(57)

The last condition (57) is considered to be more stringent
2

than the "soft" boundary conditions d l;i
X

=0, used in [13,

no

28].

Symmetry plane: u;| =0, % =0,

no

(58)
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Rigid surface: Ui | no=0, % | n0=0, Ui|u=0
1

This is explained by the fact that a viscous sublayer emerges
near the walls, where physical viscosity cannot be neglected,
and the assumption of the equality of turbulent and physical
viscosities means that we have sort of overestimated the value
of the tangential stress near the walls, and this in turn leads to
the greatest error in the calculations in this region.

The correct specification of the boundary conditions on the
wall can be made, for example, by taking into account the vis-
cous sublayer, the flow in which is quasi-laminar, since turbu-
lent pulsations penetrate it from the outer part of the flow and
decay under the influence of molecular viscosity as it ap-
proaches the surface [13].

For laminar flows, a linear velocity distribution is often used
between the nearest point to the wall and the wall:

éUi _ ui,wp
AX

I ta w.p

ta

(59)

Then for the frictional stress on the wall we have the follow-
ing:

(60)

For turbulent flows, it was proposed in [146] to introduce in
the equation (60) an adjustable factor 0<f <1 or to take into ac-
count the attenuant [145]. In work [13], the refinement of the
calculation was obtained by using transient formulas describing
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the change in the effective viscosity from a turbulent in the
flow core to a laminar one near the walls. In simulating turbu-
lence using the k-¢ model, the empirical wall functions pro-
posed in [147-148] are used to determine the turbulent momen-
tum flux on the wall:

I
— , 61
Tw n [EEy*] Un,wp‘ta (61)

The value of the Karman constant k = 0.41 was obtained
experimentally, and the constant EE=5.5 for hydraulic smooth
walls. To correct for pressure, Neumann-type conditions are
used at all boundaries of the calculated region:

Ap‘boundary: O

(62)

Boundary conditions for the solution of energy equation. In-
put: h=c T -the flow temperature at the input is set

Output: a =0
@(i no
(63)
A h
Symmetry plane: —| =0, —| =0
d yP @(i no a(i ta

(64)

Different types of boundary conditions for temperature can
be set on solid walls. For adiabatic walls, the heat flux gqw is
zero and in this case the boundary conditions are used as in the
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symmetry plane. In case of heat exchange between the wall and
the liquid, it is possible to set the wall temperature or the heat
flux. If o convective heat transfer coefficient is experimentally
or analytically determined, the following condition can be
used:

Oy = (Typ—Ty) (65)

Convective heat exchange between a liquid and a wall with
a set temperature is determined by the flow in the wall region.
If y. <60condition is fulfilled, the heat flux is determined by

the following formula:

Typ—T,
G, =A-WP W
AXyp

(66)

Let us write down the boundary conditions for the k- turbu-
lence model. Since in very rare cases the real distribution of k
and ¢ at the input is known, an estimation of their values is
usually performed. It is often assumed that there is a complete-
ly developed flow with isotropic turbulence at the inlet. Then
kinetic energy of turbulence k can be estimated from the degree
of turbulence Ty:

12\1/2
L Gl

i
(67)

which in the input sections of technical flows varies from 5 to
20% [150].
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Then for the kinetic energy of turbulence at the inlet we
have the following:

Ko = (0, T, (68)

input = 2 i,input’u

To estimate the degree of dissipation of ¢ turbulent energy
on the input, in general, there are no experimental data. How-
ever, in flows with fully developed isotropic turbulence, pro-
duction and dissipation of the kinetic energy of turbulence are
in equilibrium. In work [151] the following formula is given
for the energy dissipation at the input:

3/2
_ TS
G

Lom (69)

E:’:zpur

where L is the mixing length, which is determined by the fol-
lowing relationship: Lm = 0.03 (4S/P). Here, S is the area, P is
the perimeter of the control volume at the inlet (for our task -
these are the cells into which the burner outlet is divided).

Output: X =0, o =0 (70)
é}(i no é}(i no
174 Os
Symmetry plane: —| =0, —1 =0
d yP d(i no @(i no

(71)

As for the solid boundary conditions, it should be noted that
in the near-wall region the k-¢ model loses its applicability. To
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obtain the boundary conditions on the wall for k and &, it is as-
sumed that the flow in this region is one-dimensional and oc-
curs without a pressure gradient. From considerations of simi-
larity, it is not difficult to obtain [149] for a laminar boundary
layer:

ui|ta +
Tha _yr oy,
m y

(72)

and for a turbulent boundary layer:

Uha _y 2 Lpn[y.eg]
U. K

(73)

Here, the dynamic velocity u~ and the dimensionless dis-
tance y= are determined by the following formulas:

:U*Axi,wpp T

H P

Y.

(74)

With a local equilibrium between production and dissipa-
tion of the turbulence energy, we have the following [147-148,
77, 152]:

u? = kKypC’?
(75)

From equations (74) and (75) we obtain the following:
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Tw :—inp‘
In[EEy.] ""he

(76)

Equation (76) is true for the range of 60 < y. <500.
For smaller dimensionless distances y. <60, the flow can
be considered laminar and the following formula can be used:

Aui |ta

Ty = U—
YT A p

(77)

To determine the dissipation energy in equation (69), it is
assumed that the scale of length Lm varies linearly as distance
from the wall changes, then for ewp, we are going to have the
following:

a4 k3/2
o —c¥ fwe
" ! KXi,WP
(78)

In the equation of turbulence kinetic energy transfer (5), the
source term Sk=II-pe is also modeled with the help of wall-
adjacent functions. For IT in equation (7), instead of the tangen-
tial velocities derivatives, the frictional stress is used according
to (76) or (77). Since gradients of turbulent energy dissipation
degree are especially large near the walls, it is possible to use

45



1 X we

_[Pédxi ,

Xi,WP 0

the averaged control volume value here: pe =

where ¢ is determined through (78)
When using the k-g turbulence model, heat exchange is cal-
culated using wall-adjacent (empirical) functions [153]:

Co (T —Twp) (@ / £)°

Ow = :
w 1
Ohe pr.[; IN[EEY.]+ P(o, /oy 1)
(79)
where:60< y..<500,

PG,/ Ggurs) = 9-28[(0y, | 5 gyre)** —1][1+0.28 07 )]
The boundary conditions for the components concentration

transfer equation
Income: cp - component concentration value,

.y
=0, symmetry axw:X =0, on the sur-

no I Ino

iz
Input: —=
X;

=0

no

A
face: —2

1.7 Simulation of chemical reactions

The model of chemical reactions determines for the reaction
flows the source term Rg, related to the rate of chemical reac-
tion @, in equation (4). The accuracy of the combustion pro-
cess description is determined by the accuracy of knowledge
about the kinetics of chemical reactions in the flame. The
speed of reactions is greatly influenced by local distribution of
the reacting components and temperature. In turbulent flows,
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these values undergo fluctuations, and the values of these pul-
sations depend on the degree of local turbulence.

Simulation of parallel transfer processes and the influence
of fluctuations in temperature and concentration thereon cause
a lot of difficulties. The most poorly studied aspect of combus-
tion is the kinetics of chemical processes in the furnace flame.

Many combustion theories and models are based on a sim-
plified chemical mechanism that reduces all chemical process-
es in the flame to a single reaction with effective Kinetic pa-
rameters. Combustion is a process of rapid and complete oxi-
dation of a burning substance (coal) with oxygen, which occurs
at a high temperature and is accompanied by the release of
heat. In the furnace units of boiler plants only the most widely
used oxidizer is used, which is atmospheric air, 21% in volume
or 23,2% in mass of which is oxygen.

The main one is coke residue combustion stage, the intensi-
ty of which determines the intensity of fuel combustion. The
heat of combustion of the coke residue is the main part of the
heat of combustion of the combustible mass, and the stage of
its combustion is the longest of all stages and can take up to
90% of the total time required to burn coal. The combustion
process is affected by a number of factors, such as furnace
structure, concentration of oxygen in the air supplied for com-
bustion, pressure at which combustion occurs, and others.

A detailed simulation of all the reactions taking place (in-
cluding all intermediate reactions) because of the large compu-
tational costs or lack of information on all the intermediate re-
actions is only possible in simple cases, such as, for example,
in the combustion of carbon monoxide. For the processes
simulated in this paper, simplified models are used, which only
take into account the key components reactions.

Using integral reaction model in the work is based on the
fact that most chemical reactions occur in several stages
(steps), with the slowest reaction stage determining the rate of
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the entire reaction. A multitude of multistage reactions can be
modeled using regularities of single-stage reactions, while Ki-
netic data are determined by the slowest reaction stage. The
coal dust combustion model used in this work takes into ac-
count integral oxidation reactions of fuel components to stable
final reaction products. In this case, intermediate reactions, as
well as the formation and change of unstable intermediates, are
not taken into account.

Many chemical reactions occurring in combustion chambers
can be described using the integral reaction model for limited
temperature and concentration regions only. Generation of
harmful substances and reduction of their release can only be
simulated using reaction-kinetic models that are valid for a
wide range of temperatures and concentrations. The basis of
reaction-kinetic model is the corresponding reaction mecha-
nism, which includes a description of the molecular course of
reaction between components, taking into account unstable in-
termediate products.

For many elementary reactions in the literature there are
values of reaction rate constants. These values are not derived
from physical laws, but are determined experimentally and
moreover with large errors. In order to ensure that calculations
results are consistent with the measured data, empirical reac-
tion rate constants are often used in the development of reac-
tion-kinetic models.

The simplest case of a chemical reaction is the reaction be-
tween two A and B components of the same phase. Over time
change of AB product concentration can be described by the
following equation:

) dc
a)ﬁ = —d'iB = k(r)CACB
(80)
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This change in product concentration is determined by con-
centrations of reagents and k reaction constant, which takes
into account temperature dependence and reactivity of the sub-
stance components. According to the Arrhenius law [115], the
rate constant is determined by the following formula:

K(T) = koe &7,
(81)

where ko coefficient and energy E activation are the kinetic
constants determined experimentally. This empirical law is of-
ten written in the following form [116-117]:

K(T) =k,T"e ™"
(82)

Generation of nitrogen oxides from nitrogen-containing fuel
substances can be approximated by a simplified process
scheme, according to which decomposition of these substances
occurs primarily during combustion of volatiles to active atom-
ic nitrogen, which is then partially recombined into molecular
nitrogen (N+N— N2) and partially oxidized to nitrogen oxides
mixture (MN+O2 — mNOx).

The concentration of generated molecular nitrogen and a
mixture of nitrogen oxides in flue gases is found by solving
equations (80-82) of homogeneous kinetics [118]. Nitrogen
and water vapor predominate up to a temperature of approxi-
mately 1300K, i.e. carbon monoxide is reduced. The reactions
taking place in the ternary mixture: ammonia-carbon monox-
ide-oxygen can be represented as follows:
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4NH, +4NO + 0O, <> 4N, +6H,0
(83)

ANH, + 2NO, + O, <> 3N, +6H,0
(84)

If temperature is too high or if oxygen content in the flue
gases is too high, unwanted reactions may occur. For example,
at a temperature above 1300K, ammonia is oxidized to nitric
oxide:

4NH, +50, <> 4NO +6H,0
(85)

Equations (83)-(85) describe integral reactions from stable
reagents to stable final products, neglecting intermediate reac-
tions in which free radicals, such as for example OH, H or O,
are involved, in the first place. Different combinations of pos-
sible reaction paths are the basis of various models [107, 119,
120-128]. The choice of one of them is primarily connected
with the capabilities of the existing computer. The criteria for
choosing model are the minimal number of reactions and par-
ticipating components with simultaneous accuracy of the calcu-
lations performed and a satisfactory agreement with experi-
mental data.

In this paper we use the model of work [119], which re-
quires insignificant computational costs. In addition, this mod-
el was verified in detail on a large number of experiments in
laboratory conditions and in large furnace units [59-61, 67-68,
77, 107, 129, etc.]. This model takes into account the 31 ele-
mentary reactions for NOx-model involving 15 substances, the
reaction of the volatiles with the generation of water, hydrogen,
oxide and carbon dioxide, methane, as well as the conversion
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reaction of primary volatiles released from coal in the gas
phase, all the way to final products (CO, CO, H20, Hz, O, H).
Reactions and their kinetic data are given in [77, 119]. The
change in the concentration of components with time is de-
scribed by a system of ordinary differential equations of the
type (80). When choosing a numerical method for solving a
system of differential equations, it is necessary to take into ac-
count the "rigidity" of this system, i.e. presence in the solution
of a wide range of time scales for various reactions:

max{&}/ min {ﬁ} >>1
dI'l étn

To solve this rigid equations system, Gear method is used in
this work from the well-known NAG mathematical software
package [77].

The ignition and combustion of coal can be divided into
processes for the exit and ignition of volatiles and combustion
of the coke remaining after pyrolysis. These processes can be
modeled with the help of reaction-kinetic equations. Combus-
tion model should exclusively describe local heat generation as
a result of combustion and the effect of combustion products
on heat transfer. Therefore, when selecting pyrolysis and com-
bustion models, we decide against using bulky systems with a
large number of components.

Starting at 570°K, volatile hydrocarbons, hydrogen and car-
bon monoxide emanate from the raw coal with an increase in
temperature. The amount and composition of pyrolysis prod-
ucts depends very strongly on the type of coal, the temperature
and coal powder heating rate. A typical temperature for a flare
in pulverized-coal furnaces is 1500-1900K, while coal dust
heating rate is 10*-10°K/s. At such a high heating rate, the reac-
tion pyrolysis maximum shifts to higher temperatures. Models
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that describe the experimentally proven relationships between
composition and quantity of pyrolysis products, heating rate
and temperature, using the appropriate number of reactions and
equations, are presented in works [130-135]. The change in
carbon concentration over time in one-stage pyrolysis model is
described using an ordinary differential equation of the first
order:

dc
a - —kper (86)

With initial conditions: at t=0 C=¢C,

When solving kinetic equations, initial data are usually tak-
en from data on the composition of stable products obtained as
a result of processing experiments on mass spectrometric
sounding of a flame. The pyrolysis rate constant in this case is
assumed to be constant, as, for example, in work [136]. Tem-
perature dependence of the pyrolysis rate is modeled using the
modified Arrhenius law (82):

_ Na—Epe /RT
kpyr B kOper €

Below in Table 2 kinetic data are given for different types of
coal, obtained experimentally.
Table 2
Kinetic data for various grades of coal

k. =k, Tre F/RT Description
pyr pyr
No Coal kOp—r , n Epyr, Au-
1/s kJ/mol thor
1 | Black coal 1.50-10°| O 74 [137]
2 | Black coal 2.0810°| O 92 [138]
3 | Brown coal 3.50-10°| O 74 [139]

52



In the two-stage pyrolysis models, the volatile content is
simulated using two concurrent stages, one of which relates to
the low and the other to high temperatures. This paper uses a
one-stage pyrolysis model, in this case, the stoichiometric coef-
ficients of the pyrolysis reaction can be derived from the rapid
analysis data, and this is very important and preferable.

Pyrolysis products, mixing with air, form a reactive mixture.
The rates of combustion reactions of these gaseous products
are so high that the diffusion combustion approximation is ac-
ceptable. If we do not take into account the influence of turbu-
lent pulsations, combustion rate of volatile parts is only deter-
mined by oxygen content. But then, in order to take into ac-
count the effect of turbulent pulsations on the volatile content
combustion rate, it is also necessary to solve the transfer equa-
tions, as for example, in work [140].

Consequently, combustion rate of volatiles can be related to
the characteristics of the k- model. In areas with sufficient ox-
ygen content and a small amount of fuel, the determining factor
for the reaction rate is the concentration of volatiles:

. _ &
Orpp = CiCp K

In the regions saturated with fuel, the reaction rate is de-
termined by oxygen content and stoichiometry coefficient

VorL -

C, &
. 02
@, =C, K

Vo,FL

53



If fuel and oxygen are simultaneously present in turbulent
moles, in this case the reaction rate is determined by the burn-
ing combustion products:

Ccoz + (_:HZO &

Wy =
3FL 3FL
Vo t1 K

In reality, of course, the minimum of these speeds is estab-
lished: d@y, =mMin( @,p,, @yp, W50, ) -

Constants in this model are provided in [141]:c,=4.0,
c,=4.0, c;=2.0

The heterogeneous reaction of combustion of solid carbon
on the surface of coke particles is determined by diffusion of
oxygen from the environment into the boundary layer and into
the porous medium of a particle, and also by the reaction be-
tween carbon and oxygen at the surface of the particle. The
slowest of these processes determines coke combustion rate. In
work [136], the correlation (80) was proposed for coke reaction
rate, in which, for the velocity coefficient, taking into account
the effect of oxygen diffusion and reaction on the coke surface,
we have the following formula:

(D), (chem)
kC kC

C ™ |,(D) (chem)
ke +Ke

Using Fick's law for diffusion, and the assumption that the
oxygen partial pressure on the surface and the slippage be-
tween gas and the particle are negligibly small, the author of
work [136] obtained the following:
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KO _ 2v.DM
O - Ze= e
RT_d,

Dependence of diffusion coefficient on temperature is given
in the following form:

D=Do(Tw/To)*"®, rae Tm=(T:+Tu)/2;
To=1600 K;: D=3.49-10"*m?/s

Stoichiometric coefficient v takes into account the reaction
taking place on the coke surface between oxygen and carbon:

V=2 for 2C+0,—2CO0,
ve=1 for C+0,—CO0O>

The chemical reaction rate constant is modeled using the
Arrhenius law:

kéhem =Koc eXp(—E¢ /RT,)

For coal coke combustion we have the following values
of the koc coefficient and activation energy E. [88]:

Koe = 204{#}, Ec=79.4[kJ/mol], Huc= 33000kJ/kg
m-s-bar

Local changes in the concentration of oxygen, carbon diox-
ide and water vapor as a result of coal combustion are deter-
mined by the elemental composition of fuel and by stoichiome-
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try of the reactions between hydrogen and fuel carbon and air
oxygen [84, 142].

Below are the results of computing experiments, carried out
using the mathematical model described in this section.

The system of equations can be linearized and transfer equa-
tion for each variable can be solved separately, using iteration
methods. There are many different iterative methods for solv-
ing the algebraic equations system (45). It is known that the
degree of convergence of the iterative methods is greater the
better the correlation between elementary volumes is taken into
account during the equations solution. However, it should be
taken into account that the higher the relationship between var-
iables, the higher is the numerical expenditures of the calcula-
tion.

When simulating technical flows using the control volume
method, such simple and cost-effective methods for solving
systems of algebraic equations are often used, such as sweep
methods [85, 105]. For the linearization of equations, the coef-
ficients of the variables can be determined using the quantities
from the previous iterations, when the corresponding quantities
are kept constant during the solution of the linearized system of
equations. Calculated values are used at the next iteration to
determine the coefficients [77].
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Security Questions:

1. What differential equations describe the 3-dimensional
motion of a fluid with variable physical properties in the gen-
eral case?

2. What model of turbulence is used in the calculations?

3. What does FLOREAN computer software package repre-
sent?

4. Why is it necessary to take heat exchange into account by
radiation when burning a pulverized-coal flare?

5. What models are there for solving the transport equation
by radiation?

6. What are the advantages and disadvantages of each mod-
el?

7. What is the method of control volume for deriving dif-
ference equations?

8. How is the pressure determined when the coal burns in
the combustion chamber?

9. What are the boundary conditions of the first and second
kind?

10. What are the boundary conditions for velocities? How
are the boundary conditions for the energy equation written?

11. What models exist for solving the transport equation by
radiation?

12. What are the main combustion stages of coal particles?
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2 HEAT AND MASS TRANSFER DURING THE
COMBUSTION OF PULVERIZED COAL IN A
SIMULATOR WITH TANGENTIAL FEED

2.1 Basic characteristics of the model

One of the ways of promptly obtaining the necessary data
for the design and determination of optimum operating pa-
rameters of boiler units is to conduct research (both experi-
mental and numerical) on fire models of furnaces. Finding the
best constructive and layout designs that facilitate early devel-
opment of powerful boiler units is no longer possible without
extensive use of different models.

The use of the model in cold conditions (isothermal and
non-isothermal) and under ordinary conditions makes it possi-
ble to study the influence of structural and operating parame-
ters on the flow structure, fuel burnup and nitrogen oxides out-
put level, to consider the issues of fuel thermal preparation, the
aerodynamic structure of the vortex torch and flow in the vor-
tex combustion chamber. The most effective is the use of mod-
eling at the design stage of a new boiler design, when it is pos-
sible to investigate the effect of operating and design parame-
ters on the processes occurring in the combustion chamber, and
also to identify numerous bottlenecks that should be avoided in
the design, setup and operation of boiler units.

In the domestic and foreign practices of simulation of pro-
cesses in combustion chambers, a great deal of experience has
been accumulated on the methodology for calculating and
studying models of furnace and burner devices, including fur-
naces with a tangential arrangement of direct-fire burners. The
method of fire simulation of pulverized coal furnaces has been
developed at the Kazakh Research Institute of Energy and is
presented in numerous works of its employees [1, 154-161].
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Two types of burners are used for pulverized-coal boilers:
vortex with the swirling of flows inside the burner and direct-
flow burners with the swirling of flows in the furnace volume.
Presently, tangential furnaces are widely used in domestic and
foreign boiler industry when burning both solid and liquid
fuels.

Compared with the "linear" furnaces equipped with vortex
burners, tangential furnace units, as shown by domestic and
foreign experience, allow to ensure more intensive heat ex-
change in the furnace unit, to increase the uniformity of distri-
bution of thermal loads along the furnace perimeter, which is
especially important when using all-welded gas-tight screen
panels, to reduce formation of nitrogen oxides in the furnace
unit, to organize the slag-free operation of the furnace, which is
especially important when burning fouling coals. Despite these
advantages, as well as the long and wide use of tangential fur-
naces, they are still considered to be the least studied. The lat-
ter considerably complicates the development and adoption of
rational engineering solutions for the use of tangential furnaces
for powerful boiler units on various coals.

A characteristic feature of the aerodynamics of tangential
furnaces is the organization of vertically directed rotational
motion of gases in the furnace, which is achieved by installing
straight-flow burners at an angle to the chamber walls and tan-
gential to the conditional circle in the center of the furnace.

Usually the diameter of this circle is assumed to be 0.1-
0.3 of the depth of the furnace. Such input of flows creates in-
side the furnace unit a horizontal dust and gas vortex moving
from the bottom upwards. As the transition from the section of
the bottom tier of burners to the upper one, the intensity of the
twist of the torch increases.

Consequently, the tiered powering on of burner jets results
in a strong unwinding of the torch, as a result of which a com-
pletely formed velocity profile is formed at the exit from the
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burner zone, typical of a strongly swirling flow. Flare rotation
in such furnace improves the mixture formation, increases heat
transfer rate and the efficiency of the screens, which is associ-
ated with a decrease in the size of the near-wall zone with rela-
tively low gas temperatures, and uniform wall heating [1, 162-
163].

For the combustion of solid fuels in steam boilers furnaces
with high steam production, the main one is the pulverized-
coal system. Coal dust is prepared in individual pulverized-
coal systems, which are associated with the fuel burning pro-
cess scheme. The furnace chamber is preferably made in the
form of a rectangular prism filled with furnace-wall tubes. The
furnaces of powerful steam boilers are made in the form of an
elongated parallelepiped of rectangular, square or, more rarely,
more complex, for example an octagonal section.

This section presents the results of numerical modeling of
the combustion of Ekibastuz coal in a pulverized state on the
steam boiler model in the form of a parallelepiped with a tan-
gential fuel supply. The experimental setup is a combustion
chamber, which has the form of a parallelepiped, which is
7.635m high, 2.1m wide and 1.55m long.

Combustion of fuel takes place in the chamber of the fur-
nace in a suspended state, and a flare is formed in the form of a
brightly shining flame. The ash formed in the fuel combustion
process is carried away by the flow of outgoing flue gases, and
the formed slag falls in the lower part of combustion chamber
and is continuously removed in a solid or liquid state. For solid
ash removal, the walls in the lower part of the combustion
chamber are given a larger slope (55-60°) and a cold slag fun-
nel is made. The falling slag rolls down cool surfaces of the
funnel into the slag-receiving device, where it is mechanically
removed when cooled down. The experimental model investi-
gated in this paper has a cold funnel below it, with a cross-
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sectional area S,=(0,0171x1,2)m?, through which 10% of the
total air supplied to the chamber is supplied.

Flue gases carry with them solid particles of fly ash and un-
burnt fuel. Ash, settling on the heating surface, decreases the
heat transfer, increases the resistance of flues and causes great
damage to the boiler plant equipment. To reduce the harmful
effect of ash high chimneys are used, which ensure its disper-
sion in the atmosphere. So, for example, at a pipe height of
40m, the ash is scattered at a distance of 3000m from the pipe,
and at a height of 80m — at a distance of 6000m. In wet weath-
er, ash falls out at closer distances. Consequently, an increase
in the height of the chimney cannot ensure the purification of
the atmosphere, so it is desirable to trap the ash before it enters
the atmosphere or, more preferably, simulate the process with
the lowest ash emissions.

Usually, in the numerical simulation of combustion in vari-
ous technical devices, the question arises as to the method of
igniting the flow. Coal dust can only ignite and burn if the
temperature in the furnace is high enough. Therefore, in order
to start the boiler, it is necessary to first create a corresponding
temperature in the furnace unit, which is achieved by a special
kind of ignition device called a muffle burner. It is a small
manual furnace unit with a stationary grate, which is located
under the furnace shaft in such a way that hot gases from the
muffle burner exit below the dust stream. Aerial dust, passing
over hot gases, ignites and continues to burn in the furnace.

Since the nature of temperature distribution in the chamber
depends strongly on the boundary conditions (sources of igni-
tion are located at the boundary), the mathematical model of
these sources should, as far as possible, describe the real pro-
cess more accurately. In work [47], the influence of the ignition
source temperature of the on the maximum temperature of the
flare was investigated, the conditions for ignition and flame
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stabilization in the flare of premixed reagents were analyzed. It
is shown that at T->690K, ignition and steady burning of the
gas mixture are observed. In work [164], the dependence of
combustion temperature of carbon particles on their size was
found; it was determined that combustion is impossible in a
certain region of particles, depending on conditions.

In some problems, the fuel mixture ignition is carried out by
the oxidizer flow having a sufficient temperature for ignition
[115, 165-166]. Often, the so-called "flare pilot™" is used to sta-
bilize the flame front [13]. As a mathematical model of the "pi-
lot flare,” hot spots are used at lattice sites [47], which have a
high temperature level and are located on the inner edge of the
burner nozzle. In the model used in this paper, a similar meth-
od of ignition of the fuel mixture is chosen and for hot spots a
temperature is set that ensures stable fuel combustion.

The air required for combustion (primary) is supplied into
the furnace along with the dust through the burners, which can
be either circular vortex or straight-through. In the vortex
burners, the dust-air mixture and the secondary air enter the
furnace unit in the form of a swirling jet, and in a single-flow
supply to the combustion chamber of the aerial and secondary
air is carried out separately through narrow elongated slots. In
addition to the primary air, additional (secondary) air is sup-
plied to the place where the greatest combustion takes place.

The distribution of the amount of primary and secondary air
depends on the type of fuel, the design of the furnace and the
burner. Dusty air mixture coming from the burners in the com-
bustion chamber forms a system of turbulent non-isothermal
jets that propagate in the environment of hot combustion prod-
ucts. Mixing of ejected or hot gases with a dust-air flow leads
to the formation of a high-heated reacting mixture and its igni-
tion.

When fuel is burned, not all of the theoretically required air
is used to burn fuel; part of it does not participate in the com-
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bustion reaction as a result of insufficient mixing of air with
fuel, and also because the air does not have time to come in
contact with the fuel carbon and enters boiler flues in a free
state. The actual amount of air necessary for complete combus-
tion of fuel must be somewhat larger than theoretical amount;
therefore combustion air is supplied to the furnace in an
amount greater than theoretically required quantity. The ratio
of the amount of air actually supplied to the furnace V,, , to its

theoretically necessary quantity Vo is called the excess air fac-
tor: . =V, /V,, which depends on the type of fuel burned, the

method of its combustion, the design of the furnace, and is se-
lected on the basis of experimental data. In pulverized-coal
furnaces, the values of the excess air factor in the combustion
chamber are optimal o, = 1.2+1.25. For combustion of all fuel,
the following amount of air will be needed: Ve=0:VoB, rae
Vo-4,508 nm®/kg is the theoretical required volume of air per 1
kg of fuel [167], B is the total fuel consumption of the boiler
plant, which in the case under consideration is 750 kg/hour. In
the simulation, we used Ekibastuz coal as fuel, which has 40%
ash content and high moisture content. The capacity of the
boiler plant, the location of burners, their dimensions and fuel
characteristics are indicated in Table 3.
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Furnace Unit Model Characteristics

Table 3

Description of values Dimen- | Values
sion
2 3 4
Capacity B kg/hour | 750.0
2 |Fuel - (Ekibastuz coal). W Fuel % 7.0
composition % 40.9
A % 0.8
S % 41.1
C % 2.8
H % 6.6
O % 0.8
N % 30
Volatile content, FL Mj/kg 15.87
Calorific value, Q nm3/kg 4.2
Theoretical air volume
3 |Excess air ratio at the furnace outlet Olr 1.2
4 | Air temperature (secondary) °C 300
5 | Coal-air mixture temperature °C 100
6 |First tier of burners. Number of| units 4
burners in the tier tangent.
Layout kg/hour 70.3
Solid fuel consumption per burner Or 1.01
Excess air factor per burner m/s 8
Primary air velocity at the burner| m/s 12
outlet mm 200
Secondary air speed at the burner| mm 80
outlet
Burner height
Burner width
7 | Second tier of burners. All data are identical to that of the

first tier burners
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Table 3 (continued)

1 2 3 4
8 | Third tier burners. Number of burn-| Unit 4
ers in the tier. tangent.
Layout kag/h 35.625
Solid fuel consumption per burner m/s 8
Primary air speed m/s 12
Secondary air speed mm 100
Burner height mm 60
Burner width
9 | Teriary air
9.1 |1 - input (4™ tier). Number of noz-| unit 4
zles Z
Layout tangential
Air velocity at the nozzle outlet m/s 25
Nozzle diameter mm 34
9.2 | Il- input (5" tier). All data is identical to input 1.
9.3 |llI- input (6™ tier). Number of noz-| unit 4
zles Z tangen-
Layout tial 30
Air velocity at the nozzle outlet m/s 58
Nozzle diameter mm
10 |Gas stage (7™ tier)
Recirculation stage r 0.08
Excess air factor in recirculation| ¢ 1.3
gases o P 250
Recirculation gas temperature t ¢ 0.1915
Total consumption of products of | ynit 4
. tangent.
recycling and gas m/s
Number of gas stage nozzles mm 25
Layout mm 50
Air velocity at the nozzle outlet
Gas stage nozzle diameter
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The experimental model has 12 burners, which are located
four on each of the first three tiers of the chamber. Dimensions
of burners of the first two tiers: (0.2x0.08)m?, and third tier
burners: (0.1x0.060)m?. To supply the remaining air, the boiler
has on its side walls four more tiers of holes: tiers 4, 5 - nozzle
diameter of 0.034 m, tier 6 - 0.058m, tier 7 - 0.05m. We used a
tangential fuel supply (see Fig.2). A separate supply of the air
mixture and secondary air was carried out, as provided for in
the full-scale furnace model [168].

2.2 Analysis of main results

Computer modeling of the problem of combustion of Eki-
bastuz coal, which has a large ash content (up to 40%) and
high moisture content was carried out on the basis of three-
dimensional momentum transfer equations, as well as energy
and concentration transfer equations, taking into account chem-
ical reactions under appropriate boundary conditions. In the
calculations, a grid of 14x17x27 was used. Combustion of vol-
atile constituents was modeled in the approximation of instan-
taneous mixing. In the calculation of particle radiation, pyroly-
sis and combustion of coke, the assumption of thermodynamic
equilibrium with the gas phase was used.

The results of a numerical coal combustion experiment in a
particulate form are provided below. During the experimental
work on the model, due to slagging of the measuring probes, it
is not possible to thoroughly study aerodynamics of the noniso-
thermal flow. Numerical modeling of nonisothermal flows in
combustion chambers allows this to be done in full measure.

Figure 3 shows distribution of the calculated maximum,
minimum and average horizontal flow temperature of the burn-
ing flow along the height of the boiler. The flare temperature in
the pulverized coal fired furnace passes through a maximum
and decreases when it leaves it due to the absorption of a large
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amount of heat by the boiler tubes of the furnace walls. It can
be seen that the zone of maximum temperatures is localized at
the level of the second tier burners. With the increase of z co-
ordinate (in Fig. 3 and hereinafter it is the height H), all three
temperature profiles equalize and reach the level of T~1200°C.
The first three minima on the lower curve are associated with
the low temperature of the fuel air mixture entering the burners
of the first three tiers. The maximum temperatures zone is
somewhat stretched out, which is due to the supply of tertiary
air on the fourth, fifth and sixth tiers. If we did not supply ter-
tiary air, the maximum temperatures would be localized at the
level of the last tier of burners.

<\ /77
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(values are provided in millimeters)

Figure 2 - Congifuration of burners in the first three tiers
with the supply of solid fuel
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Figure 3 - Comparison of the calculated and experimental
distribution of temperature over the height of combustion
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Figure 4 - Pressure distribution over height of the
combustion chamber
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Figure 3 also shows the experimental distribution of the av-
erage temperature over the furnace height. The comparison im-
plies that the calculated temperature value is somewhat exag-
gerated at the output, which obviously has to do with the sup-
ply of a tertiary blast; the experiment provides a faster flare
ignition.

In normally operating furnaces a slight suction is set, which
at the end of the furnace does not exceed 2-3 mmAg. Conse-
quently, within the furnace, the pressure changes by no more
than 0,02-0,03%. Figure 4 shows the estimated distribution of
the maximum, average and minimum values (along the cross-
section of the boiler) of the pressure P along the combustion
chamber. The pressure decreases as you move toward the exit
from the boiler plant. True pressure can be determined by the
following formula P, = P +10°(I1a).
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Figure 5 - Distribution of carbon monoxide concentration
CO along the height of the combustion chamber
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Combustion in the furnace must be as complete as possible
with minimal losses from the chemical (lack of incoming air
into the boiler furnace, low temperature in the furnace, im-
proper distribution of air therein, insufficient volume of fur-
nace space) and mechanical (failure and carry-over of small
particles of unburnt fuel into boiler flues) incompleteness of
combustion. For full fuel combustion in the furnace unit it is
necessary to simulate the appropriate conditions: sufficient ox-
ygen for burning volatile combustibles, the corresponding tem-
perature in the furnace (carbon does not react at low tempera-
tures), sufficient hold-up time of combustible particles in the
furnace, and good mixing of fuel with air.

In the combustion process, a number of chemical reactions
occur between the fuel (coal) and the oxidant (oxygen), result-

ing in the concentration of CO, CH,, CO, Oz, H20, etc. The

distribution of these concentrations over the height of combus-
tion chamber is shown in Fig. 85-91. In case of incomplete
combustion, flammable gases appear additionally in the com-
position of gases leaving the furnace: hydrocarbons, carbon
monoxide CO, methane CH4, and sometimes pure hydrogen H,
and with excessive excess of air, unburnt volatile combustibles
and particles of solid fuel are carried away from the furnace.
Therefore, when burning fuel, it is necessary to reduce incom-
pleteness of combustion to a minimum. As a rule, the boiler
unit works either with complete combustion, or with minor
chemical incompleteness of combustion.

Figures 5-6 give the distribution curves of the maximum,
minimum, and average cross-sectional concentrations of car-
bon monoxide and methane in the chamber height. These
curves reach the maximum in the region of the burners location
(tiers I-111), where CO and CH generation actually occurs in the
course of chemical reactions between solid fuels and oxidants.
Knowing the content of carbon monoxide in the exhaust flue
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gases, determine the loss from incompleteness of combustion.
Usually, the loss is 3-7%, depending on the type of fuel, and
with a large shortage of air can be up to 25% or more.

For example, 1% of carbon monoxide in the flue gases cor-
responds to approximately 6-7% of heat loss of the fuel con-
sumed. It can be seen from the graphs that the calculated val-
ues of CO and CHa concentrations at the outlet correspond to a
minimum of incomplete combustion: at the boiler outlet, the
CO concentration is lower than the maximum allowable con-
centration, while CH4 concentration is practically zero.

0.03

1-minimum, 2-average,
3-maximum value in the cross section

Figure 6 - Distribution of methane CH4 concentration in the
height of the combustion chamber

With the most cost-efficient operation of the boiler unit, the
carbon dioxide content in the flue gases, depending on the type
of top fuel, should be 13-15%. With a large excess of air, the
content of carbon dioxide due to dilution with air in combus-
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tion products can be reduced to 3-5%, but the loss of heat with
outgoing gases will increase sharply. Figure 7 shows concen-
tration distribution of carbon dioxide CO, along the channel
height from which it can be seen that its concentration at the
outlet is completely in line with standards and experimental

values.
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Figure 7 - Distribution of CO> carbon dioxide concentration
by chamber height
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Figure 9 - Distribution of H20 concentration
throughout combustion chamber height
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With complete combustion of fuel, flue gases contain nitro-
gen N, oxygen O (Fig. 8), carbon dioxide CO>, water vapor
H>O (Fig. 9), and in the presence of combustible sulfur in the
fuel, which is sulfur dioxide SOa.

Fig. 10-11 show the change in the concentration of coke and
ash (Asche) as it moves up combustion chamber. Naturally, it
reaches its maximum in places where pulverized coal is sup-
plied, coke residue is burned and ash is formed, i.e. where
there are I-1III tiers’ burners of the boiler plant. At the coke out-
put, we have small values, which indicates a minimum loss
from mechanical incompleteness of combustion.
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Figure 10 - Coke concentration distribution throughout
combustion chamber height
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Figure 11 - Distribution of ash concentration (Asche)
throughout combustion chamber height

Distribution of Qchem energy released as a result of fuel
combustion is shown in Fig. 12. This value reaches its maxi-
mum where coal combustion directly takes place, i.e. in places
of fuel supply (burners of the first three tiers).

Figure 13 shows distribution of the kinetic energy of turbu-
lence Te in the boiler plant, which has the maximum values at
the points of fuel supply and primary, secondary, tertiary air
(seven tiers of holes and seven maxima on the distribution
curve Te), where the flow speed and disturbances are the high-

est.

75



10000

8000

6000

(@]

4000

Qchem, kJ/m3

2000

0.00 2.00 4.00 6.00 8.00

1-minimum, 2-average, 3-maximum values

Figure 12- Distribution of Qchem chemical energy through-
out combustion chamber height

In the real operating conditions of the boiler, situations are
created where an emergency stop of the mills is necessary. In
this paper, a situation of a shutdown of pulverized-coal system
was simulated, when the second stage of the burners is closed.
To maintain the boiler's fuel load and boiler output, the second
tier fuel is distributed between the remaining uncovered burn-
ers. As a result of solving this problem, this paper provides a
detailed description of the fields of velocity, temperature and
concentration of all coal combustion products: CO, CO2, CHa,
H20, O, coke, ash, etc., both for the nominal conditions and
for closing of the corresponding burners.
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Figure 13 - Distribution of kinetic energy of
turbulence Te over the chamber height

Figures 14-15 show some results of such studies: maximum
and minimum ash concentrations (Asche) and maximum con-
centrations of carbon monoxide (CO) along the furnace space
for two coal combustion modes. One mode, when the furnace
is at full power, i.e. all burners are open and fuel is supplied

through them. Another mode, when one of the tiers of burners
is closed.
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Figure 14- Distribution of ash concentration for two
operating modes of the furnace

From the analysis of the numerical experiment results, it can
be concluded that the model studied in this section works
steadily and can be recommended for computer simulation of
such flows. The obtained results will allow to optimize the
process of burning solid fuel and give the corresponding con-
cept of energy generation with the minimum amount of harm-

ful substances.
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Figure 15- Distribution of carbon monoxide concentration
for two operating modes of the furnace

Test Questions:

1. What is a tangential furnace unit?

2. What is their advantage compared to furnaces equipped
with vortex burners?

3. How can harmful effect of ash be reduced?

4. What is a muffle burner?

5. How is the excess air factor calculated?

6. Where is the maximum temperature zone located in
combustion chamber?

7. What substances are formed as a result of fuel combus-
tion?

8. How does the different operation mode of the burners af-
fect the combustion of pulverized coal fuel?
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3 ANALYSIS OF HEAT AND MASS TRANSFER
PROCESSES IN SOLID FUEL COMBUSTION IN
INDUSTRIAL BOILERS USING THE EXAMPLE OF
PAVLODAR TPP

3.1 Initial data for simulation of Ekibastuz coal combus-
tion (boiler BKZ - 420)

High ash content of Ekibastuz coal reduces the stability of
flame ignition, while flame core is displaced to the exit from
combustion chamber, and the outlet temperature is increased,
which in turn leads to undesirable effects, for example, to in-
crease nitrogen oxide emissions, to temperature deterioration
of steam-heating devices. Recently, new highly efficient com-
bustion devices designed to work on cheap low-grade coals
have been widely developed. The boiler plant operation de-
pends on many factors, including the design of the burner units
and their arrangement [169-174]

This section considers the issues of aerodynamics, heat and
mass transfer using the example of the BKZ-420-140 boiler
plant at Pavlodar CHP. Boilers of this type had a different con-
figuration of burners: a single-stage with a bilateral layout of
straight-blow burners with tangential fuel supply and a two-
stage burner when vortex burners are arranged on one side wall
of the boiler. Each of these burners’ arrangements, which to
some extent depend on the boiler's performance, has its disad-
vantages and advantages. However, experience in operating
boilers with different burner configurations and analysis of op-
eration of furnaces for boilers burning Ekibastuz coal have
shown that a more promising layout seems to be the opposed
arrangement of the vortex burners, which ensures high stability
of the combustion process [1, 154-156, 158, 162, 175].

The furnace chamber of the BKZ-420 boiler has the appear-
ance shown in Fig. 16. Pulverized fuel is supplied to the com-
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bustion chamber through the burners by a stream of air. For
this purpose, combustion chamber is equipped with 12 turbu-
lent burners located along the same line on the side walls of the
boiler, 6 burners opposite of each other. BKZ-420 boiler is the
main boiler for many CHPPs. There are 300 MW 16 boiler
units and 9 500 MW boiler units with such furnaces [1] in Ka-
zakhstan. In order to increase gas velocity in the upper part of
the furnace unit, and thus reduce contamination of screens, the
side walls of the chamber draw together upwards.

Figure 16 — Furnace chamber diagram
(BKZ-420-140 boiler plant)

The boiler's capacity is 67 347 kg/h. Then the air flow
through each burner can be determined by the following for-
mula:

Vi= 0:VoBi= 1.05 x 4.508 x 5612.25=26565 nm®/hour,

where a=1.05 is the excess air factor in the burner, V,=4.508

nm3/kg is the theoretical required air volume for combustion of
1 kg of fuel. Air supply speed from the bottom is determined
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from the condition that the blow is 10% of the total amount of
air blown into the combustion chamber. Technical characteris-
tics of the BKZ-420-140 boiler and the initial data for model-
ing and optimization of Ekibastuz coal combustion process are
given in Table 4, and composition of coal - in Table 6. In nu-
merical calculations, a grid of 33x14x28 was used, which
amounts to 12 936 reference volumes.

Table 4
Characteristics of the combustion chamber of BKZ420
boiler
Value Name Desig- | Dimen- | Value
nation | sion

1. Fuel consumption B kg/hour | 67 347
2. Fuel consumption though a| B kg/hour | 5612.25
burner
3. Fuel calorific value QPn | kCal/kg | 4050
4. Boiler capacity Q kw 319196
5. Furnace depth A m 9,024
6. Furnace width B m 15,744
7. Furnace height H m 20,9
8. Number of burner tiers Nap unit 1
9. Number of burners Zr unit 12
10. Burner diameter D: m 1.05
11. Coal-air temperature ta o0C 110
12. Air temperature in the burn-|  t, oC 350
ers
13. Excess air ratio in burners Or 1.05
14. Air velocity at the burner| V: nm/s 8.531
outlet m/s 19.468
15 Speed of the circumferential| V, nm/s 6.8
velocity component in the burner m/s 15.518
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Table 5
Fuel Characteristic

EKIBASTUZ COAL

Composition | W* | AP |SP|cP |HP |oP |NP [vP |Q°H/10°
and character- (kJ/kg)
istics of fuel

Contents (%) (8.0 |36.8]/0.8{44.2(2.9 6.5 0.8 |30 |1.697

3.2 Numerical study results

The results of the numerical experiment are shown in Figs.
17-46. Swirl jets that supply fuel through counter-nozzles of
burners located in the (X, Y) plane at z = 7.81m create a volu-
metric vortex flow in the middle part of the furnace with an
outlet to the directed "channel™ flow between the adjacent side
walls in the upper part of the furnace at Z = 14.650m. The ve-
locities around the corners are small, except for the lower edge
of the funnel Z = 0, Y = 4.512m, through which cold air is
sucked.

Below the plane of the burners, 3<Z<7.81m, the flow from
the burners along with the air sucked from the lower edge of
the funnel to create counter vortices with high velocities down
in the (X, Y) plane and small circumferential velocities in the
(Y, Z) plane. Under these vortices in the bottom region of the
chamber (in its funnel at 0<Z<3m), one can see the flow up-
wards near the (X, Z) symmetry plane at Y = 4.512 m. Thus,
the maximal convective transfer in the considered chamber de-
sign is observed in the plane of the fuel mixture supply and in
the symmetry plane along the depth of the furnace. This nature
of the velocity field determines the established picture in the
chamber volume: the maximum combustion is observed in its
central part.
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Fig. 17-28 provides the profiles of the maximum, minimum
and average cross-section (X, Y) values of the values
calculated for each value of Z = const. Thus, Fig. 17, where
distribution of such values for the pressure over the boiler
height is given, a sharp increase in the pressure in the fuel and
oxidizer supply area and a gradual increase in pressure along
the way to the exit from the boiler plant can be seen. True pres-
sure is: Py = P+10° (Pa).

Figure 18 shows distribution of the maximum, minimum
and average cross-sectional (X, Y) theoretical and experi-
mental temperature throughout boiler height. The minima on
all the curves are related to the low temperature of the air and
fuel mixture entering this area of the combustion chamber
through the burners. Comparison shows good compliance with
experimental data. The temperature at the furnace outlet is
about 1200°C, and the greatest differences in the calculated
values from the experimental values are observed in the core
flame region. The gas at the top of the furnace is higher than
the estimated temperature level, as noted in the monograph [1],
with impeded conditions for igniting the Ekibastuz coal flare
due to its high ash content and deteriorated heat exchange in
the furnace, which is possibly determined by screen contamina-
tion caused by it being covered with an ash bed.
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Figure 17- Distribution of pressure throughout the
combustion chamber height

2000
1500

1000

T, OC

500

[o] 5 10 15 20 25

1-minimum, 2-average, 3-maximum values;
line-calculation, *-experiment

Figure 18 - Temperature distribution throughout the com-
bustion chamber height
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Distributions of the maximum, minimum and average val-
ues for the carbon dioxide concentration (X, Y) CO; (carbon
dioxide), CO (carbon monoxide), oxygen O2 and methane CH4
throughout the height of combustion chamber are shown in
Figures 19-20. The maximum reached by CO (Fig. 19) and
CHas (Fig. 20) curves is in the area of the burners’ location,
where the formation of carbon monoxide occurs in the course
of chemical reactions between the fuel and the oxidant. In the
output of the boiler plant, CO2 concentration is approximately
19% at a rate of 16-18%, (Figure 20), the CO concentration is
about 0.4%, methane CH4 is 0.2%, which is below the permis-
sible limit. The maximum O values in Figure 21 correspond
to air supply through the cold funnel (H = 0) and through the
burners.
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Figure 19 - Distribution of CO concentration throughout the
combustion chamber height
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Figure 20 - Distribution of CO2 concentration
throughout the combustion chamber height
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Figure 21 - Distribution of Oz concentration
along the combustion chamber
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Figure 22 - Distribution of methane CH4 concentration
throughout the combustion chamber height
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Figure 23 - Distribution of H20 concentration throughout
the combustion chamber height
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Figure 24 - Distribution of ash concentration throughout the
combustion chamber height
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Figure 25 - Coke concentration distribution throughout the
combustion chamber height
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Figure 26 - Distribution of kinetic energy
turbulence throughout the combustion chamber height
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Figure 27 - Distribution of energy dissipation throughout the
combustion chamber height
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Figure 28 - Distribution of Qcrem chemical energy through-
out the combustion chamber height

Analysis of the graphs shown in Fig. 23-28 shows that the
most abrupt changes that all the curves undergo in these figures
take place in the locations of the burners, through which both
fuel and air are supplied. It is in this area of the combustion
chamber that the core of the flame is located, where the most
intense chemical reactions occur between the fuel carbon and
the oxygen of the oxidant, with the generation of both CO; and
CO, H20 (Fig.23), ash (Fig. 24), coke (Fig. 24), with the high-
est emission of heat Qchem (Fig. 28) and the highest level of
turbulence (Fig. 26, Fig. 27).

It is obvious that the greatest discrepancy with experiment
(Fig. 18, 20-21) is observed in the area of ignition and combus-
tion of volatile substances. One of the main reasons for this is
determination of combustion rate of gases using a one-stage
pyrolysis model, which uses a number of kinetic constants for
the entire temperature range. However, it should be noted that

91



the change in the pyrolysis parameters and combustion model
does not have a significant effect on the simulation results [67].
The results of calculation here are quite in line with the exper-
imental measurements. Thus, we can conclude that the version
of the mathematical model that we use is suitable for the calcu-
lation of the formation of harmful substances and can be used
to calculate the currents in furnaces of operating boiler units.

Fig. 29-30 show the temperature distributions along the first
two burners along the x axis, for two values of the y coordinate
(0.54m and 4.6m in the depth of the furnace) in the section of
the boiler at the burners level of the (z = 7.5 m). The sharp
drop in temperature (Fig. 29) on the curve at y = 0.54m (near
the burner nozzle) takes place in the area where cold air mix-
ture enters and then sharply reaches a maximum in the area of
combustion space between the burners.
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Figure 29 - Temperature distribution across the width of the
chamber in the area of the first two burners
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Figure 30 - Temperature distribution across the width of the
chamber in the area of the first two burners
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Figure 31 — O> concentration distribution throughout the
chamber width in the area of the first two burners
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Figure 32 — O, concentration distribution throughout the
chamber width in the area of the first two burners
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Figure 33 — CO> concentration distribution throughout the
chamber width in the area of the first two burners
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Figure 34 — CO> concentration distribution throughout the
chamber width in the area of the first two burners

1.06
1.04

1.02

CO, %

1.00

0.98

0.96
0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20

X, m
In-depth section of chamber y=4.6m
line - theory, *-experiment

Figure 35 — CO concentration distribution throughout the
chamber width in the area of the first two burners
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Figure 30 shows the temperature curve at the furnace axis,
i.e. at a distance y = 4.6 m into the furnace depth. Here, far
from the nozzle section of the burner, the curve has a different
temperature character, namely, the temperature on the jet axis
increases as it moves to the center of the combustion chamber
(see diagram in Fig. 37). The experimental data presented in
Fig. 29-30, obtained directly from the Pavlodar CHPP, indicate
a good agreement with the calculated data of the computing
experiment.

This also fully applies to the calculation results of concen-
trations of Oz, CO2 and CO in the above sections of the com-
bustion chamber (Fig. 31-35). Near the burner hood, the great-
est changes in temperature and concentrations of Oz, CO.and
CO are observed. The difference in the results of numerical
simulation and experimental data does not exceed one percent.
This implies sufficient reliability of our proposed mathematical
model describing convective heat and mass transfer when
burning solid fuel in a particulate form in the combustion
chambers of boiler plants and a program for calculating the
turbulent characteristics of this process. Calculated values of T,
02, CO2 and CO in the cross section located in the range of the
chamber burner position (Z = 7.5m) were determined using the
diagrams presented in Fig. 17-36.

3.3 Results of the study of the effect of operating param-
eters on heat and mass transfer in the combustion chamber

When boilers operate, it is often necessary to turn off part of
the burners due to the shutdown of the pulverized-coal system.
In this work, this situation was modeled (hereinafter referred to
as "emergency") in order to see how the ignition conditions
have changed. However, the results of a numerical experiment
will offer an optimal mode of shutting down the burners and
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supplying air therein, which would not affect conditions of ig-
nition and burning out of the flare.

For example, Figures 36-42 present distribution of the aver-
age temperature T across the cross section and concentrations
of O, CO and CO2 along the furnace for two modes of opera-
tion: the basic mode, when all the burners are working (full
load of the fuel boiler according to Table 1), and, say, "emer-
gency" mode, when for one reason or another it is necessary to
disconnect the burners 1, 3, 5.

Despite the fact that coal is not supplied to these burners,
30% of the previously supplied air is supplied to them in the
computing experiment. It is customary to do this on full-sized
boilers in order to prevent burnout of the outlet part of the
burners. The qualitative nature of temperature distribution and
concentrations of O, CO and CO. does not change for these
two modes.

However, it should be noted that if the flare ignition did not
affect the boiler loading mode, the burner shutdown resulted in
a general decrease in the temperature level in the furnace unit,
which led to a decrease in the temperature at the outlet from
the combustion space by 73°C (curve 2 in Fig. 36). It can also
be noted that the comparison with the experimental data pro-
vides a greater difference for the temperature distribution in the
"emergency" mode.
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Figure 36 - Mean temperature T distribution along the com-
bustion chamber for two boiler load options
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Figure 37 - Distribution of O concentration throughout the
combustion chamber height for two boiler load options

98



0.25

0.20

o
X
~\.0.15
o
X

S 0.10
(&
0.05

0.00
0.00 5.00 10.00 15.00 20.00 25.00

H, m
1, o - all burners are in operation; 2, A - burners 1, 3, 5 are
closed, line - theory, o, A - experiment

Figure 37 - Distribution of CO2 concentration throughout
the

combustion chamber height for two boiler load options

As for Oz concentration, switching off the burners for fuel,
which means a reduction in the boiler load, should lead to an
increase in the air excess ratio, and consequently also to an in-
crease in the oxygen concentration (curve 2 in Figure 37) at the
furnace outlet. This is confirmed by both experimental and cal-
culated data presented in this figure. On the contrary, for obvi-
ous reasons the decrease in fuel supply reduced the CO concen-
tration (curve 2 in Fig. 39) and CO- (curve 2 in Figure 38), the
latter being verified by experiments on the operating boiler,
both generally for combustion space, and at the outlet.
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Figure 39 - Distribution of CO2 concentration throughout
the combustion chamber height for two boiler load options
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Figure 40 - T temperature distribution for two
modes of boiler operation at its nominal load
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In Fig. 40-42 presents results of simulation of production
situation when the boiler is operating in nominal mode, but
fuel in the burners is distributed unevenly: burners 1, 3, 5 are
closed to fuel, which is transferred to burners 2,4,6. In this op-
tion we have an undesirable eccentricity of fire in the fuel
chamber. The above figures make a comparison with the basic
version, determined by the data in Table 6, when all the boiler
burners are operating. Analysis of the graphs presented in Fig.
40-42 showed that the greatest difference in temperature for the
two options (curve 1-basic, curve 2-fuel eccentricity Fig. 40) is
observed in the body of flame, and it is almost the same at the
boiler outlet. In turn, output CO concentrations (curve 2 in Fig.
41) and O (curve 2 in Fig. 42) decrease in comparison with
the base mode, although they behave differently inside com-
bustion chamber: CO concentration is greater and Oz is less
than their values in the base mode (curves 1).
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1- all burners are in operation; 2 — fuel from burners 1, 3, 5
was transferred to burners 2, 4 and 6

Figure 41 - CO concentration distribution for two
boiler operation modes at its nominal load
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Figure 42 — O concentration distribution for two
boiler operation modes at its nominal load

All the experimental data given in this section were ob-
tained in field experiments conducted directly by the staff of
the KazNllenergiki at the operating boiler BKZ-420-140 of
Pavlodar CHPP and are presented in their works [1, 176-180].
Unfortunately, it was impossible to compare all the process
characteristics of convective heat and mass transfer taking into
account combustion and chemical reactions obtained at this
boiler as a result of the computing experiment conducted in the
present paper. Lack of experimental data on some characteris-
tics of the combustion process is due to inability to obtain them
practically.

In this sense, the importance and convenience of numerical
modeling of complex phenomena that occur in combustion
chambers are quite obvious. As a result of the computing ex-
periment at BKZ-420-140 boiler, an extensive databank of var-
ious characteristics of combustion process was obtained in this
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paper, including aerodynamics, temperature, pressure, concen-
trations field of both gas and solid composition of combustion
products, turbulent characteristics (kinetic energy of turbulence
and energy dissipation), energy released by chemical reactions
for various loads and modes of operation.

Analysis of the results obtained in this section showed that,
except for the region of ignition and combustion, the discrep-
ancy between the calculated and measured temperature and
concentration distributions at the CHPP is quite acceptable.
Although the neglect of two-phase effects and simulation of
pulverized coal as a monodisperse phase presents a rough sim-
plification for regions with a high solid fuel loading (burner
hood region and core flame), the nature of the distribution of
velocities, temperature, pressure and concentrations is never-
theless simulated quite well. The results obtained will un-
doubtedly help optimize the combustion of fuels relative to ef-
ficiency and minimization of harmful emissions and create
power plants using "clean” and efficient coal.

Control Questions:

1. What is a BKZ -420 boiler?

2. How many burners does combustion chamber of BKZ-
420 boiler has? How are they arranged?

3. How to determine air flow rate through the burner?

4. What are the dimensions of the furnace chamber of the
BKZ-420 boiler?

5. What is the composition of Ekibastuz coal?

6. How are the pressure and temperature in the combustion
chamber distributed?

7. What is the "emergency mode" in the operation of com-
bustion chamber?

8. How does the burner shutdown affect the temperature in
the combustion chamber?

103



4 SIMULATION OF OPTIMAL COMBUSTION
MODES FOR PULVERIZED COAL FUEL USING THE
EXAMPLE OF EKIBASTUZ GRES [181-186]

4.1 About the problem of reduction of nitrogen oxides
NOx

While protection of the atmosphere against PM emissions
has been successful, it is much more difficult to deal with gas
pollutants, and especially with NO. and SO». This is because
before 1950-1960, research and work on the protection of the
atmosphere from TPP emissions were carried out for solid pol-
lutants and sulfur dioxide, and a number of TPPs were created
subject to compliance with the MPC only for these pollutants.
In our country, a requirement has been adopted, according to
which total concentration of nitrogen oxides, sulfur and carbon
monoxide was determined from the following condition:

C C
so. 4 NO. Cco <1
K 50 HAK o K o

Carbon monoxide appears as a result of an incomplete oxi-
dation reaction of slag carbon and volatile coal particles evapo-
rating. Generation of carbon monoxide depends on the temper-
ature and oxygen concentration in the reaction zone and can
therefore be reduced by an increased excess of air and high
temperatures. However, this in turn results in an increase in the
formation of nitrogen oxides NOx.

Nitrogen oxides, the maximum permissible concentration of
which is 6 times lower than for sulfur dioxide, are now they are
recognized to be the most toxic pollutants of the atmosphere. It
is believed that the emissions of nitrogen oxides (NOx= NO +
NO3), generated during combustion, contribute to the oxidation
of atmospheric precipitation, photochemical air pollution and
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depletion of the ozone layer. Nitric oxide (NO), which is more
than 90% of the total amount of its oxides emitted by the com-
bustion devices, is oxidized further in the atmosphere to NO..
Thus, one of the urgent tasks in the development of new and
operation of existing combustion devices is to reduce the con-
centration of nitrogen oxides in combustion products.

Basically, there are two sources of formation of nitrogen ox-
ides during combustion of hydrocarbon fuels. First of all, they
are formed due to fuel nitrogen oxidation (up to 90%). This is
the so-called "fuel NOy". This reaction can be affected by oxy-
gen concentration and temperature in the reaction zone, the
time of gas residence in the high-temperature zone. At  tem-
peratures above 1300°C, oxidation of nitrogen in the air takes
place - "thermal NOx" [187].

The regularities in the formation of air NOy in the combus-
tion of gas mixtures were studied most extensively by Ya.B.
Zeldovich and others [118]. It was shown that the reaction of
generation of nitrogen oxide from nitrogen and air oxygen has
a thermal nature and activation energy of this reaction is very
high E=129000 kcal/mol. To date, there are many studies on
the mechanism of generation of "fuel" NOy [155, 167, 188-
217].

Thus, the author of works [155, 188-189] showed that when
coal is burned, fuel nitrogen is distributed between volatiles
and coke. Part of the nitrogen subsists in coke due to carbon in
fly ash to the very end of the furnace. The proportion of nitro-
gen oxides generated from coke is relatively small and amounts
to about 20%. For the most part fuel nitrogen oxides are gen-
erated from fuel nitrogen volatiles. The mechanism of this pro-
cess is understudied, but it is known that was in a complex re-
action, the fuel nitrogen released during pyrolysis is oxidized
or reduced, and NOx generation process proceeds simultane-
ously with the process of its reduction to Na.
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It was noted in [167] that no further NO oxidation occurs
during movement along the gas path of the boiler. After it exits
chimney into the atmosphere, the main part of NO over a rela-
tively short period of time under the exposure to oxygen from
the surrounding air passes into NO> according to the following
reaction: 2NO+0>,—2N0O>+188 J/mol. Based on the experi-
mentally established fact that atomic nitrogen is generated in
the reaction zone at high temperatures, whose amount is sever-
al times greater than the amount of atomic oxygen produced as
a result of thermal dissociation of atmospheric oxygen, the fol-
lowing nitrogen oxides generation mechanism can be repre-
sented as follows: O+N2<>NO+N; N+O02<>NO+0O. However,
atomic oxygen is generated in a significant amount in the in-
termediate stages of the combustion reaction of hydrocarbons
and carbon dioxide. Figure 43 shows the conversion scheme
for nitrogen-containing compounds adopted during coal com-
bustion [194-195].
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Figure 43 - Scheme of transformation of nitrogen-
containing
compounds during coal combustion
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Various methods for suppressing the generation of nitrogen
oxides during combustion have been developed and it has been
shown that there are two methods to reduce NOx emissions: by
changing the burning technology and by cleaning gases after
combustion. Changes in combustion technology include the
use of burners with low NOyx emissions, staged fuel combus-
tion, preparation of low-grade coals for combustion, recircula-
tion of flue gases, etc.

Preparation of fuel for combustion is based on the intensifi-
cation of combustion of low-grade coals in steam generators
using partial or complete gasification of fuel. One of the pro-
gressive methods is the method of pulse initiation of pulverized
coal streams combustion by AC plasma jets, associated with
the thermochemical preparation of high ash content coals and
plasma processing of low-grade energy coals. Works [217-224]
are devoted to such studies.

It was shown in work [217] that recirculation of gases and a
decrease in the temperature of core flame, where the main
source of NOy is air nitrogen, are ineffective if the main source
of NOx is fuel nitrogen. Two-stage combustion is one of the
effective ways of burning NOx, where the burner operates with
a reduced air excess (or even with lack of air), and the missing
part of the combustion air is supplied behind the zone of gen-
eration of most of NOx.

This causes a decrease in the ignition zone of the flare oxy-
gen concentration and mass transfer rate in the gas phase due to
a decrease in secondary air velocities at the burner outlet.

The authors of work [191] argue that the widely used meth-
od of suppressing nitrogen oxides during combustion of gase-
ous fuels by introducing recirculation of flue gases into the ig-
nition zone proves to be ineffective when burning solid fuels.
Staged combustion seems to be more promising, and it can be
arranged in various ways. For example, fuel redistribution in
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tiers or rows of burners. Such a scheme is used in furnaces
with corner burners [192] and is recommended in a circular
furnace [190, 193]. Or it is possible to arrange staged combus-
tion by applying a reduced air excess to all the main burners
and injecting the missing air upstream of the flare. Based on
the analysis of the work presented above, it can be concluded
that staged combustion is one of the most effective ways to re-
duce "fuel NOx™ in the combustion of solid fuels as in flaring
high-ash coals, the bulk of NOx (up to 80%) is generated at the
initial flare section, i.e. in the volatiles outlet and ignition zone.
Therefore, the main condition for reducing the rate of NOx
generation reaction is a decrease in the oxygen concentration in
this zone. In addition, collision of opposite flares enhances heat
and mass transfer and intensifies the combustion process.

4.2 Characteristics of furnace chamber of PK-39 boiler

This section presents the results of simulations of convec-
tive heat and mass transfer in the staged combustion of pulver-
ized coal fuel. The entire computing experiment was per-
formed for the PK-39 boiler to a 300MW block 0, with a steam
output of 475 t/h. Boiler is installed at Aksu power station
(formerly Ermakovskaya GRES). Fig. 44 is an overall diagram
of the combustion chamber of this boiler. The boiler top is
equipped with 12 swirl three-channel burners.

The burners are arranged opposite to each other in two tiers
of 6 burners each and have two sizes that ensure different air
ratio therein: bottom tier o=1.4, upper tier a,=0.9. Fuel in
tiers is distributed equally (hnominal mode for the base version),
the cold funnel slot has the following dimensions: (0.836 x
5.50) m?, height of the funnel: 5.335m.

A detailed description of the boiler characteristics, its di-
mensions, number and location of burners, productivity, air
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temperature, air mixtures and walls, etc., as well as coal data
used for numerical simulation, are presented in Table 6.

To intensify the ignition, air is supplied to the chamber in
such a way that the oxygen contained therein reacts gradually.
Usually, for this purpose, all air is divided into primary, sup-
plied in a mixture with coal dust, and to the secondary, sup-
plied separately from the primary through the same burners or,
less often, apart from them. Part of the primary air is used to
dry fuel in the pulverized-coal system. Consequently, primary
air is used for three purposes: as a drying agent, for transport-
ing dust into the furnace and as one of the reagents of the flame
fuel.

Figure 44 — General layout of combustion chamber

Data on the recommended proportion of primary air that
were obtained from the experience of long-term boilers opera-
tion are given in [167]. The greater the reactivity of the fuel is,
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the more volatile combustibles it has in it, and the more perfect
is the burner and furnace devices and the better is combustion
process, the larger the proportion of primary air should be tak-
en. Work [227], where the effect of oxygen content on the igni-
tion of a vortex flare is considered, shows that a decrease in the
oxygen content in secondary air significantly worsens the
flame ignition conditions, while length of the core flame in-
creases and the maximum temperature decreases.  Table No.
6 shows the rates of primary and secondary air supply by tiers
for the boiler plant under consideration. For numerical simula-
tion we used a 16x33x41 grid, which is 21 648 control vol-
umes (see Figure 45).

The basic conditions for the correct arrangement of the
combustion process are determined to a certain extent by aero-
dynamics of the furnace space, which in turn depends on the
shape and dimensions of combustion chamber, as well as on
the design, operating modes and layout of burners.

A distinguishing characteristic of flows in a vortex flame
with strong whirling is the occurrence of a counterflow in the
near-axis region of the jet near the nozzle (Fig. 46). As is well
known, presence of a reverse currents zone of flue gases, simi-
lar to a wake behind a poorly streamlined body, plays a major
role in the flame stabilization phenomena (see, for example,
[166], as heat content of these gases determines the warm-up
of the fuel, the release of volatiles and their ignition.

The farther from the burner mouth the formation of a zone
of axial reverse currents will begin, the greater will be the
probability that high-temperature flue gases will enter it. In this
case, not the entire jet is warmed-up, but only the layers that
are located near the boundary of the axial reverse currents
zone. Heat from combustion of volatile and fine coke residue
fraction in this region goes towards warm up of adjacent layers
of the fuel-air mixture, etc.
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Table 6

Characteristics of combustion chamber of PK-39 boiler

Ne | Description, characteristic and di- Designa- | Bennuu-
mensions tion Ha
1. |Fuel consumption rate per boiler, B 87 500
kg/h
2. | Fuel consumption rate per burner, B.=B/Z| 7291.1
kg/h
3. |Fuel - Ekibastuz coal, wP 7.0
Coal composition, % AP 40.9
S p
P 0.8
c 411
HP 2.8
oP 6.6
P
N 0.8
4. | Calorific value, MJ/kg p 15.87
5. | Volatile content, % VvF 30.0
6. | Coal particles diameter, m-10° dpar 30.0
7. | Excess air factor at the furnace outlet Or 1.25
8. |Excess air factor at the burners Or 1.15
9 | Airinflow into combustion chamber Ao 0.1
10. | Air mix temperature, °c(x) T, 150(423)
11. | Secondary air temperature, °c(x) T2 327(600)
12 | Tertiary air temperature, °c(x) T3 327(600)
13. | Wall temperature, °c(x) Ty 600(873)

111




Table 6 (continued)

1 2 3 | 4

14. | Type of burners used vortex

15. | Number of burner, unit Ng 12

16. | Number of tiers, n 2

17. | Furnace height, m z(H) 29.985

18. | Furnace width, m y 10.76

19. |Furnace depth, m X 7.762

20. | Primary air velocity (air-fuel mix- W, 15.0
ture) of the bottom tier burners, m/s

21. | Secondary air velocity of the bottom W, 28.0
tier burners, m/s

22. | Tertiary air velocity (air-fuel mix- W, 26.0
ture) of the bottom tier burners, m/s

23. | Central air velocity (air-fuel mixture) W, 10.0
of the bottom tier burners, m/s

24. | Primary air velocity (air-fuel mix- W, 15.0
ture) of the upper tier burners, m/s

25. | Secondary air velocity of the upper W, 23.0
tier burners, m/s

26. | Tertiary air velocity (air-fuel mix- W, 23.0
ture) of the upper tier burners, m/s

27. | Central air velocity (air-fuel mixture) | W, 10.0
of the upper tier burners, m/s

28. | Size of the bottom tier burners. m %) 1.2

29. | Size of the upper tier burners. m %) 1.05
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Vortex burners, based on their operating principle, can be
considered individual. In the furnaces in which they are used,
flame ignition and the burnout process are mainly organized
with the help of the burners themselves and, to a lesser extent,
by their layout in the furnace. Therefore, operation of the fur-
nace, in particular at the initial section, can be experimentally
investigated at a testing facility with a single burner.

Obtaining the aerodynamic characteristics of an individual
flame and the flow of gases in combustion chamber makes it
possible to estimate with a sufficient degree of approximation
the efficiency of the combustion process organization and use
this data in numerical simulation. And since in the level section
of the flare (2-3 burner diameters) it can burn up to about 90%
of the fuel, in mathematical simulation of convective heat and
mass transfer processes in combustion chambers, it is very im-
portant to correctly set the initial and boundary conditions on
the velocity that would correspond to the combustion scheme
adopted for the boiler.

In numerical simulation to determine boundary conditions
for the velocity at the output section of the burner we used pro-
files obtained on isothermal and firing stands with a vortex
three-channel burner [181, 228]. Figure 47 shows these profiles
of the velocity vector components (u, v, w), referred to Wo
(average consumption velocity) and obtained during experi-
mental studies of aerodynamic structure of isothermal flare on
the model (scale 1:20) of the PK- 39-1I.

113



/

>}

Figure 46 - Flow pattern in the vortex burner flame

When carrying out computing experiment, as in the previ-
ous sections, the effect of chemical reactions on velocity and
temperature fields was only taken into account for integral
models of chemical reactions. When considering reaction-
kinetic models, the velocity and temperature fields were pre-
liminarily calculated, which determine the convective and dif-
fusion fluxes. After this, the equations for components of sub-
stances were solved.

The equations for the components were solved separately
from the definition of the velocity and temperature fields with
constants at each iteration by turbulent and convective
transport factors. The source terms in these equations are de-
termined from the solution by Gear method of a nonlinear sys-
tem of ordinary differential equations describing changes in the
concentrations of the corresponding components.
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Figure 47 - Experimental dimensionless profiles of u, v, w
components of the velocity vector at the burner outlet

Below are the results of numerical simulation of the burning
process of high-ash Kazakhstan coal from Ekibastuz coal basin
in the furnace of PK-39-11 steam boiler of the Aksu Electric
Power Station.

4.3 Results of numerical experiment

Figure 48 shows full velocity vectors in the transverse and
longitudinal sections of the boiler. In the cross section, which
falls on the lower stage burners (H = 6.84 m), it is shown how
the air mixture is fed, and the longitudinal section of the cham-
ber (y = 1.83) allows you to see how it flows through the fur-
nace tiers. A rough decomposition of the computational do-
main, conducted with the aim of saving core memory, leads to
the appearance of mild backward current regions.
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Figure 48 Full velocity vector field

Figure 49 shows distribution of the maximum, minimum
and average temperature in the sections (X, Y) along the height
of the boiler. Experimental data are also plotted here. The min-
ima on all the curves have to do with the low temperature of
the fuel air mixture (150°C) entering this area of combustion
space through the burners.
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Figure 49- Temperature distribution throughout
combustion chamber height
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Figure 50 - Distribution of O2 concentration along the com-
bustion chamber
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Large discrepancies in the calculated and experimental val-
ues for the temperature are observed in the region of ignition
and damping. Excessive calculated values of the temperature in
this region were also obtained in [61, 66-67, 77, 129].

This can apparently be explained by the fact that increased
heat release is established due to the assumption of complete
combustion of carbon and neglecting the endothermic recovery
of carbon dioxide in coke, which leads to an increase in tem-
perature. At the same time, with the increase in temperature,
the release of volatiles from coal is accelerated.

The burnout pattern is shown in Fig. 50-55 by curves of
changes in the concentrations of oxygen, carbon dioxide COa,
carbon monoxide CO, methane CHa, coke, ash, H.O. Analysis
of these graphs shows that the main gas generation in the flare
occurs in the burners’ belt, which is typical for almost all types
of combustion chambers. The minimum of CO: falls at the
maximum of the velocities. It can be seen from Fig. 50 that the
greatest discrepancy with experiment is observed in the region
of ignition and combustion of volatile substances. One of the
main reasons for this is determination of combustion rate of
gases using a one-stage pyrolysis model, which uses a number
of kinetic constants for the entire temperature range, in contrast
to the two-stage pyrolysis model, where these constants have
different values in the range of different temperatures.
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Figure 50a - Distribution of CO> concentration along
combustion chamber
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Figure 51 - Distribution of CO concentration along
combustion chamber
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Figure 52 - Distribution of CH4 methane concentration
along the combustion chamber
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Figure 53 - Distribution of H20 concentration along the
combustion chamber
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Figure 54 - Distribution of ash concentration along
combustion chamber
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Figure 55 - Distribution of coke concentration
along the combustion chamber
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Analysis of the graphs in Fig. 50-55 shows that the burning
rate decreases at the top of the camera. The distribution pattern
of all the concentrations given in this section is modeled fairly
well and coincides with those given in the literature. With the
exception of the area of ignition and combustion of volatile
substances, the discrepancy between the calculated and meas-
ured concentrations distribution is quite acceptable. It can be
noted that regions with the greatest discrepancy coincide with
areas of high concentrations of carbon monoxide (Figure 51).
We note that experimental profiles correspond to the boundary
condition at the furnace outlet, adopted in the model used in
this paper.

The curves in Figs. 56 and 57 illustrate the nature of the
change in kinetic energy of turbulence Te and the energy Qchem,
which is released as a result of chemical processes occurring in
the furnace. The nature of their changes along the furnace
space presented in these figures is quite logical and is associat-
ed with the greatest intensity of all processes near the core
flame. In the flare, distribution of turbulent velocity pulsations
along the axis is complex. Near the nozzles of the burners,
sharp intensity maxima of the turbulent velocity pulsations are
observed in the distribution (Fig. 56), however, the subsequent
removal from the nozzle in the region from the burners is ac-
companied by an abrupt drop in the intensity of pulsations and
attenuation of chemical reactions.

Fig. 58-61 gives distribution curves of quantities character-
izing generation of NOyx from nitrogen-containing substances.
Thus, Fig. 58 shows distribution of the maximum, minimum,
and average values of NOx concentrations, and Fig. 59 - the
change in NH3 ammonia concentration along the height of the
boiler furnace. All these values have a maximum in the burner
region. The conclusions of work [189] are confirmed that, the
nitrogen of the fuel is released primarily at the initial section of
the flare. This indicates the role of nitrogen fuel in the for-
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mation of nitrogen oxides. At the output, only "traces” of NH3,

and the corresponding MPC concentrations of NOy are ob-
served.
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Figure 56 - Distribution of Kinetic energy
turbulence along combustion chamber
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Figure 57 - Qchem distribution along combustion chamber
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Figure 58 - Distribution of NOx concentration along com-
bustion chamber
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Figure 59 - Distribution of concentration
NHz along combustion chamber
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Figure 60 - Dependence of NOx concentrations at the fur-
nace outlet on the excess air factor in burners o
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Figure 61 - Dependence of O2 concentrations at the furnace
outlet on the excess air factor in the furnace ar

126



The change in the excess air factor significantly affects
combustion process in the furnace volume. The level of nitro-
gen oxides at the furnace outlet basically depends on the excess
air factor at the outlet of the operating burner. Figure 60 shows
the dependencies of NOx concentrations at the boiler plant
output on the excess air factor in burners o, obtained as a re-
sult of numerical simulation (line 1 and triangles) and meas-
urements made directly at the power plant (line 2 and aster-
isks). The level and dependence of NOx concentration on o are
of the usual form.

Dependence of oxygen concentration at the outlet from the
combustion chamber on the excess air factor in the furnace ar
and comparison with the experimental data obtained at Erma-
kovskaya GRES is illustrated in Fig. 61. Analysis of the pre-
sented graphs shows that the results of simulation and experi-
ment are in a not-bad compliance, and distribution of nitrogen
oxides along the length of the torch and the level of oxide
emissions in it are close to industrial conditions.

Typically, in the combustion chambers, a small dilution is
maintained to prevent gas puffing into the boiler room. In the
following after the furnace flue gas boiler is set a vacuum, ex-
ceeding the vacuum in the furnace. Therefore, through leaks in
the metal coating and boiler lining, there is a suction of atmos-
pheric air through manholes and inspection holes into flues un-
der negative pressure. Due to the suction cups, the volume of
combustion products taking place in gas flues increases. The
paper [167] lists the recommended air inflows in proportions of
the theoretically required amount of air in the serviceable con-
dition of coating and lining of boilers.

The role of the suction cups is shown in Fig. 62, where his-
tograms of boiler outlet NOx concentration values for the same
values of excess air factor in burners o are given, but for dif-
ferent suction values in the furnace A¢. It can be seen that an
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increase in suction cups Aq increases the overall excess air in
the furnace, and this in turn leads to an increase in the genera-
tion of nitrogen oxides.

op=1 05 tip=1,15

Figure 62 - Values of NOx concentrations of (mg/mN?3) at
combustion chamber outlet for various suction cups Aa. in the
furnace

Comparative analysis (in numbers) of the results of numeri-
cal simulation and experimental data for the concentrations
NOx [mg/Nm?] at the outlet from the boiler plant for different
values of the excess air factor in the burners o and the depend-
ence of the O concentration [%] on the air excess factor in the
furnace o is shown in the form of histograms in Fig. 63-67.
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Figure 67 - Calculated and experimental values
of O, concentrations at combustion chamber outlet

At the existing CHP plants there are sometimes situations of
scheduled or emergency stopping of one of the pulverized-coal
system, as a result of which some burners must be shut off.
This situation has been simulated in the present work for the
case of turn off of the upper or bottom tier burners. Figure 68
shows how temperature distribution along the furnace axis
changes in case of its operation in "bottom tier mode" (all up-
per tier burners are off - line 1) and in "upper tier mode" (bot-
tom tier burners are off - line 2).
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Figure 68 - Temperature distribution over combustion
chamber height (simulation)

The nature of any change in the curves is completely con-
sistent with the description given in [1] for these two furnace
operating modes. Quote: "When the load decreases and all
lower burners are turned off, the temperature in the lower part
of the furnace drops, and the temperature level along the length
of the flare somewhat decreases. However, at the furnace out-
let, the temperature of the gases, despite the reduced load, re-
mains approximately at the same level. This testifies to the suf-
ficient effectiveness of such a method of maintaining the de-
gree of superheating at reduced loads. This mode "results in
delayed ignition and a decrease in the value of the maximum
temperature in the core flame". In the case of the bottom tier
mode, we have a faster rise in temperature at the initial flare
section and earlier decrease in temperature in the core flame.
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Since this work [1] describes an experiment on another
boiler, we can speak of a good qualitative coincidence of the
calculated curves with the experimental ones.

1500
1450
1400
QO 1350
(@]
— 1300

1250

o - bottom tier mode, A - upper tier mode

Figure 69 - Temperature distribution over combustion
chamber height (experiment [229])

Fig. 69 shows the results of experimental studies [229] of
the bottom and upper tiers conducted on the fire model of the
PK-39 boiler; however, for other burners and other coal char-
acteristics. However, analyzing the course of the temperature
curves in Fig. 68-69 we can note a good qualitative agreement
between the calculated and experimental data.

All the experimental data used in this section are taken from
works [1, 167, 228-230].

Thus, this section of the paper presented the results of nu-
merical flow simulation and integral combustion reaction for
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the PK-39 boiler at Ermakovskaya TPP and compared it with
the published experimental data.

It was shown that the selected mathematical model allows to
satisfactorily calculate flow parameters and thermo-technical
characteristics of devices. Simulation of the generation of
harmful substances (CO, NOx) with the help of the model used
in the work and the software package is quite possible. The re-
sults of the simulation allow us to conclude that in a furnace
with a counter-position of swirl burners with strong flare twist
favorable conditions are created that ensure steady ignition of
the torch and intense burning of coal dust therein.

The results of the computing experiment allow optimizing
the combustion of high-ash pulverized coal fuel in order to re-
duce emissions of harmful substances (NOx, CO). All the re-
sults in this section are obtained in the framework of the inter-
national INTAS-KZ 95 project.

Control Questions:

1. Why are nitrogen oxides recognized to be the most toxic
pollutants of the atmosphere?

2. What are the sources of generation of nitrogen oxides
during combustion of hydrocarbon fuels?

3. Describe methods for suppressing generation of nitrogen
oxides during fuel combustion.

4. What is the combustion chamber of the PK-39 boiler?

5. What is the distribution of carbon monoxide and carbon
dioxide concentration in the combustion chamber of the PK-39
boiler?

6. How is the kinetic energy of turbulence distributed in the
combustion chamber?

7. How does nitrogen oxides concentration depend on the
excess air factor?
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8. How does the switching off of the upper or bottom tier
burners affect temperature distribution in the combustion
chamber?

9. Compare the numerical calculation results with the ex-
perimental ones in case of switching off the upper or bottom
tier burners. Please explain why there is a discrepancy between
the results.
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