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Abstract

In this paper a numerical model was created for the combustion chamber of BP 1150 boilers of Opole
Power Plant with an additional set of protection air system nozzles. The calculation was using Ansys
Fluent CFD. Three cases of air distribution to OFA and SOFA nozzles were modeled. The ratio of
air was increased to OFA and SOFA nozzles by taking secondary air from burners to decrease NO,
emission. The distribution of primary and secondary air was done so that the ratio of air from the
protection air system was at a stable 10% of secondary air. A numerical simulation of the furnace of BP
1150 boilers confirmed that staggered air decreases NO, emission and showed the NO, concentrations

at various levels of the combustion chamber.
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1. Introduction

Low emission fuel combustion in power plants,
meaning limited NO, emissions, has been devel-
oped worldwide since the early 1970s. In Poland
the issue arose in the early 1990s when the first
regulations appeared in this field. Now Poland is
subject to the European Large Combustion Plant
Directive, which imposes emission requirements.
The Polish emission regulations [1] transpose the
said Directive [2]providing for limits for NO, emis-
sions as set out in Table 1.

It is possible to obtain considerably lower emis-
sions by using relatively cheap primary methods
based on modification of the combustion process.
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In this article a numerical model of the combus-
tion chamber of BP 1150 boiler is presented. The
numerical simulation was done using Ansys Flu-
ent. One set of work of the protection air system
(PAS) and three cases of distribution of air to
OFA and SOFA nozzles was simulated. The ratio
of air to OFA and SOFA nozzles was increased
at the cost of secondary air from burners in or-
der to decrease NO, emission. The distribution
of primary and secondary air was done so that
the ratio of protection air remained at a stable
10% of secondary air. The numerical simulation
of the working of the boiler’s combustion cham-
ber confirmed that increasing the air supply, after
burning, to the OFA and SOFA nozzles at the cost
of secondary air to the burners (staggered air), ef-
ficiently decreased NO, emission.
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Table 1: Standard of NO, emission in

g

=% converted into NO, by 6% O, on flue gas (bituminous coal combustion)

Nominal Sources entering Sources entering
thermal use pre 29.03.1990 use post 28.03.1990
power to | from 01.01.2008 till to till
of source 31.12.2007 to 31.12.2015 | 01.01.2016 | 31.12.2015 | 01.01.2016
> 50 <500 600 600 600 500 500
> 500 540 500 200 500 200
- ——— . BP-1150 MW-3 and 4; in the upper section the supply
| KOCIoL PARONY burners are supplied by mill number MW-5. The

ECO

Figure 1: Scheme of BP 1150 boiler

2. Boilers specification

The BP 1150 boiler is a once-through boiler
— Fig. 1, and a cross-section of the com-
bustion chamber has the following dimensions:
14.3 mx15.7 m.

Jet burners was located in the corners of fur-
nace between levels 18.2 m and 31.4 m and could
be raked in the range +20°. The system of prepa-
ration of fuel for boilers number one and two is
equipped in a five bowl RP-1043x milling system.
Two burner nozzles in each corner are supplied
by one mill. The burner nozzles in the bottom
section are supplied by mill MW-1 and 2; in the
middle section the burners are supplied by mills

set of burners belonging to one set of mill have
three secondary nozzles (bottom, middle and up-
per). The OFAs nozzles are located in the corners
above the powdered fuel burners and on the front
and rear wall at the level of 34.5 m; two SOFA
nozzles are located on each wall. The SOFA noz-
zles was made as lifted in horizontal level and can
be angled at 45°.

3. Model description with boundary conditions

Table 2: Basic info about case B of PAS

Outflow The number F, m> w, -
direction of supplied

nozzles
L (left) 192 0.00234 33.87
C 192 0.00255 31.08
(central)
P (right) 192 0.00234 33.87

The calculation was made with a coefficient of
air excess /l; at the outlet of the combustion cham-
ber equal to 1.15. Optimization of the protection
air system by selecting the best number and con-
figurating the protection air nozzle was investi-
gated in order to supply the appropriate oxygen
concentration in the boundary layer of flue gas,
as presented in [3]. Optimizing PAS took into
account the velocity and direction of the air at
the end of the nozzles. The results of numeri-
cal simulations of working case B of PAS is pre-
sented below. Case B provided the most effective
protection for the wall of the furnace against low
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NO, corrosion (the smallest portion of CO in the
boundary layer of flue gas). For this case only the
nozzles located in the middle column of the four
walls were used. Three directions of outflow were
used, see Table 2.
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Figure 3: Nozzles of protection air on left and right wall

Advisable in [3] and presented in this article
Case B for the functioning of PAS was the ba-
sic case for comparative analysis of modeling air
distribution between the burners and the OFA
(SOFA) nozzles. The Protection Air System
(PAS) was combined with 2016 nozzles. There
are three columns of air nozzles present on each
boiler wall. Seven sets of nozzles are situated in
each column. Eight air protection nozzles with
outflow on the left side, the right side and inside
the boiler are located in each set of protection

nozzles. On the front and rear wall on SOFA level
the set of protection nozzles was moved on the left
or right side of the wall so that the PAS did not
overlap with SOFA nozzles — Fig. 2. In calcula-
tions only six set of protected nozzles were taken
into account (the set at the highest level was not
considered) — Fig. 2, Fig. 3.

4. Numerical model

Table 5: Coal granulation

X Rx
um %
88 30.6
102 22.0
120 15.4
150 8.3
200 2.24

Table 6: Coal analyses (labour state)

or ﬁ—; 25584
A % 12.9
wr % 8.5
(ol % 65.33
H % 4.23
S % 0.62
o’ % 7.37
N’ % 1.05

Set out in 3 are the turbulence, combustion,
radiation and particle treatment described in the
sub model and used in the numerical modeling of
the boiler. The setup of the parameters of the
boiler operating conditions is shown in Table 4
— its input data was entered into Ansys Fluent.
Boiler was fired with bituminous coal; see granu-
lation in Table 5 and coal analyses (labour state)
in Table 6.

The geometrical model and numerical mesh
of the BP 1150 combustion chamber are shown
on Fig. 4 and Fig. 5. The module of the nu-
meric mesh for PAS is part and parcel of the
boiler model, where burners, OFA and SOFA noz-
zles and the protection air system operation were
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Table 3: Sum models used in simulations [4]

Two phase model

Euler-Lagrange

Turbulence model

k-e

Combustion model

— Non-Premixed Combustion
— mixture fraction/PDF

— in chemical equilibrium

— non adiabatic conditions

— PDF was used for define relationship properties
between turbulence and chemicalof flue gas
(temperature, density, species, enthalpy)

— gas absorption: wsggm-cell-based model,
calculated upon CO, and H,O concentration

for coal particle

— devolatilization
— combustion

single — rate model
kinetics — diffusion model

Radiation model

P1

spherical shape of coal particle was assumed
Rosina-Rammlera-Sperlinga distribution was used

Outlet from furnace PAS nozzles

Modulus of numerical
mesh for PAS

Slag hopper

Figure 4: Contour of combustion chamber of BP 1150
boiler

modeled. This module was made to improve cal-
culations for the PAS area — Fig. 4.

The modeled boilers contain geometrical ele-
ments with a different scale of cells. (PAS nozzles
and combustion chamber). Hence, the numerical
mesh made in non-conformal technique was used
for simulations. In areas with a smaller scale of
cells than the furnace (PAS nozzles) a fine mesh
was used. In all areas of the furnace a structural
mesh was used.

SOFA _
nozzles

OFA

PAS nozzles
nozzles

Burners — |

Figure 5: Numerical mesh of combustion chamber and
PAS of BP 1150 boiler

5. Numerical results

5.1. Results for case worked with PAS marked as
B

Fig. 6 and Fig. 7 show the contour of tempera-
ture and velocities in three planes located in the
section of: fourth row of burners, SOFA nozzles
and outlet area .

Distribution of O,-CO in the boundary layer of
flue gas near the whole water wall of the furnace
is shown ind Fig. 8 and Fig. 9. The visible lack of
oxygen on the rear and front wall of combustion
chamber occurred locally — by closing the nozzles
in the column of the protection air system near
the corners (only the central column worked) the
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Table 4: Setting up of parameters

of boilers operating conditions

Date Unit LF LR RR RF  Sum
Air stream I kTg 119.96
Mill 1 — bottom k 0.90 0.90 0.90 0.90  3.63
Mill 2 & 5.75 5.75 5.75 575  23.00
Mill 3 k 5.75 5.75 5.75 575 23.00
Mill 4 ke 5.75 5.75 5.75 575 23.00
Mill 5 — upper ks 5.75 5.75 5.75 575  23.00
Coal stream kTg 35.20
Mill 1 - bottom ke - - - - 0
Mill 2 ke 2.2 2.2 2.2 22 88
Mill 3 ke 2.2 2.2 2.2 22 88
Mill 4 ke 2.2 2.2 2.2 22 88
Mill 5 — upper ks 2.2 2.2 2.2 2.2 8.8
Air stream II & 36.8 36.3 36.8 36.3 143.70
Cooling air stream kTg 6.25 6.25 6.25 6.25 25
Air stream to OFA ke 6.14 6.05 6.11 6.08  24.38
Air stream to SOFA %g 14.17 14.28 14.14 14.20  56.79
UPO ke 28.7
Temperature of < 101/374

air-fuel mixture " / 41756
Temperature of air II £ 289/562
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Figure 6: Contour of temperature in three planes

velocities in PAS nozzles increased so that the air
from it could overcome the reversed near walls and
counteract the circular combustion vortex motion
of the boundary layer of flue gas. As the front and
rear walls have a bigger horizontal dimension, the
effect described above is more visible on the front

— 38
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Figure 7: Contour of velocities in three planes

and rear walls than on the left and right walls.
It could also observed in Fig. 10 that the veloc-
ity of protection air on the outlet from PAS noz-
zles is about 30 m/s, so it is compatible with the
brief preliminary design shown in Table 2. The re-
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Figure 8: Distribution of O,-CO in boundary layer of flue
gas near left and rear waterwall
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Figure 9: Distribution of O,-CO in boundary layer of flue
gas near right and front waterwall

versed vortex that occurred in this case vanished
due to the motion of protection air — Fig. 11.

5.2. Distribution of air between burners and OFA
(SOFA) nozzles

Table 7: Varying ratio of secondary air as a proportion to
all air in %

base -B wl w2
II 0 -3.75 -7.5
OFA 0 -3.75  4+3.75
SOFA 0 0 +3.75

The distribution of primary and secondary air
was done so that the ratio of air from PAS was
stable at 10% of secondary air. The second crite-
rion was decrease of NO, emission — for that pur-
pose the share of secondary air to OFA and SOFA

IJ

vy

=

Figure 11: Not big reversed swirl near wall

nozzles was increased at the cost of secondary air
from burners. Two cases of air distribution to
OFA and SOFA nozzles were modeled — w1 and
w2. Case B was the base for making comparisons
with Cases w1l and w2. Table 7 shows the varying
ratio of secondary air (secondary air from burners,
OFA, SOFA) in proportion to all air as a percent-
age for the modeled cases. For Case B working
with PAS also the working of PAS with air dis-
tribution to OFA and SOFA nozzles was modeled
according to Case wl and w2.

5.2.1. Case B — base

Table 8 presents the distribution of primary and
secondary air for base Case B. The ratio of air
supplied to burners as secondary air was 51% of
secondary air. The velocity of air at the outlet
of burner was 43.6 %. The ratio of air supplied
to OFA nozzles was 9% of secondary air. The
velocity of air at the outlet of OFA’s nozzles was
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Table 8: Distribution of primary and secondary air — base Case

Nozzles Share of all air
Primary Secondary Share of Velocity Stream
secondary air
% A
Primary 25 % 17.1 266129.7 95.6
air
Secondary 38.25 51 43.6  407178.5 146.2
air
Cooling 6.75 9 15.5 71855.03 25.8
air
OFA 6.75 9 36.7 71855.03 25.8
SOFA 15.75 21 27.5 167661.7 60.2
PAS 7.5 10 *79838.9 28.7
Sum 75 100 1064519 382.3

*— velocity for Case B worked with PAS is shown in Table 2

36.7 2. The ratio of air supplied to SOFA nozzles
was 21% of secondary air. The velocity of air at
the outlet of SOFA nozzles was 27.5 .

5.2.2. Case wl

Distribution of primary and secondary air for
Case w1l was presented in Table 9. The ratio of
air supplied to OFA nozzles was approximately
55% higher than in the base case. The velocity
of air at the outlet of OFA nozzles increased from
36.7 to 57 .

5.2.3. Case w2

Table 10 presents the distribution of primary
and secondary air for Case w2. The ratio of air
supplied to OFA nozzles was approximately 55%
higher than in the base case. The velocity of 10
air at the outlet of OFA nozzles increased from
36.7 to 57 =. The ratio of air supplied to SOFA
nozzles was approximately 23% higher than in the
base case. The velocity of air at the outlet of
SOFA nozzles increased from 27.5 to 34.1 2.

Table 11: NO, emissions in 6% O, flue gas for particular
Casges

Case B wl w2
NO, % (6%  492.9 340.9 285.5
0,)

5.2.4. Results of modelling
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Figure 12: Mass fraction of NO, in OFA1 and SOFA plane
— Base case B



Journal of Power Technologies 92 (1) (2012) 34-47

Table 9: Distribution of primary and secondary air — Case w1l

Nozzles Share of all air
Primary Secondary Share of Velocity Stream
secondary air
L I

Primary 25 % 17.1 266129.7 95.6
air
Secondary 34.5 46 39.3 367259.04 131.9
air
Cooling 6.75 9 15.5 71855.03 25.8
air
OFA 10.5 14 57 111774.5 40.1
SOFA 15.75 21 27.5 167661.7 60.2
PAS 7.5 10 *79838.9 28.7

Sum 75 100 1064519 382.3

Bold values changed in relation to the base Case.

Table 10: Distribution of primary and secondary air — Case wl

Nozzles Share of all air
Primary Secondary Share of Velocity Stream
secondary air

Primary 25 % 17.1  266129.7 95.6
air
Secondary 30.75 41 35.3 327339.6 117.6
air
Cooling 6.75 9 15.5 71855.03 25.8
air
OFA 10.5 14 57 111774.5 40.1
SOFA 19.5 26 34.1 207581.2 74.5
PAS 7.5 10 k0 79838.9 28.7

Sum 75 100 1064519 382.3
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Figure 13: Vectors of velocity in OFA1 and SOFA plane —
Base case B

Figure 15: Vectors of velocity in OFA1 and SOFA plane —
Case wl
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Figure 21: Mass fraction of NO, in burners level four,
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Figure 23: Mass fraction of NO, in burners level four,
OFA1 and outlet plane — Case w2

The results of numerical modeling of NO, emis-
sions in 6% O, flue gas for particular cases is
shown in Table 11.

In NO, emission calculation the Ansys Fluent
NO, model was used. Thermal and Fuel path-
ways of formation of NO, was used. For Tur-
bulence interaction PDF — a mixture fraction was
taken. The partial equilibrium approach was used
to determine the concentration of OH and O. The
intermediate species selected was HCN/NH;/NO
and the char N conversion path selected was NO.
Increasing the ratio of air supplied to OFA nozzle
by about 55% over the base case caused a De-
crease in NO, emission of about 30%, while ad-
ditionally increasing the ratio of air supplied to
SOFA nozzle by about 23% over the base case de-
creased NO, emission by about 42%. The mass
fraction of NO, and vectors of velocity in OFA1
and SOFA plane for the modeled cases is shown
in Fig. 12 to Fig. 17. The mass fraction of NO,
at outlet, burners level four and OFA1 plane is
presented in Fig. 18 to Fig. 23.
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Figure 24: Distribution of O,-CO in boundary layer of flue
gas near left and rear waterwall — Case wl
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Figure 25: Distribution of O,-CO in boundary layer of flue
gas near right and front waterwall — Case w1l
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Figure 26: Distribution of O,-CO in boundary layer of flue
gas near left and rear waterwall — Case w2
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Figure 29: Mass fraction of CO in burners level four, OFA1
and outlet plane — Base case B

Figure 27: Distribution of O,-CO in boundary layer of flue
gas near right and front waterwall — Case w2
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Figure 31: Mass fraction of CO in burners level four, OFA1
and outlet plane — Case wl
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Figure 32: Flue gas temperature along furnace — Case w1l
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Figure 33: Mass fraction of CO in burners level four, OFA1
and outlet plane — Case w2
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Figure 34: Flue gas temperature along furnace — Case w2

To reduce NO, emissions below 280 =3 (6% O)
staggered air and fuel should be appnlied. For
Cases wl and w2 the protection air system was
modeled. The distribution of O,-CO in the
boundary layer of flue gas near the whole water
wall in the furnace for Cases wl and w2 is pre-
sented in Fig. 24 to Fig. 27. The visible lack of
oxygen on the left wall of the combustion cham-
ber occurred locally and it is connected with re-
versed nearwalls occurred in this region opposite
to the direction of the protection air motion of the



Journal of Power Technologies 92 (1) (2012) 34-47

boundary layer of flue gas — Fig. 28. The protec-
tion air system works more effectively upon modi-
fication of the ratio of secondary air. Combustion
was spread out over the length of the combustion
chamber and CO concentrates in the region of the
circle of the combustion vortex, in contrast to the
base case where it occurs near the water wall of
the furnace — Fig. 29 to 34.

6. Conclusion

The numerical simulation of the combustion
chamber of the BP 1150 boiler confirmed that
increasing air, after burning, to OFA and SOFA
nozzles at the cost of burners secondary air (stag-
gered air concept), efficiently decreases NO, emis-
sion and shows NO, concentrations at various lev-
els of the combustion chamber. Increasing the
ratio of air supplied to OFA nozzle by approxi-
mately 55% over the base case causes a decrease
in NO, emission by about 30%, while addition-
ally increasing the ratio of air supplied to SOFA
nozzle by approximately 23% over the base case
decreases NO, emission about 42%. For Cases
wl and w2 the protection air system was mod-
eled. The distribution of O,-CO in The boundary
layer of flue gas near the whole water wall in the
furnace for Cases wl and w2 demonstrated that
the protection air system worked better with stag-
gered air. After considerable modification of the
ratio of secondary air to OFA and SOFA nozzles
combustion was spread out over the length of the
combustion chamber and CO concentrated in the
region of the circle of the combustion vortex, in
contrast to the base case where it was near to the
water wall of the furnace. The assumption in the
calculation that the ratio of protection air should
be 10% of secondary air produces the best results
for Cases wl and w2 of working boilers in terms
of working PAS — the best results in air distribu-
tions along the water walls caused a decrease in
CO concentrations in the boundary layer of flue
gas in the combustion chamber of the BP 1150
boiler.
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