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ABSTRACT.

The results of an experimental research on air staging in a bubbling fluidized bed (BFB) combustor
are presented within this paper. Air staging is known as an effective primary measure to reduce NOx
formation. However, in the case of a number of industrial BFB units, it does not have to be sufficient
to meet the emission standards. Then selective non-catalytic reduction (SNCR) can be a cost-effective
option for further reduction of the already formed NOx. The required temperature range at the place
of the reducing agent injection for an effective application of the SNCR without excessive ammonia slip
is above the temperatures normally attained in BFBs. The aim of this paper is to evaluate the impact
of staged air injection on the formation of NOx in BFB combustors and to examine the possibility of
increasing the freeboard temperature. Several experiments with various secondary/primary air ratios
were performed with a constant oxygen concentration in the flue gas. The experiments were carried out
using wooden biomass and lignite as fuel in a 30 kWyy, laboratory scale BFB combustor. Furthermore,
the results were verified using a 500 kWyy, pilot scale BEB unit. The results confirmed that the air
staging can effectively move the dominant combustion zone from the dense bed to the freeboard section,
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and thus the temperatures for an effective application of the SNCR can be obtained.
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1. INTRODUCTION

Nitrogen oxides (NOx), particularly NO and NOs, are
gaseous pollutants that can cause significant environ-
mental issues. One of the main contributors to overall
NOx emissions is the combustion of solid fuels.
There are three mechanisms of NOx formation in
the combustion process: the thermal and prompt
NOx formation mechanism, where the source of NOx
is atmospheric nitrogen, and the oxidation of fuel-
bound nitrogen. Since the breaking of tight No-bond is
strongly temperature dependent, the thermal NOx for-
mation mechanism (described by Zeldovich et al. [I]) is
usually considered important at temperatures higher
than 1500°C [2]. Then, the prompt formation of
NOx (described by Fenimore [3]) can be observed in
fuel-rich zones in pre-mixed hydrocarbon flames. The
prompt NOx formation is also strongly temperature
dependent and is relevant from above 1400 °C. These
conditions are not typical for combustion in bubbling
fluidized beds (BFBs) and therefore prompt and ther-
mal NOx are of minor importance, and fuel-bound
nitrogen is considered to be the main contributor to
NOx formation there [4H6]. Fuel-bound nitrogen is an
important source of NOx in the combustion of fossil
fuels and biomass. It is particularly important for coal
combustion, which typically contains 0.5 — 2.0 % wt.
of nitrogen, and for the combustion of non-wooden
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biomass, where its content can reach up to 5% wt.
The degree of conversion of fuel-N to NOx is almost
independent of the type of nitrogen compound, but
is significantly dependent on the local combustion
environment [7]. In the furnace, fuel is thermally
decomposed and volatile and char compounds are pro-
duced. Fuel-bound nitrogen is distributed between
char and volatiles, depending on the fuel structure
and devolatilisation conditions, such as temperature,
heating rate, oxygen concentration, or residence time.
In case of lower temperatures or shorter residence
times, nitrogen preferably remains in the char, while
at higher temperatures, it is part of the volatiles [§].
The mechanisms of volatile-N and char-N conversion
were described by Winter et al. [9], who studied the
combustion of a single particle of bituminous coal,
subbituminous coal and beech wood in an electrically
heated, laboratory-scale, fluidized bed combustor.
The NOx reduction can be generally realized using
different methods; either by modifying the combustion
process itself to supress the NOx formation (so-called
primary measures) or applied after the combustion
process to decrease the already formed NOx (so-called
secondary measures). Skopec et al. [6] observed using
a 500 kW, BFB combustor that the NOx formation
depends mainly on the excess of oxygen in the com-
bustion zone and slightly also on the fluidized bed
temperature. This was also confirmed by Svoboda
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and Pohotely [10], who studied the formation of NOx
and N,O in a laboratory scale pressurized BFB. They
observed that NOx formation was strongly promoted
by an increase in air stoichiometry (while N,O for-
mation was depressed) at atmopheric pressure. They
also observed that an increase in the temperature
of the fludized bed slightly promotes the formation
of NOx and decreases the formation of NyO under
slightly elevated pressure (0.25 MPa). Therefore, the
primary measures reduce the temperature and oxygen
concentration in the furnace and subsequently allow
the oxidation of the remaining combustibles above the
furnace. As primary measures, staged injection of air
or fuel and flue gas recirculation could be used. Fuel
staging requires secondary gas phase fuel and it is not
a practically applied method for BFBs.

In the case of staged air injection, the oxidizer is
separated into two or even more streams. The first
stream is introduced into the BFB as the primary air
(possibly mixed with the FGR). The second stream
(and possibly the consequent streams) is introduced
into the freeboard section above the fluidized bed.
In the primary combustion zone, there are fuel-rich
conditions (stoichiometric or even sub-stoichiometric
oxygen/fuel ratio) that cause a smaller conversion of
the NOx precursor to NOx and favor the formation
of N,. Furthermore, the already formed NO can be
further reduced through a) reburning reactions with
the released fuel N (mainly HCN and NHj), or b)
through reactions with carbon compounds that were
not yet completely oxidized, or ¢) on the char sur-
face through catalytic reactions [IT], 12]. Gaseous
products of incomplete combustion (CO and TOC),
which are inevitably formed under such conditions,
are subsequently oxidized in the freeboard section,
where the secondary oxidizer is introduced. The effi-
ciency of NOx reduction through staged injection of
air is significantly dependent on the residence time
in the primary zone with sub-stoichiometric (reduc-
tion) conditions [I2} [I3]. The optimum residence time
in the sub-stoichiometric zone may vary according
to the fuel structure. For a lignite coal, it is about
1.5s [13]. If the residence time in the this zone is too
short, NO can further form in a significant amount in
the secondary oxidation zone [I2]. Sirisomboon and
Charernporn [I4] also observed that the relative re-
duction efficiency of the staged air injection depends
on the overall stoichiometry of the combustion air.
With the most extensive air staging, they observed a
similar reduction of about 70 ppmv of NO at all air
excess ratios (in the range from 20 to 80 %). Since the
formation of NOx is strongly affected by overall air
stoichiometry, the reduction efficiency was higher for
lower excess of air and lower for higher excess of air.

Secondary measures are mainly selective non-
catalytic (SNCR) and selective catalytic reduction
(SCR). These flue gas treatments use reducing agents
containing NHy (ammonia, urea, ammonia water,
etc.), which can reduce NO. The reduction follows
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FI1GURE 1. Comparison of the dependence of the NOx
reduction efficiency (expressed as a ratio of the final
NOx concentration with SNCR to the initial NOx
concentration without SNCR) using urea, cyanuric
acid, ammonia and ammonium sulfate on the flue gas
temperature [15].

Equation [I]in the case of using ammonia as a reducing
agent

1
and Equation [2]in the case of using urea.
2NO + CO(NHy)y 4+ 30y — 2N, + COy + 3H,0  (2)

The effective operation of SNCR without excessive
ammonia slip is determined by an optimal temperature
range for the injection of the reducing agent into the
combustor. The ideal temperature range depends
on the reducing agent used, which can be seen in
Figure |1} However, the required temperature range
900 — 1000 °C is normally achieved neither in the bed
nor in the freeboard in BFBs.

The catalyst present in the SCR systems usually
allows achieving higher reduction efficiency at signifi-
cantly lower temperatures compared to SNCR, tech-
nology, but at a high investment cost.

Air staging, which partly moves the combustion
zone from the dense bed zone to the freeboard of the
BFB, appears to be a suitable measure for increasing
the freeboard temperature to the required temperature
range. Sirisomboon and Charernporn [14] increased
the temperature in the freeboard section of a pilot
scale BFB of about 100°C through air staging and
reached up to 1100 °C using high volatile sunflower
shells as fuel.

Although NOx formation and possible reduction
paths in BFBs have been studied by a number of au-
thors using multiple fuels and various scales of devices,
the possible application of SNCR in BFBs has not
been of significant interest yet.

This paper presents a comprehensive experimental
study of the impact of staged air supply on NOx for-
mation in a BFB and on the temperature profile within
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FIGURE 2. Scheme of the 30 kWy, experimental BFB
facility. 1) fluidized bed region, 2) freeboard section,
3) fluidizing gas distributor, 4) fluidized bed spillway,
5) fuel feeder, 6) cyclone particle separator, 7) flue
gas fan, 8) and 9) FGR water coolers, 10) condensate
drain, and 11) primary gas fan.

the combustor as a consequence of sub-stoichiometric
combustion in the dense bed and subsequent oxidation
of the remaining combustibles in the freeboard section
in order to be able to define the process conditions
for reaching the SNCR optimal temperature range. A
number of experiments were performed combusting
lignite and wooden pellets in various operating regimes
of a 30kWy;,, BFB experimental facility. Furthermore,
to validate the results and their applicability to the
industrial scale, the same experiments were performed
in a 500 kW, pilot-scale BFB combustor.

2. EXPERIMENTS

2.1. EXPERIMENTAL SETUP

The 30kW,y, experimental facility has been compre-
hensively described elsewhere [I6] and so it will be
described only briefly here. Its scheme is given in
Figure[2] The facility is 2m high, has a rectangular
cross-section, and is made of stainless steel insulated
from the outside using the 50 mm thick Insulfrax board
in the fluidized bed section and using mineral wool
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FIGURE 3. Scheme of the 500 kW4, pilot-scale BFB
facility. 1) primary gas inlets, 2) fuel feeder, 3) flu-
idized bed region, 4) secondary air distributors, 5)
freeboard section, 6) inspection windows, 7) crossover
pass, and 8) heat exchanger. The ‘I’ signs indicates
the temperature measurement points.

in the freeboard section. There are no internal heat
exchangers in the facility.

Volumetric flows of primary and secondary air were
measured using two rotameters. The temperature
profile along the height of the facility was measured
using five thermocouples in the dense bed region and
three thermocouples in the freeboard region. Directly
in the fluidized bed, the temperature was measured
with two thermocouples. However, the value of only
one placed 166 mm above the fluidizing gas distributor
was taken as representative. Primary air with real
flue gas recirculation were used to provide sufficient
fluidization, and secondary air was introduced at the
beginning of the freeboard section. The flue gas was
continuously sampled and the volumetric fractions
of CO4, CO, SO; and NOx were measured using a
NDIR sensors, while the volumetric fraction of Oy was
measured using a paramagnetic sensor.

The scheme of the 500 kW, pilot scale BEB boiler
is given in Figure[3] This boiler consists of three main
sections: the combustion chamber with freeboard, the
crossover pass, and the heat exchanger. The fluidiza-
tion gas, formed by primary air and recirculated flue
gas, enters the bed trough distributor consisting of
36 nozzles placed in 6 rows. The combustion cham-
ber and the freeboard section have a cylindrical cross
section and are insulated with a fireclay lining with
a water-cooled surface. In the freeboard area, the
facility is equipped with 6 thermocouples along the
height. Secondary air is supplied to the freeboard
section by 4 distributors placed evenly on a perime-
ter, and each distributor can provide the secondary
air inlet at 4 different heights. For the experiments,
secondary air inlets at a height of 550 mm above the
fluidized bed were used. From the freeboard section,
the flue gas continues to the empty crossover pass
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as received

dry ash free

LHV water ash comb.” C H N S o* volatiles
MJ - kg™1]  [wt. %] [wt. %] [wt.%] [wt.-%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%)]
lignite 17.6 21.1 9.9 69.0 72.3 6.3 1.1 1.3 19.0 47.0
wood 16.4 7.8 1.5 90.7 51.0 6.9 0.3 0.003  41.797 84.6

* Calculated as balance to 100 %.

TABLE 1. Proximate and ultimate analysis of the fuels used within the experiments.

Liginite ash LWA 0-2

Ps kg -m~3 2195 1088
Pb kg -m™3 795 570
dmean min 0.37 1.07
Amode mm 0.23 1.02
dgo mim 1.77 1.59

TABLE 2. Results of the particle size distribution
analysis of the fluidized bed materials.

with water-cooled surface and then enters the heat ex-
changer. The flue gas was continuously sampled and
the volumetric fractions of CO5, CO, SO5 and NOx
were measured using NDIR sensors, while the volumet-
ric fraction of Oy was measured using a paramagnetic
sensor.

2.2. MATERIALS

The experiments were carried out using Czech lignite
Bilina HP1 135 and pellets from spruce wood as fuel.
The proximate and ultimate analyses of lignite and
wooden pellets are given in Table[I} Lignite has a sig-
nificantly higher nitrogen content compared to spruce
wood, so the NOx yields should also be higher in case
of combustion of lignite. Spruce wood combustibles
contain about 100 % more volatiles compared to lig-
nite, which should move the dominant combustion
zone slightly higher in the facility in case of wood
combustion. For experiments carried out using the
30 kW, facility, the lignite was sieved to a particle
size of up to 7mm. The lignite ash was used as a bed
material in the case of lignite combustion. Biomass
combustion experiments were carried out using spruce
wood pellets (according to the ENplus Al standard)
and using a lightweight ceramic aggregate (LWA) as
an external bed material. The physical properties of
the bed materials are given in Table[2] The arithmetic
mean, mode, median, 1%t decile (dyp), and 9** decile
(dgo) particle size were evaluated. The density and
bulk density were analyzed along with the particle
size. The lignite ash can be classified as Geldart B
particles which are well fluidizable and form vigorous
bubbles. The used LWA population referred as ‘0—2’
is on the boundary between B and D particle types in
the Geldart classification, where the class D particles

are difficult to fluidize in deep beds, they spout, form
exploding bubbles or channels [17].

From the analysis of the particle size distribution
(PSD), the minimum fluidization velocity, the mini-
mum complete fluidization velocity (defined as wy, s
calculated for the particle size dgg, and the termi-
nal particle velocity were evaluated for two different
conditions of the fluidization gas. The numerical ap-
proach was taken from [I8]. First, the gas proper-
ties corresponded to air at 20°C (p, = 1.20kg - m ™3,
n = 1.8 - 107° Pa-s) and secondly to air at 850°C
(pg = 0.29kg - m~3, n = 3.8 1075 Pa-s). The fluidiz-
ing gas temperature of 850 °C was chosen, because
when the fluidizing gas passes through the bed of hot
material, it is heated to the bed temperature within
a few millimeters above the fluidizing gas distribu-
tor [19]. The minimum fluidization velocities of both
bed materials were also experimentally verified by
measuring the correlation of bed pressure drop and
superficial fluidizing gas velocity ug. This method
can be found in [I8]. This test was carried out us-
ing air at 20°C as fluidization gas. The calculated
minimum fluidization velocities, the complete fluidiza-
tion velocities, and the terminal velocities, as well as
the experimentally determined minimum fluidization
velocities, are given in Table

2.3. METHODS

To evaluate the impact of staged air supply on NOx
emissions and on the temperature profile within
the BFB combustor in consequence of the sub-
stoichiometric combustion in the dense bed and subse-
quent oxidation of the remaining combustibles in the
freeboard, two series of experiments were performed
using the 30 kWy;, BFB experimental facility and using
lignite and biomass as fuels. Furthermore, a series of
experiments was done using the 500 kW, pilot scale
facility and only using lignite as fuel. To highlight
this impact and reduce the side effects of fluidized bed
temperature, the experiments were carried out with a
constant bed temperature of 830 °C and the oxygen
level in the dry flue gas maintained at 8 % for wooden
pellets and at 6 % for lignite for both facilities. The
bed temperature was controlled through the change of
volumetric flow or of the composition of the fluidizing
gas, which consisted of primary air and recirculated
flue gas.
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Conditions Lignite ash LWA 0-2
calculation (experimental) results
U f m-s~1 0.37 (0.42) 0.40 (0.38)
—1
. o Umf_go M-S 1.72 0.65
air at 20°C m s 2.02 3.09
Ut_90 m-s ! 5.47 4.06
U f m-s! 0.21 0.27
—1
. o Umf-90 M-8 2.59 0.62
alr at 850°C m sl 2.36 4.95
Up_oo -5t 10.23 7.24

TABLE 3. Minimum fluidization velocities um¢, terminal velocities u; (calculated for dmean), minimum velocities of
complete fluidization ., s—g0, and complete terminal velocities u;—go (calculated for dgo) of the selected fluidized bed

materials. The experimental values are in brackets.

The degree of the combustion air staging can be
described using Equation [3]

Vair sec
Y=, (3)

Vai'r, prim

where Vgir, sec is the volumetric flow of secondary air
and Viir, prim is the volumetric flow of primary air.
In the experiments performed using 30 kWy;, BFB
facility, one case without air staging was measured as
a reference for both fuels and then the following four
cases with an increasing secondary/primary air ratio
1 to 2.75 were measured. The minimum amounts of
primary and secondary air were limited by the flowme-
ters used for the volumetric flows measurement and
were set to 10m3; /h. The step for increment of the
secondary air flow was 6 m3;/h. However, to keep the
overall oxygen level constant and maintain the bed
temperature and sufficient fluidization, it was not pos-
sible to exactly keep the required secondary/primary
air ratio constant throughout. A reference case with-
out air staging and three cases with an increasing
secondary/primary air ratio ¢ up to 1.6 were per-
formed using the 500 kW pilot-scale facility.

3. RESULTS AND DISCUSSION

The results of biomass and coal combustion in the
30 kWyy, facility (given in Figures|4|and |5|and Tables
and |5)) show that the air staging positively affected
NOx concentration in the flue gas and the NOx forma-
tion was suppressed with a higher secondary/primary
air ratio. On the other hand, the CO level increased
significantly, as can be seen in Figures [f] and [5} This
could be caused by the decrease in excess oxygen to
a sub-stoichiometric atmosphere in the fluidized bed
region (Aprim < 1) connected with incomplete com-
bustion and increased CO production, which is then
not oxidized effectively in the freeboard region, possi-
bly due to lower temperatures there. Therefore, the
application of air staging from this point of view is
limited by acceptable CO emissions. Unfortunately,
the flue gas temperature significantly decreased as
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volumetric concentration in dry flue gas on the ratio
of the secondary to primary air volumetric flows 1 in
the case of a lignite combustion in the 30 kW, BFB
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to 6 % vol. of Oz in dry flue gas.
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the case of a biomass combustion in the 30 kW, BFB
facility. The gaseous pollutants concentrations related
to 6 % vol. of Oz in dry flue gas.
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Parameter Unit ‘Case 1’ ‘Case 2’ ‘Case 3’ ‘Case 4’ ‘Case 5’
P [—] 0.0 0.35 0.62 1.23 2.45
Aprim -] 1.4 1.04 0.8 0.68 0.48
$o, [% vol.] 59+0.03 5.934+0.03 5.96+0.03 6.09+£0.03 6.13+0.01
tBFB [°C] 881 £ 0.6 889 £ 0.3 886 £ 0.3 890 £ 0.4 887 +0.3
Cnoy [mg - m¥] 635+ 1 491 +2 423 +1 328 +1 266 +0
Cco [mg - m3] 277+ 7 347 + 4 451 +1 1038 + 5 2155 £ 8
ug [m-s7!] 1.73 1.73 1.86 1.71 1.71

N - NO [ 0 mole] 21.61 16.73 14.41 11.16 9.06

M fuel [kg - h~1] 5.8 5.8 5.8 5.8 5.8

TABLE 4. Experimental results of the staged supply of air on the NOy formation in the case of lignite combustion in
the 30 kWi, BFB facility. Gaseous pollutant concentrations are related to 6,% vol. of O3 in dry flue gas.

Parameter  Unit ‘Case 1’ ‘Case 2’ ‘Case 3’ ‘Case 4’ ‘Case 5’
P -] 0.0 0.25 0.6 1.09 2.29
Aprim -] 1.64 1.29 1.03 0.81 0.48
®o, [% vol.] 8.21£0.05 824+0.04 7.914+0.03 7.93+0.04 7.44+0.03
tBFB [°C] 888 £ 0.7 894 £ 0.5 888 +£0.3 890 £ 0.7 897 +£0.9
Cnoy [mg - m3] 173+0 158 +0 135+ 0 127+ 0 100+ 0
Cco [mg m3]] 217+ 3 455 + 5 524 +5 593 + 6 843 £ 6
o [m s 2.46 2.35 2.41 2.31 2.31

N - NO [ omole] 12.01 11.0 9.36 8.85 6.95

M fuel kg 1 6.9 6.9 6.9 6.9 6.9

TABLE 5. Experimental results of the staged supply of air on the NOx formation in the case of wood combustion in
the 30 kW, BFB facility. Gaseous pollutant concentrations are related to 6 % vol. of Oz in dry flue gas.
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FIGURE 6. The dependence of the NOx and CO
volumetric concentration in dry flue gas on the ratio
of the secondary to primary air volumetric flows 1 in
the case of a lignite combustion in the 500 kW, BFB
facility. The gaseous pollutants concentrations related
to 6% vol. of Oz in dry flue gas.

the gas passed through the facility due to poor insu-
lation of the freeboard section of the 30 kW, BFB
facility. If the temperature is too low at the point of
secondary air injection, the oxidation of the unburned
combustibles is very slow, which reduces the desired
effect of air staging.

Since both the fluidized bed and the freeboard sec-
tion are well insulated by the fireclay lining in the
500 kWyy, facility, the freeboard temperatures are sig-

nificantly higher compared to the 30kWy, facility.
Therefore, secondary air properly oxidizes CO and
other incomplete combustion products and the con-
centration of CO does not increase (moreover, it de-
creases) with an increasing secondary/primary air
ratio ¢, as can be seen in Figure [fland Table [6] where
the results of lignite combustion in the 500 kWy,, BFB
facility are given. Based on the rise in the NOx con-
centration in flue gas related to the increase in the
secondary/primary air ratio ¢ from 0.92 to 1.59 in
Figure [0} it can be estimated that the NOx reduction
through the air staging has an optimum at the value
of the secondary/primary air ratio 1 about 1. The fur-
ther NOx reduction observed in the results obtained
using the 30 kWyy, facility can then be explained by
the increased CO concentration.

The impact of air staging on the temperature profile
in the 30 kW, combustor can be seen in Figures |Z|
and [§ and on the temperature profile in the 500 kW
combustor in Figure [0

In the case of the 30 kW, combustor, it was not
possible to achieve the temperatures required for
SNCR while keeping the bed temperature constant
for coal combustion. In the best scenario (for the sec-
ondary/primary air ratio ¢ 1.4), the temperature rose
by 10°C in a small area directly above the fluidized
bed, but this could also be caused by not exactly
the same fluidized bed temperature. In general, no
significant positive impact was observed from the in-
crease in secondary air supply. In the case of biomass
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Parameter Unit ‘Case 1’ ‘Case 2’ ‘Case 3’ ‘Case 4’
P [—] 0.0 0.48 0.91 1.6
Aprim -] 1.19 0.7 0.66 0.57
90, [% vol.] 6.06 £0.06 5.27+0.04 4.754+0.04 5.73+0.07
tBFB [°C] 887 £ 0.7 885+ 0.5 878 0.6 879 £ 0.4
Cnoy [mg - m¥] 256 + 2 186 =1 173+1 253 +1
Cco [mg-m3] 4314 +£209 2882 +206 3118 +236 499 £+ 81
g [m s 1.71 1.29 1.02 1.26

N - NO [% mole] 8.72 6.32 5.87 8.63

M fuel [kg - h=1] 50.0 55.0 46.0 62.0

TABLE 6. Experimental results of the staged supply of air on the NOy formation in the case of lignite combustion in
the 500 kW, BFB facility. Gaseous pollutants concentrations are related to 6 % vol. of Oz in dry flue gas.

combustion, enhanced combustion of volatiles above
the fluidized bed was observed with an increase in
the secondary /primary air ratio, causing a consider-
able increase in temperature. There, a temperature
greater than 900 °C was reached, thus conducive condi-
tions could be provided for the application of SNCR,
although the secondary/primary air ratio must be
high. However, a significant decrease in freeboard
temperatures can be observed for both biomass and
coal combustion in Figures[7] and [§] possibly due to
insufficient insulation of the freeboard section. The
negative impact of staged air supply can be caused by
increased volumetric flow, as the higher flow rate is
then associated with heat loss. It can be expected that
with insulation improvement, air staging would also
increase the freeboard temperature for coal combus-
tion, because it did so in the 500 kWyy, facility, where
both the fluidized bed and the freeboard section are
insulated using an inner fireclay lining. As can be seen
in Figure 0] where the dependence of the temperature
height profile on the secondary/primary air ratio ¢
is given, staged air injection can move the dominant
combustion zone from the furnace to the freeboard
section and therefore could increase the freeboard tem-
perature sufficiently for efficient application of SNCR
in the BFB boilers even in the case of a lignite com-
bustion. The most significant increase in freeboard
temperature was achieved for the secondary/primary
air ratio 0.92, where the freeboard temperature was
953 °C for the fluidized bed temperature 880 °C. The
further increase in the secondary/primary air ratio
did not improve the freeboard temperature but rather
cooled it. It can also be seen that the higher volumet-
ric flow of the secondary air and so the higher flue gas
velocity in the freeboard section moved the highest
temperature measured in the height profile further in
the flue gas stream. The increased temperature in the
freeboard section invoked by the staged injection of air
is also in agreement with the findings of Sirisomboon
and Charenporn [I4], who carried out the experiments
in a well insulated pilot scale BFB.
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FIGURE 7. The dependence of the temperature height
profile within the 30 kW, BFB facility on the ratio of
the secondary to primary air volumetric flows 1 in the
case of a lignite combustion. The horizontal dash-and-
dot line represents the height where the secondary air

is injected.
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FI1GURE 8. The dependence of the temperature height
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case of a biomass combustion. The horizontal dash-
and-dot line represents the height where the secondary

air is injected.
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FIGURE 9. The dependence of the temperature height
profile within the 500 kW, BFB facility on the ratio
of the secondary to primary air volumetric flows % in
the case of a lignite combustion. The horizontal dash-
and-dot line represents the height where the secondary
air is injected.

4. CONCLUSION

The aim of the work was to experimentally verify
the impact of air staging on NOx emissions from
combustion of coal and wooden biomass in BFB and to
study the feasibility of providing sufficient conditions
for the application of selective non-catalytic reduction
of nitrogen oxides in BFB using two experimental
combustors with thermal load 30 and 500 kWyy,.

The experiments also showed that air staging it-
self is an effective primary measure for BFB to re-
duce NOx formation. In the results from the 30 kWyy
facility, the suppression of the NOx directly corre-
lated with an increased secondary/primary air flow ra-
tio. The NOx emissions reduction efficiency of about
55 % and 40 % was achieved in the case of lignite and
biomass combustion, respectively. In the experiments
carried out using the 500 kWyy, facility, the best NOx
emissions reduction efficiency of 33 % was achieved for
the secondary/primary air ratio ¥ 0.92 and its further
increase did not bring further NOx reduction.

Due to the poor insulation of the freeboard sec-
tion of the 30kWy, BFB facility, it was not possi-
ble to increase the freeboard temperature to a value
higher than the fluidized bed temperature for both
fuels used. In the case of biomass combustion, the
results confirmed that it is possible to reach the suit-
able temperature range for the SNCR of NOx by air
staging, but the secondary/primary air ratio must
be significantly high, resulting in sub-stoichiometric
conditions in the dense bed. However, a temperature
increase was observed only in the well-insulated flu-
idized bed region below the secondary air inlets. For
coal combustion, no positive impact of staged injec-
tion of combustion air was observed in the 30 kWi
facility. The experiments carried out with 500 kWyy,
BFB facility showed that if the combustion chamber
and the freeboard section are properly insulated, the

freeboard temperature increases with the increase of
the secondary/primary air ratio. The ideal value of
this ratio was approximately 1, for which the free-
board temperature was about 70 °C higher than the
fluidized bed temperature. It can be expected that
with insulation improvement of the 30 kWyy, facility,
the air staging would have a positive impact on the
temperature profile for combustion of both fuels.

Recently, the insulation of the freeboard section
of the 30kWy, BFB facility was replaced with In-
sulfrax boards. Further experiments confirmed that
temperature height profiles within the combustor are
significantly improved. This study will continue with
the characterization of the formation of gaseous pol-
lutants in combustion of alternative biomass fuels in
a BFB. In addition, the application of SNCR in the
500 kW;, BFB combustor will be studied.
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LIST OF SYMBOLS

BFB bubbling fluidized bed

LHV low heating value

LW A lightweight ceramic aggregate

PSD particle sized distribution

SCR selective catalytic reduction

SNCR selective non-catalytic reduction

Cco concentration of CO in the dry flue gas [mg/m¥]

Cnoy concentration of NOx in the dry flue gas [mg/mf(r]

d.o 1°° decile particle size [mm]

dgo 9" decile particle size [mm]

dso median diameter [mm)]

dmean mean particle size [mm]

dmode mode particle size [mm]

h  height [mm]

Myuer fuel load [kgh™?]

N—NO conversion ratio of fuel nitrogen to NO [% mole]

t temperature [°C|

tprp temperature in the bubbling fluidized bed [°C]

u, superficial gas velocity [ms™!]

Umys minimum fluidization velocity [ms™!]

Umf—go minimum fluidization velocity for dgo [ms™']

Ut—go terminal particle velocity for doo [m sfl]

u; terminal particle velocity [ms™']

Viir prim  volumetric flow of primary air [mf{] /h]

Viairsec  volumetric flow of secondary air [mfi]/h]

Aprim ratio of the air excess in the primary combustion
zone [-]

¢0, volumetric fraction of O in dry flue gas [% vol]

ps density of solid material [kgm™?

py  bulk density of solid material [kgm ™3]

1 ratio of the secondary to primary air volumetric flows

[
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