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Abstract—the tendency of development of fuel-energy sector of
Kazakhstan at the present stage imposes strict requirements for the
use of energy sources. In this case the important thing is the
development of the “clean" coal combustion with the smallest
possible emission of harmful substances, and therefore it is need to
optimize all the constructive and operational parameters of the
process.
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l. INTRODUCTION

Modern development of heat power engineering is
characterized by reduction in the use of scarce of liquid fuels,
which is a valuable raw material for the petroleum refining
industry and the expansion of application of solid fuels. In the
last decade there has been widespread deterioration in the
quality of solid fuels, due to the depletion of high-quality coal
deposits. Combustion of such low-grade fuels with high ash
and moisture content leads to considerable difficulties:
worsening inflammation and fuel burn, slagging problems,
increases mechanical underburning, increases the emission of
harmful dust and gas components (ash, oxides of carbon,
nitrogen and sulfur, etc.).

Il. EASE OF USE

A. Modeling of radiative heat transfer

When considering the heat transfer processes in technical
reacting flows in combustion chambers of the heat exchange
by radiation makes the largest contribution to the total heat
transfer. In the flame zone contribution of radiative heat
transfer of up to 90% or more [1].Therefore, modelling of heat
transfer by radiation in the reacting flow in the combustion
chambers is one of the most important steps in the calculation
of heat exchange processes in real combustion chamber.

In general, at a temperature above absolute zero radiates,
absorbs and reflects the electromagnetic waves of different
frequencies. This frequency, which is radiative heat transfer
material to be driven by the characteristics of the substance
and its temperature. When modeling technical trends in the
temperature range 500-2000 K is only meaningful exchange of
radiation in the infrared and in the visible region [2]. The
mathematical description of radiative heat transfer is generally
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allocated a region of space in which the fluid moves. The
walls of this space and the material contained in it, absorb and
emit radiation in the infrared and visible regions.

Quantities’ characterizing the radiation heat transfer is the
spectral intensity, which is defined by the following equation:

AEV@

l, = lim -
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AE, o - here the radiant energy at a frequency v, emitted from
the element of area 44, at the solid angle 49, in a direction
determined by the cosine of the angle @ (Fig.1).

Fig. 1. Determination of the spectral intensity

In emitting, absorbing and scattering environment, the
intensity of radiation decreases due to absorption and
scattering, and is enhanced by the receipt of the radiant energy
from the environment. Scattering is due to both a reflection
and a result of diffraction of electromagnetic waves.

Changing in the intensity of the beam of rays is due to the
fact that some of the rays changes direction.

Distinguish in the space of an infinitesimal element of
length ds. Write the equation of energy balance of radiation. As
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we take the transport variable intensity of I,. In general, this
equation is:
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Here, ¢ - speed of light, | - the change of intensity over

time. The process of heat transfer by radiation is considered to
be quasi-stationary. In addition, as the speed of light is large,
the change of intensity over time:
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Il - intensity distribution along the infinitesimal element ds;

I11 - reduction of intensity along the element ds, due to the
absorption and dispersion of the direction 49 in other
directions;

IV - increased of intensity along the element ds, due to its
own emission of radiation protection in the direction of 40;

V - increase of intensity along the element ds, due to the
inflow of radiation energy from all directions.

Scattered energy

Qutgoing energy

Emitted energy

dA
d

Incoming energy Absorbing energy \r

Fig. 2. Change of intensity along the element ds

In the balance of radiant energy (1) assumes that came
thermodynamic equilibrium. This means that, according to
Kirchhoff's Law, absorption and emission coefficients are
equal. We also assume that all the surfaces and volumes
involved in the radiant heat transfer are considered gray
emitters. We use the following expression for the calculation
of the integrated intensity of the radiation and integrated
optical coefficients, which will help to simplify the integro-
differential equation (1):
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Kabs = (I)Kabs,vd v

o0
Ksca = (f)Ksca,VdV 3)

Kaps and Kga — optical coefficients of absorption and
scattering.

According to Planck’s law of black body radiation intensity,
we have:

dv=2.T (4)
T

Where ¢ = 5.67'10"® W/m?K* - Stefan-Boltzmann’s constant.
Thus, we obtain the energy transfer radiation equation:
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Change of the intensity of the radiation energy along the
element ds is the sum of its attenuation due to absorption and
scattering, gain from its own emissions and increasing the
influx of energy from other directions.

Rigorous mathematical description of the processes taking
place in the steam generators, furnaces and reactors together
with modern computational algorithms using computer
programs allow us to solve these problems for specific power
plants. Such computing field experiments allow flexibility to
intervene in the process of combustion at any stage, and
change the design features of the device, practicing individual
technical solutions without the high cost.

For the application of mathematical modelling is necessary
to have a reasonably accurate and substantial information
about the the physical and kinetic parameters, patterns of
physical and chemical phenomena in conditions close to real
as well.

Solid equipment can have a significant impact on the
convective and diffusive transport in streams with a high
solids content. The presence of solids in the unburned gases
from the combustion chamber slightly (except near the
burner), and the effect of the second phase of the calculations
can be neglected [3] and the combustion of pulverized coal in
the combustion chamber can be described as a two-phase
flame gas-dispersed system, and the effect of solid phase on
aerodynamics for significant [4].

In this model, we take the heat transfer between particles
and gas by radiation. The influence of the solid phase to the
coefficients of turbulent exchange using the following
empirical relationship:
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For turbulent viscosity considering solid particles we use
the following expression:
!
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For the turbulent Prandtl-Schmidt numbers

considering particles selected the following numerical values:

op, turb = 0.7. Share contributed by the gas and solid particles,
described by the sum:

Kabs Kabs,G +2 Kabs, Pk ©

Here, to simplify the model of radiation is assumed that the
emission band of the two gases completely overlaps, and mass
factors and the specific absorption rate depend on the
temperature of the gas. Then the absorption coefficient, we
have the following relation

= aco2 : k002 ) pco2 +ayo- kHZO ) szo ©)

Kabs,G

The values of the mass coefficient and the coefficient of
absorption of radiation by water vapor and carbon dioxide
used in this study are presented in Table 1.

Table I
The mass coefficient and the coefficient of absorption of
radiation
B Kg
ag [1]
component [1/(m . bar)]
Co 0.275-8.410°°'T -0,33
? 1 80 T g
H,0 72T 1100- Tg °%

B. Construction of a physical and geometrical
model of combustion chamber

The boiler has a IT-shaped profile with a rectangular prism
combustion chamber (Figure 3) the size of which:
6.565x7.168x21.0 (m°).
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Fig. 3. Layout of the combustion chamber of the boiler
BKZ-160

The boiler BKZ-160 Almaty CHP has the I1-shaped profile
with a rectangular prismatic combustion chamber (Figure 3),
the size of which: 6.565x7.168x21.0 (m®). It is equipped with
six boilers, each has a steam capacity of 160 t/h.

Boilers BKZ-160 manufactured at the Barnaul boiler plant,
they have at the bottom of a cold funnel to remove slag, and
an individual system for the preparation of coal dust holding
bins of two ball mill drum [5].

On the sides of the combustion chamber there are eight slit
dust and gas burners, combined into four blocks (2 burners in
each unit), double decker burner (Figure 3).

Arrangement of the burners on the boiler - angular, by
tangentially scheme where direct flow burner set at a tangent
to the circle of diameter 0.1-0.3 on the depth of the furnace
(there are about 60 mm).

Temperature of an aeromixture at the outlet of the burner is
equal to 2500 C, and its speed of 25 m/s, i.e. speed ratio of the
primary and secondary air in the burners is 1.64, the excess air
ratio in the burners is 0.68 and at the exit from the furnace is
1.27. This is the description of the physical model of
investigated combustion chamber of the boiler BKZ-160, a
common form of which, and its breakdown to control volumes
for computational experiments [6-8] are shown in Figure 4.
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Fig. 4. Common form of boiler and its broken down control
volumes for the computational experiments

In Table 2 shows the main characteristics of combustion
chamber of the boiler BKZ-160 Almaty CHP

Table 1T

Characteristics of combustion chamber of boiler BKZ-160

Ne Name, characteristics, Designation | Value
Dimension
1. Fuel consumption for B 30
boiler, t/h
2. Fuel consumption on the 3.787
burner, kg/h BI'=B/z
4, Combustion heat, MJ/kg p 12.2
H
5. Volatile, % VF 32
6. Diameter of coal particles, 60
m*10° dPar
7. Excess air coefficient at the om 1.27
outlet of the furnace
8. Excess air coefficient in the oe 0.68
burners
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9 Air suction into the furnace Aa 40
10. | Temperature of air mixture, Ta 250
K
11. Temperature of the T, 380
secondary air, K

12 | Tertiary air temperature, K T3 380

13. Type of used burners Slotted

14. Number of burners, pcs Ng 8

15. Number of tiers, pcs N 2

16. | The height of combustion z(H) 21.000
chamber, m

17. | The width of combustion Y 6.565
chamber, m

18. The depth of combustion X 7.168
chamber, m

19. | The rate of the primary air W1 25

(air mixture), m/s
20. | The rate of the secondary W, 40
air (air mixture), m/s
21. | Flow rate of secondary air, 6000
nm’h
22. Excess coefficient of 0.38
secondary air
23. Flow rate of primary air, 4850
nmh

24, Excess coefficient of 0.3

primary air

Composition of coal

BKZ-160, | W | A C H o] N S
Ekibastuz
coal, %

5.8|39.7 557|552 1196 | 144|132

The physical model of the combustion chamber is constructed
in full accordance with Table 2, which reflects the actual
process of burning coal, which is carried out directly in the
combustion chamber of BKZ-160 Almaty CHP.

C. Determination of the main characteristics of
burning process by computational method

During performance of the work were calculated field of the
full speed vector over the entire volume of the combustion
chamber. Figures 8-11 presented full speed vector field in
three-dimensional image for various sections of the
combustion chamber.
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Obtained velocity fields can visually analyze the motion of
the reacting flow in the combustion chamber in the various
sections.

a) section Z=7,32m

20

b) section Z =10.12 m

Fig. 5. Three-dimensional vector field of full speed at the
sections of burners

At the end of the burner gas jets ejected from the
environment, causing them to flow rate increases. At the same
initial amounts of motion counter flows collide in the center of
the furnace at almost the same speed in them. Swirling stream,
supplying fuel through the burner counter located in the plane
(XY) when Z = 7,32 m (Figure 5 a) and Z = 10,12 m (Figure 5
b) create the volumetric vorticity of the flow in the central
region of combustor. In the field of burners flow is almost
horizontal, and as upward movement angle of elevation
increases. In the corners of the furnace due to the direct impact
on the chamber wall the flow spreads, and its angle of
elevation increases.

Part of the flow directed at a small angle downward,
developing into two vortices (Figures 5-6). Due to intensive
vortex motion dust and gas flows inside the combustion
chamber significantly increases the residence time of the fuel
particles in the furnace, which allows for more complete
combustion, and is technically possible to use coal dust of
larger fractions.

a) in an arbitrary cross section Z = 12,50 m
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a) sectionZ=7.32m

b) at the chamber outlet Z = 29.79 m

Fig, 6. Three-dimensional vector field of full speed

Thus, the maximum convective transport in consideration
physical models observed in a mixture of pulverized coal flow
in the plane of symmetry of the furnace depth. The nature of
the velocity distribution in the volume of the combustion
chamber characterizes the established pattern in the chamber:
the most intense burning is observed in the central part of the
furnace.

As a result of computational experiments were also obtained P S S S A R
distribution of pressure values (Figure 7) calculated for each [m] X
value of Z = const.
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C) section Z=10.12m
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monotonically and the output value is the estimated average
value of P ~ 25.4 Pa.

Realized numerical study of aerodynamic characteristics of
the combustion process in the combustion chamber
demonstrated the complexity of the ongoing process. The
results suggest that in the area of the burners were a vortex
flow due to the location of burners and the vortex method of
supplying coal dust flows into the combustion space. Presence
of vortex motion provides a rapid ignition and flame
stabilization. Hot gases are swept into the torch, heat the fuel

— mixture and intensified ignition. Active updrafts are also
— engaged areas near the furnace wall, which in its turn affects
-~ the convective component of the heat in the combustion

.g chamber. Nature of the motion of the vortex flow inside the

“7=7  combustion chamber leads to increase ignition of flame at the

. output of the burner; and enhanced heat and mass transfer in

s 10 the vortex intensifies burning. In this case manages to achieve
X [mlniform heating of the combustion chamber surfaces and

reduce their slagging that prolongates validity period of
se o0 B0 E{OU = oo w equipment. Due to the circulation of particles in a vortex flame

% Maximum: 37.51 Mittelwert: 32.22 > minimum: 25.40 COMbustion occurs with sufficient completeness, even with

rough grinding, which can significantly extend the range used

d)section Y =5.38 m by coal dust.

o
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D. Results of 3D modeling

Below presented results of 3-D modeling [10] of solid fuel
(coal) combustion processes in the combustion chamber of the

E zz constructed model.
™ o2g1
241 L
a9l Schnittebene K=32 (Z=4.81m) -§ :
204 -
184 T 70t
164 > 6.5+
14+ 6.0+
121 551
10l 5.0
8l 4.5+
6l . 40t
3.5+
4T 504
2T 254
or 204
S — 15t
© 2 4 6 & 10 12 14 18 18 20 y [] |
Pressure [Pa] 0.54
1 i 0-0
25.00 51.25 F7.50 103.8 130.0

#* Maximum: 137.1 Mittelwert: 70.05 > Minimum: 25.57

d) section Z=29.79 m

Fig. 7. Distribution of pressure in the combustion chamber at
the various sections

U [m/s]

I
=22.56 =11.18 0.202 11,38 22.97

As seen in figure 7, the strongest change in pressure occurs ¥ Maximum: 2343 Miftelwert; 0,372
in the region of the burner, i.e. of fuel and oxidant. As we ¥ Minimum. -23.03

move away from this area burner pressure decreases
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Schnittebene K=102 (Z=20.96m)

U [m/s]

- |
—5.438 -2.755-7.17-10° 2,612 5.295

#* Maximum: 5.405 Mittelwert: —8.18:107%

Z Minimum:  =5.548

Fig. 8. (a, b, ¢, d) — Distribution of U-component of the
vector of full speed in different sections of the investigated
sections of combustion chamber

Figure 8 clearly shows the aerodynamic flow pattern of a
mixture of pulverized coal flow through the tangential burner.
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Fig. 9. (a, b) — Distribution of VV-component of the vector of
full speed in the burner section and in upper section of

V [m/s]

— I
-31.73  -15.80-6.27-10° 15.77

#* Maximum: 32,25 Mittelwert;
 Minimum:  =32.37

I1.60

—3.452

Schnittebene K=102 (Z=20.96m})

¥ [m]

7.0+
6.5

6.0
5.5+
5.0+
4.5
4.0+
3.5+
3.0+
2.5+
2.0+
1.5+
1.0+
0.5

0,04

vV [m/s]

|
—3.002 -1.325 0.352 2.029

. Minimum:  =3.071

investigated combustion chamber

3.706

#* Maximum: 3.775 Mittelwert: 5791077

55

Schnittebens K=32 (Z=4.81m) H \_L
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Fig. 10. (a, b) — Distribution of W-component of the
vector of full speed in the burner section and in the upper
section of investigated combustion chamber
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Analysis of Figures 8 - 10 shows that using tangential flow
of pulverized coal mixture in the center section formed vortex
flow, causing the fuel burns completely due to a long stay in
the maximum temperatures. This in turn reduces the
mechanical nedozheg and solves the problem of slagging.

In addition, as a result of the computational experiments
obtained isosurface distribution of chemical energy, shown in
Figure 6.
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Fig. 11. (a, b) — Isosurfaces of energy distribution of
chemical reaction

In Figure 11 clearly seen areas where take place the most
intense chemical reaction of combustion. The resulting curves
of distribution of the energy released during the flow of the
chemical reaction between the fuel (coal) and an oxidant (air),
allow us to determine its numerical value at any point in the

combustion chamber boiler BKZ-160 Almaty CHP.

o 4 B 12 16 20

Fig. 12. The distribution of chemical energy Qcpem by the
height of the combustion chamber
1 -maximal; 2 - medium; 3 — minimal values Qcem at the
cross section of combustion chamber
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Figure 12 shows the distribution of energy released or
absorbed due to leakage in the combustion chamber of
chemical reactions between the components of coal and air.
As expected, the maximum intensity of chemical reactions
occurs in the central part of the combustion chamber, precisely
in the area of the burners. The thermal energy which is
released due to chemical reactions of oxidation of hydrogen to
carbon oxides leads to the fact that in the area where there is
the highest concentration of carbon, hydrogen and oxygen, we
observe the maximum of chemical energy Qchem.

According to the pictures can be seen that there are two
maximum values of Qcnem. Which corresponds to two tiers of
burning holes through which fuel and oxidant are supplied and
where the concentration of substances entering into chemical
interaction is maximized.
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270.9
* Maximum: 2.71-10% Mittelwert: 1550.5
. Minimum: 1.19-107*

Fig. 13. The distribution of the chemical energy Qcnem in
cross section of combustion chamber at the lower tier of
burners
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Fig. 14. The distribution of chemical energy Qchem at the outlet
of the combustion chamber

Figures 13-14 shows that the motion to the exit from the
combustion chamber the energy released due to the processes
of chemical interaction is reduced.

CONCLUSION

The results obtained in this work allows to do conclusion
that in location area burners has a vortex flow caused by the
location of burners and pulverized way of giving vortex flow in
the combustion chamber. The presence of the vortex motion
provides a more rapid ignition and flame stabilization. Hot
gases are swept into the torch, heat the fuel mixture and
intensify inflammation. Active ascending currents are also busy
area near the walls of the furnace, which in its turn has an
impact on the convective component of the heat in the
combustion chamber.

REFERENCES

K. Matsui, H. Tsuji, A. Makino, “Estimation of the
relative rates of CO,and C-H,O reactions”, Carbon,
No21(3), 1983, pp.320-321.

R. Leithner, H. Miller, R. Heitmuller, “Dreidimensionale
Simulation von Dampferzeuger-Brennkammern
einschliellich der  NOx-Schadstoffkinetik“, VGB-
Fachtagun%: Dampfkessel und Dampfkesselbetrieb,
Essen, 1993.

B. Launder, D. Spalding, “The numerical computation of

turbulent flows”, Comp. Meths. Appl. Mech. Eng, vol. 3,
pp.269-289, 1974.

(1]

(2

(3]



(4]
(5]

(6]

(71
(8]

(9]

[10]

INTERNATIONAL JOURNAL OF ENERGY, Issue 2, Vol. 7, 2013

W. Pauker, “Creating data sets for Florean using the tool
PREPROZ”, TU. Braunschweig: IWBT,3-24 s., 1997.

A.S. Askarova, F. Jirous, S. Bolegenova, B. Maksimov,
A. Bekmuchamet, Use of the 'Ifechnolog?/ “Overfine Air”
at Combustion of the Pulverized Coal in Combustion
Chamber of the Boiler BKZ-160 Almaty Heat Plants with
Objective to Reduce Emissions Journal Energetika
Nel(62), Czech Republic, 2012, pp. 22-29.

Askarova A.S., Bolegenova S.A., Maximov V.Yu,
Bekmuhamet A., Ospanova Sh.S. Numerical research of
aerodynamic characteristics of combustion chamber
BKZ-75 minina thermal nower station // Journal Procedia
Eg%neering. - 2012. — V. 42, Ne389 (162). - P. 1365-

P.J. Roache, Computational fluid dynamics. -
Albuquerque: Hermosa Press, 1985. — 283 p.

B.P. Ustimenko, K.B. Dzhakupov, V.O. Krol, Chislennoe

modelirovanie aerodinamiki 1 goreniya v topochnyh i

tzezhdtlologlchesklh ustroistvah. — Alma-Ata: Nauka, 1986. —
s.

A.S. Askarova, Konvektivnyi teplomassoperenos v fiziko-
himicheski reagiruyuschih sredah: Dissertation  of
physical-math. Sci. — Almaty, 1998. — 315 p.

A.S. Askarova, S.A. Bolegenova, V.Yu. Maximov, A.
Bekmuhamet, Primenenie tehnologi 3D modelirovaniya
pri issledovani processov teplomassoperenosa v kamerah
sgoraniya deistvuyuschih energeticheskih obektov //
Izvestiya Tomskogo politehnicheskogo universiteta.
Energetika. — 2012. — T.320. — Ne 4. 26-32 p.

58





