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Intensive carbon combustion in sintering packed bed via steam spraying:
An experimental study on carbon monoxide emission reduction
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Abstract: Improving the combustion efficiency of solid fuels is important for reducing carbon monoxide emissions in
the iron ore sintering process. In this paper, the surface steam spraying technology is introduced in the sintering process
based on the auxiliary combustion effect of steam on coke, and its potential to reduce carbon monoxide emissions is
demonstrated. Thermogravimetric analysis experiments of coke breeze in air and air-steam mixed atmosphere are carried
out, and the results show that the introduction of steam can reduce the concentration of carbon monoxide in the exhaust
gas from 183x107° to 78x107°. At the same time, the mechanisms of carbon monoxide emission reduction by surface
steam spraying technology are analyzed from the thermodynamic and kinetic perspectives. Then, a series of laboratory-
scale sintering pot tests are carried out under no spraying operation, interval spraying operation, and continuous spraying
operation. The results indicate that both interval and continuous spraying operations can reduce carbon monoxide
emissions. The optimal mode of steam spraying under the present experimental conditions is continuously spraying for
13 min at a volume rate of 0.053 m’/min. Compared with no spraying, the average carbon monoxide concentration in the
exhaust gas is reduced from 7565107 to 6231x107°, and total carbon monoxide emissions for per ton sinter are reduced
from 13.46 m’/t to 9.51 m’/t.
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responsible for reducing emissions from human
1 Introduction activities through strict regulation [5 —9]. Carbon
monoxide (CO), one of the most common air

Environmental issues, including air pollution,  pollutants, is recognized as a significant threat to

environmental degradation, global warming, ozone
depletion, and acid rain, are largely related to
uncontrolled and excessive use of natural resources
[l — 4]. Both governments and industries are

human health [10] and plays an essential role in
various photochemical oxidation processes in the
atmosphere [11], such as the formation of
tropospheric ozone [12]. CO is mainly produced
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from incomplete combustion of fossil fuels [13] due
to insufficient oxygen supply or insufficient mixing
[14]. As the second-largest CO emitting industry
industry [15], the steel
production accounts for 17.4% of CO emissions
[16—-17], while iron ore sintering processes account

after the automobile

for 34.4% by burning approximately 50 kg fossil
fuels per ton sinter [18 — 21]. The rate of CO
emissions from combustion systems depends on the
combustion efficiency of fossil fuels [22-23]. The
key to reducing CO emissions is to improve
fuel combustion efficiency [14, 24], i.e. to further
oxidize CO into carbon dioxide (CO,), thereby
reducing fuel consumption.

To date, intensive research has been conducted
by experimental [25-29] and numerical studies [30-
33] to find cost-effective methods to reduce CO
emissions in the sintering process. Specifically,
emission reduction strategies can be broadly divided
into two categories. On the one hand, CO emission
reduction can be achieved by reducing the addition
of coke breeze, and a series of practical
technologies have been developed, such as
ultra-thickness bed sintering technology [34 - 36],
coke breeze segregation [37 — 39], biomass fuel
substitution [25, 27, 40—41], return fines embedding
technology [42] and composite agglomeration
technology [43 —44]. Ultra-thickness bed sintering
technology has been widely used to reduce fuel
consumption due to the advantage of energy storage
effect. It is noted that every 100 mm increase in bed
height can not only improve the mechanical strength
and yield of the sinter, but also reduce energy
consumption by approximately 10 kgce/t [45].
Meanwhile, a series of comprehensive technologies
to ensure the bed permeability are essential [46—47].
Due to the increased melting quantity index in the
upper burden region, CHENG et al [30] proposed
that fuel segregation with multi-layers can achieve a
more reasonable heat pattern distribution, which can
subsequently reduce CO concentration in exhaust
gas from 0.8% to 0.6%. Biomass fuel, which is
characterized by higher chemical activity than coke
breeze, is the potentially appropriate alternative to
coke breeze for the sake of controlling CO
emissions [48]. KAWAGUCHI et al [49] found that
the combustion efficiency of biomass-char was
faster than that of coke, and LEGEMZA et al [50]
demonstrated that the average concentration of CO

decreased with the addition of biomass-char by
approximately 30%. However, a higher replacement
proportion has an adverse impact on the quality of
the sinter. GAN et al [51] found that when the
proportion of biomass replacing coke exceeded
40%, both sinter yield and tumble index decreased.
In addition, the latest research results showed that
the improvement of bed permeability through the
return fines embedding technology not only
strengthened the quality and yield of the sinter, but
also reduced fuel consumption by 16% [52]. Process
control has also become an effective way to reduce
CO emissions. Therefore, innovative technologies
developed in recent decades have been generally
accepted and put into production in sintering plants,
such as sintering flue gas recirculation [53 — 56],
stand-support sintering [45, 57 — 58], gaseous fuel
injection [59-62] and double-layer ignition
sintering [34, 63]. It was reported that CO emissions
could be reduced by 22.06% with the application of
sintering flue gas recirculation technology [25]. At
the same time, this technology inevitably brought
changes to gas flow and conditions across the bed
[64]. WANG et al [58] found that the stand-support
reduced CO concentration by 44.4% and
increased production by 17.4%. Although various
technologies have been developed to reduce CO
emissions, huge operational challenges, high retrofit
costs, and additional pollutants limit their large-
scale application.

As we all know, humidified combustion has
been applied to various fields such as internal
combustion engines [65], coal slurry [66], coal
combustion [67] and coal gasification [68], because
it can improve the combustion efficiency of fuel.
However, super-humid in the combustion system
will affect combustion stability and exhaust gas
emissions [69]. This can lead to unstable,
incomplete combustion, which will negatively affect
combustion efficiency and increase CO emissions.
Therefore, it is very important to figure out the
appropriate degree of humidification of the
combustion
efficiency. Surface steam spraying technology is
employed to investigate the potential for CO
emission reduction in this paper. First, the
thermodynamic response to coke combustion before
and after spraying steam is compared, and the
mechanistic analysis of CO emission reduction is

system to improve combustion
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provided. Second, through thermogravimetric
analysis experiments, it is proved that the coke
combustion efficiency in the mixed atmosphere of
air and steam is higher than that in the air
which further CO

emissions. Third, laboratory-scale sintering pot tests

atmosphere, can reduce
are conducted with three spraying patterns, namely
no spraying pattern, interval spraying pattern, and
continuous spraying pattern, and the composition
and temperature distributions of exhaust gas and the
comparative results of sinter yield and quality are
quantitatively described. The results show that both
the interval and the continuous spraying patterns
can achieve the goal of reducing CO emissions,
while the continuous spraying operation has a more
significant emission reduction effect at the same
steam volume rate.

2 Experimental

2.1 Properties of coke breeze

The coke breeze is used as the fossil fuel in the
sintering process. Its proximate analysis results are
summarized in Table 1, while its appearance and
particle size distribution are shown in Figure 1.
2.2 Pyrolysis analysis of coke breeze in

humidified air

The coke breeze is subjected to pyrolysis
analysis in the thermogravimetric analyzer (Setsys

Evo TG-DTA1750). 7.1 mg weighed samples are

Table 1 Proximate analysis results of coke breeze

heated from ambient temperature to 1000 °C at a
heating rate of 20 °C/min in humidified air, which is
a mixture of air and steam generated from the
humidity = generator (Setaram  Wetsys). The
humidified air has a humidity of about 45%, and its
flow rate is 40 mL/min. Meanwhile, the exhaust gas
composition is analyzed through Fourier infrared
flue gas analyzer (Antaris IGS).

2.3 Combustion emission analysis of coke breeze
with steam spraying in packed bed

As shown in Figure 2, a laboratory-scale
sintering pot with a steam sprayer is used to
simulate the practical sintering process. The raw
materials are first mixed and granulated in a rotating
granulator with a diameter of 945 mm and a length
of 1200 mm for 10 min and 15 min, respectively.
Subsequently, the obtained by the
granulator are charged into the sintering pot with a
height of 800 mm and a diameter of 300 mm. The
coke breeze on the surface is initially ignited by

granules

an ignitor to maintain the ignition temperature
(1323 K) for 2 min with a negative suction pressure
of 8 kPa, and then the combustion front and sprayed
steam move downwards with a negative suction
pressure of 10 kPa.

Throughout the sintering process, an infrared
flue gas analyzer and thermocouple are used to
monitor exhaust gas composition and temperature.
In addition, the sinter cake is subjected to yield and
quality evaluation with formulas in Table 2.

w(ash)/% w(moisture)/% w(volatile)/% w(fixed carbon)/% Calorific value/(MJ-kg™)
12.64 0.53 2.24 84.69 27.43
(a) (b)

0.5-1 mm

1-3 mm

3-5mm

: 5-8 mm
g o o
| 19 20 21 22 23 24

>8 mm

16.11%

20.83%

13.72%

11.06%

| [EAIED

Figure 1 (a) Appearance and (b) particle size distribution in mass fraction of coke breeze
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Figure 2 Schematic diagram of sintering pot test with
surface steam spraying technology

Table 2 Formulas used for determining yield and quality
indices of sinter

Evaluation

. Note
index

Formula

mg, .- mass of sinters
with size greater than
6.3 mm after tumbling,
kg; m,: mass of
samples, kg

Tl:lmbler [T — m6.3 mm + x 100%
index m,

m,, ... mass of sinters
m

. ith size greater than
7.= Thomme o 100% wit] g
Shatter index m, ° 10 mm after shatter, kg;

m,: mass of samples, kg

m,: mass of
Productivity y=5 2 100% sinter cake, %{g,
m, m,: mass of sinter

mixtures, kg

ms,.: mass of sinters
with size greater than

y="Tmms . 100%
m
5 mm, kg

a

Sinter yield

Iron ore fines, fluxes (including dolomite,
limestone, and quicklime), fuels and return fines are
used as raw materials, which are offered by
Baosteel, Shanghai. The chemical composition of
raw materials is given in Table 3. The weighed raw
materials are mixed with 8.0% moisture, and
approximately 100 kg raw materials including
62.15% iron ore fines, 9.01% fluxes, 3.38% coke
breeze, and 25.46% return fines are charged into the
pot after granulation.

Three different spraying patterns, namely no
spraying (NS), spraying (IS), and
continuous spraying (CS) shown in Figure 3 are

interval

Table 3 Chemical composition of raw materials wt%
Material TFe SiO, CaO MgO ALO, LOI
Iron ore fines 59.88 4.58 1.05 024 173 8.92
Dolomite 036 3.56 18.34 2943 1.03 4593
Limestone 035 2.08 5225 321 1.03 4232
Quicklime 032 1.83 8330 0.58 033 13.03
Coke breeze 045 396 1.04 0.13 4.60 84.62

Return fines 57.44 554 974 133 199 2.5

é" (a)
5 |On memmemcccn e n e e e e e e e e — e — ————
g
2 |Off
o
Z
Without spraying Sintering time
Spraying time
sn  (b) 25s
2 Ton 4 S
<
& |Off -
S \?ﬁterval time 77
£ of 2 min
£ 6 sprays with 2 min fixed-interval Sintering time
" (c) Spraying time
3 o [ of 13 min———
22 |on —mmeeee
Sz
*g sé- Off ===mmmmene e e -——————
O

13 min continuously spraying  Sintering time

Figure 3 Detailed explanations of three spraying

patterns: (a) NS; (b) IS; (¢) CS

employed in this work to investigate the influence
of the spraying pattern on the sintering performance.
In addition, the IS pattern sprays steam at the steam
volume rates of 0.025 (denoted by IS1) and 0.053
(denoted by IS2) m’/min, respectively, while the CS
pattern is performed at rates of 0.025 (denoted by
CS1), 0.035 (denoted by CS2) and 0.053 (denoted
by CS3) m’/min, respectively.

3 Results and discussion

3.1 Transient combustion behaviour of carbon in
different atmospheres
The thermodynamics of the carbon-oxygen
system are first calculated and illustrated in
Figure 4(a,). The combustion reaction of carbon can
be divided into

reactions. The

complete and incomplete

combustion coke combustion

reaction is a typical gas-solid phase reaction, which
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can be described by the gas-solid phase film model.
As shown in Figure 4(b,), under negative pressure in
the sintering process, oxygen (O,) diffuses to the
surface of solid carbon particles, and then the
combustion reaction occurs, resulting in a layer of
CO film around the carbon particles and outward
diffusion. Subsequently, at high oxygen potential,
most of CO is further oxidized by O, to generate
CO, and form a flame surface. In a word, coke
combustion efficiency depends on the diffusion rate
and heat transfer rate.

What if steam is introduced into the carbon-
oxygen system? Figure 4(a,) shows the
thermodynamic results. Although O, is sufficient in

100

the sintering process, it is difficult to reach the
surface of the coke, so the reducing atmosphere
dominates around the coke. Given that steam
diffuses more rapidly over the carbon surface than
0, [70], the steam can promote carbon combustion
through the reaction of C+H,0=CO-+H,, and the
produced CO is then oxidized to CO,, resulting in a
reduction in CO emissions. Moreover, since the
reactions of CO+H,0=CO,+H, and CO-+H,=C+H,0O
cannot spontaneously generate at temperatures
higher than 820 °C and 680 °C, it is not the decisive
pathway for reducing CO emissions. In addition,
Figure 4(b,) schematically shows how the spraying
steam affects the carbon combustion reaction in the

100

(al) (az) CO+H20:C02+H2
CO,+C=2C0 CO+H,=C+H,0 C+2H,0=CO,+2H,
0
T ~ C+H,0=CO+H, CO,+C=2CO
3 ~100 - CO+0.50,=CO, & ~100 FH,+0.50,=H,0
E = e
= -
<l C+0.50,=CO | C+0.50,=CO
=300 - =300 -
C+0,=CO,  Without steam spraying C+0,=CO, With steam spraying
_400 1 1 1 1 _400 1 | 1 1
600 800 1000 1200 1400 600 800 1000 1200 1400
Temperature/°C Temperature/°C
(o) Sug%ﬁ_%‘:ig"ggon: A . : Without steam spraying
1 1 Concentration of O, ‘
Surface of flame: 1 1 Cipammlatel
2CO+0,=2C0, N I _: 1 ) s
emperature
: o
__________ Concentration Coke
" g of CO,
) L A |m————— ': """ 1 Concentration ‘
the xsdation eneson Sufes — Swee b 00| O
of carbon  of flame Distance .
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2C0+0,=2C0O, Xy|====== e of O, o
Temperature g
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Xy ——————{———— HZO(g)
5 4 Concentration of CO
T T e e e,
Without participating in Surface  Surface .
the oxidization reaction of carbon  of flame Distance

Figure 4 Without steam spraying (a,, b,) and with steam (a,, b,) spraying: (a,, a,)Thermodynamic analysis of carbon-
oxygen combustion system; (b,, b,) Schematic diagrams of carbon combustion reaction process
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sintering process. Due to the reaction of C+H,O=
CO-+H,, the CO concentration on the carbon surface
should be higher than that without steam spraying.
On the one hand, vapor with a larger heat capacity,
lower density and kinematic viscosity, can improve
the radiation heat transfer capability of gas [71]. On
the other hand, the reaction of C+H,0=CO+H, can
expand the porosity of the coke breeze and further
increase the contact area of the carbon-oxygen
reaction [72]. Therefore, the introduction of steam
provides a beneficial kinetic condition for carbon
combustion.

The weight loss curve of the thermogravimetric
analysis experiment and the exhaust gas
composition are shown in Figure 5. Figure 5(a)
shows that the carbon combustion reaction begins at
500 °C and completes at approximately 830 °C. The
mass loss in air and air-steam mixed atmosphere is
57 mg and 5.9 mg, and the
corresponding mass loss ratios are 80.3% and

respectively,

83.1%, respectively. In addition, compared with the

2
(@) — Air
= Air and steam
o O
£
>
=
5720
G
o
S -4t
g
>
_6 L
400 600 800 1000
Temperature/°C
200 . 0.40
®) o
o 180 1035 &
= S
S 160 o}
3 1030 =
S 140 s
S 1025 §
2120 2
& &£
o 1020 %
E 100 £
S g0 1015 2
60 0.10

Air and steam

Figure 5 (a) Mass loss curve and (b) CO and H,O(g)
concentrations in the exhaust gas of coke combustion in
air and air-steam mixed atmosphere

results in the air atmosphere, the volume fraction of
CO in the exhaust gas decreases from 183x10™ to
78x10™ in the humidified air atmosphere, and the
volume fraction of vapor increases from 0.15% to
0.36%.
concentration in exhaust gas confirm that steam can

Increased mass loss and reduced CO

improve overall reactivity and reduce CO emissions.

3.2 Transient emission characteristics of carbon

combustion after spraying steam in IS pattern

It is generally agreed that at a temperature
above 727 °C, CO is the main product formed at the
coke-gas interface [73], and the local temperature in
the sintering bed can reach 727 °C rapidly. At the
coke surface, carbon is first oxidized to CO, and the
formed CO is further oxidized to CO, O,
concentration is a key factor in CO oxidation, which
determines the efficiency of carbon combustion.
The ratio of CO, concentration to (CO,+CO)
concentration is generally used as an indicator of
combustion efficiency [74-75], which is defined as
# in this paper.

Figure 6 compares the temporal gas
composition in the exhaust gas of the sintering
process operated by the IS pattern. As shown in
Figure 6(a), the introduction of steam influences the
local O, concentration to some extent. First, the
entire sintering process is shortened, which is
demonstrated by the progress of the time when the
concentration of O, reaches 21%. Second, taking the
IS2 case as an example, it can be found that the
concentration of O, shows a decreasing trend after
each steam spraying operation, while it will increase
rapidly once the spraying operation is stopped.
However, due to the lower steam volume rate for
spraying in the case of IS1, it does not have the
same phenomenon. Figures 6(b) and (c¢) show the
temporal concentrations of CO and CO, in the
exhaust gas. On the one hand, the steam spraying
operation decreases the CO concentration but
increases the CO, concentration. On the other hand,
a greater reduction in CO concentration is noticed
with a greater amount of spraying. Figure 6(d)
further demonstrates that the efficiency of carbon
combustion is obviously improved with steam
spraying. In addition, average CO concentration and
total CO emissions V., (based on Eq. (1)) in the
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Figure 6 Concentrations profiles in exhaust gas, combustion efficiency distribution and comparative results of CO
emissions under IS operations: (a) O, concentration distribution; (b) CO concentration distribution; (c) CO, concentration
distribution; (d) Carbon combustion efficiency distribution; (e) Average CO concentration in the whole sintering process;

(f) CO emissions of per ton sinter

sintering process are compared in Figures 6(e)

and (f).

Vco:th Peodt (1

where Q is the flow rate of gas, m'/h; ¢, and ¢, are

the starting time and ending time of sintering, s; pc,

is the concentration of CO in the exhaust gas.
Although the average CO concentration in 1S2
case is higher than in the NS case, total CO
emissions for ton sinter are 0.18 m’t less than that
in the NS case due to shorter sintering duration.
Accordingly, CO emissions in IS1 and IS2 cases are
11.75 m’/t and 11.13 m’/t, respectively, with a
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decrease of 12.70% and 17.30% compared with the
NS case.

The transient temperature profiles of the
exhaust gas under IS operations are compared with
the NS case in Figure 7. It should be noted that the
IS2 operation has little effect on the maximum
exhaust gas temperature, but the period to reach the
maximum temperature is shortened from 2688 s to
2385 s. Overall, the IS operation at a steam volume
rate of 0.053 m’/min can not only improve the
combustion efficiency of carbon, but also increase
the traveling speed of the combustion zone.

600
—a— NS
O S00F —=—ISI
A ——1S2
S
2 400 +
=
G
© 300
[}
E
£ 200F
o
5
= 100+
0 ;I- 1 1 1 1 1
0 500 1000 1500 2000 2500 3000

Time/s
Figure 7 Transient temperature distribution of exhaust
gas under IS operations

The influence of IS pattern on the yield and
quality of sinter indices is also compared in
Figure 8. First, the IS pattern applied in the sintering
process produces comparable or even better quality
sinters. Specifically, the tumbler indices in NS, IS1,
and IS2 cases are 73.6%, 75.6% and 73.2%,
respectively. The shatter indices in three cases all

mm Tumbler index ] i
76 [ mm Shatter index 1940 1845 182
= Productivity
Yield
75t | 1935 {840 481
c\o i N o
= S 8
é 3 z N
= TAr 193.0 5 183.52180 3
E g 5| ¥
g 2 2
=
= wn (=W
73+ 1925 1830 179
72 920 4185 78

NS IS1 1S2
Figure 8 Comparative results of sinter indices under IS
operations

exceed 92.9%. Second, productivity showed a clear
upward trend, from 82.7% to 84.2% and 84.4%,
although sinter yield showed a slight downward
trend with a minimum value of 78.8%.

3.3 Transient emission characteristics of carbon

combustion after spraying steam in CS
pattern
Conversely, when sintering pot tests are

performed with CS operations as previously
explained in Figure 3, the temporal concentrations
of O, CO and CO, in the exhaust gas are
compared in Figures 9(a)—(c), respectively, and the
corresponding results in the overall spraying process
are further compared in the insets. Meanwhile,
carbon average CO
concentration and total CO emissions are compared
in Figures 9(d)—(f), respectively.

There are three points worthy of note. First,
similar to the IS operation, the temporal O,
concentration under the CS operation is also lower

combustion efficiency,

than the NS case, especially in the period before
600 s. In addition, O,
spraying duration in CS cases are lower than those
in IS cases, indicating a higher fuel utilization ratio
under CS operations. Second, the sprayed steam
promotes the oxidation of CO to CO,, which can be
obtained by the carbon combustion
efficiency during the spraying duration. As a result,
CO emissions in CS3 case is reduced by 29.35%
compared to NS. Third, at the same steam volume

concentrations during

greater

rate, continuous spraying results in a significant
reduction of CO compared to IS cases. Taking the
steam volume rate of 0.053 m’/min as an example,
CS3  operation reduces the average CO
concentration and total CO emissions by 19.64%
and 14.56%, respectively, compared with the IS2
case.

The transient temperatures profiles of the
exhaust gas in the CS pattern are also compared
with the NS case, as shown in Figure 10. The lower
steam volume rate under CS operations has the
effect of increasing the exhaust gas temperature,
while the greater steam flow rate has the effect of
reach the maximum
temperature. Specifically, compared with the NS
case, the maximum temperature of the exhaust gas

reducing the period to

under the CS1 operation is increased from 570 °C to
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617 °C, while the period to reach the maximum
temperature under the CS3 operations is shorten
from 2688 s to 2618 s.

The yield and quality of the sinters obtained

under CS operations are compared in Figure 11. The

introduction of continuous surface steam spraying

technology increases tumbler

the index and
productivity. For example, compared with the NS
case, the tumbler index and productivity of the
sinters in the CS2 case increase from 73.6% to
74.7% and 82.7% to 84.4%, respectively.

addition, although the shatter index and the sinter

In
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yield decrease slightly, they all exceed 92.0% and
79.5%, respectively.

4 Conclusions

This work highlights surface steam spraying
technology to improve coke combustion efficiency
and thus reduces CO emission in the sintering
process. This work not only reveals the mechanisms
of intensive carbon combustion in the air-steam
mixed atmosphere, but also investigates the
influence of IS and CS patterns on sintering
performance in terms of temporal exhaust gas
composition and sinter productivity and quality
indices. The main findings are summarized as
follows:

1) The reaction of C+H,0=CO-+H, and
subsequent oxidation of CO play a key role in
intensive carbon combustion, further cutting down

CO emissions in the air-steam atmosphere.

2) Both the IS and CS patterns can achieve the
goal of reducing CO emissions. At the same time,
increasing the amount of steam and spraying
periods could further reduce the concentration of
CO in the exhaust gas. Under the present
experimental conditions, continuous steam spraying
for 13 min at a volume rate of 0.053 m’/min is
recommended.

3) Once the steam reaches the combustion
zone, either O, or CO concentration decreases,
while the CO, concentration increases accordingly,
indicating that more CO is oxidized to CO,. In
addition, the introduction of surface steam spraying
technology can shorten the sintering period, thus
increasing productivity.

4) Compared with NS operation, CO emissions
for per ton sinter can be reduced from 13.46 m’/t to
as low as 11.13 m’/t under IS operation. By contrast,
the result can be further reduced to 9.50 m’/t under
CS operation at the same steam volume rate.
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