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Abstract

Recently, the improvement of coupling effect of iron ore reduction and coke gasification
reactions have been concerned much in order to decrease reducing agent rate in blast
furnace. High reactive coke could improve the reduction efficiency of iron ores in lump
zone significantly, which has also been proved in our former study. Therefore, in this
paper the influence of burden distribution (includes layered and mixed distributions) on
coke gasification and iron ore reduction was laboratory investigated by using high
reactive coke. The results showed that with the increase of layered number under the
condition of layered distribution, the contact surface of iron ores and cokes are
increased, which improves the reactions of coke gasification and iron ore reduction.
Compared with layered distribution, mixed distribution had relatively low coke
gasification and iron ore reduction at low temperature of 1173 K. When the reaction
temperature increased to 1373 K, the direct reduction between iron ore and coke
developed, which increased the coupling effect of iron ore reduction and coke
gasification. Considering the coke reactivity and the strength after reaction for blast
furnace ironmaking process, the mixed distribution had better effect on coupling effect
on coke gasification and iron ore reduction for practical application.
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1 INTRODUCTION

With the increasing problems of resources exhaustion and environment pollution,
the methods of how to further improve the reduction efficiency and decrease the
reducing agent rate (RAR) of blast furnace ironmaking process have been one of the
improtant research theme for the researchers all over the world.*®! Many research
works have been conducted in this field. T. Ariyama and Sato® showed the concept and
measures for low RAR operation of the blast furnace as an independent unit. Basically,
measures for low RAR operation consist of improvement of shaft efficiency, charge of
metallic iron, reduction of the heat loss in the lower part of blast furnace, and
furthermore control of the reduction equilibrium on FeO/Fe. The improvement of shaft
efficiency, heat balance and charge of metallic iron are realistic, whereas control of the
reduction equilibrium relatively depends on the temperature of the reaction.

The thermodynamics of the indirect reduction reaction of FeO by CO shows that
with temperature decreasing, the equilibrium concentration of CO/(CO+CO;) is
decreased, which could improve the reaction efficiency thermodynamically. Therefore,
decreasing the thermal reserve zone temperature is considered to be one of the
methods to improve the shaft efficiency and control the reduction equilibrium on FeO/Fe.
Many researches have been reported to realize low temperature operation of blast
furnace, such as carbon composite pellets charging, carbon iron composite or ferrocoke
charging.

Recently, the use of high reactivity coke to lower the temperature of thermal
reserve zone and decrease the RAR was conducted by Naito et al.”” In this regard, it
has been reported that the use of highly reactive nut coke improved the efficiency of
reaction in an actual furnace and lowered the temperature of the thermal reserve zone.
In our former study®, the reduction of iron ores in thermal reserve zone under the
condition of using high reactivity coke was simulated, which showed that coupling effect
of iron ore reduction and coke gasification could be improved, resulted in the increase of
reduction efficiency.

In these reported studies, many researches focused on reduction phenomena of
iron ores by adding highly reactive coke and the preparation of the coke with high
reactive and high strength after reaction’®®. However, the influence of burden
distribution on coupling effect of iron ore reduction and coke gasification is rare reported
under the condition of using highly reactive coke!. Therefore, in this work the influence
of burden distribution on coupling effect of iron ore reduction and coke gasification at
1173 K and 1373 K in blast furnace lump zone is researched respectively. The
phenomena of iron ore reduction and coke gasification at different temperature were
then analyzed.

2 MATERIALS AND METHODS

In order to investigate the effect of burden distribution on coupling effect of iron
ore reduction and coke gasification, the experiment was conducted at two temperatures
of 1173 K and 1373 K. The experiments at two temperatures has following differents.
For the experiment at 1173 K, the coke was pretreated to improve the reactivity, while in
the experiment at 1373 K, the metallurgical coke with relativtly high reactivity was from
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steelwork. Therefore, the two kinds of coke were evaluated for the reactivity under the
different parameters.

2.1Experiment at 1173 K

2.1.1 Materials

Raw materials of sinter and coke were from Baosteel Group (China) products.
The sinter and coke was pulverized and the size in the range of 10.0—12.5 mm was
selected for the reduction experiments. The composition of sinter was shown in Table 1.
As the coke has low reactivity, it is very difficult for gasification reaction at 1173 K.
Therefore, in order to obtain the coke that could react with CO, at relatively low
temperature, the coke from Baosteel was catalyzed (write as “catalyzed coke” in this
paper), and the reactivity and strength after reaction was analyzed in following
conditions.

The coke of 250 g was dried for 12 h at 383 K, and then put into a reaction tube.
The reactor was heated to 1173 K with gas flow N, of 5 L-min?, and then the coke was
kept at 1173 K for 2 h with the reaction gas of CO, CO; and N, mixture (volume ratio:
C0-32.5%, C0O,-12.5%, N,-55%). After that, the coke was cooled to room temperature
with the atmosphere of N3 (5 L-min™). The weight loss of the coke during the experiment
shows the reactivity of the coke. And the coke after reaction was put into a tumbler with
the size of @ 130 mm x 800 mm and rolled for 30 min with the rotating speed of
30 r-min™. The weight percent of the particle size larger than 6.3 mm and smaller than
0.5 mm were measured as Dl.g3 and Al.qs respectively. The reactivity and the strength
after reaction of the catalyzed coke are shown in Table 2.

Table 1 Compositon of sinter (wt%)
TFe Fe,03 FeO CaO MgO SiO, ALO; S P LOI

58.13 74.19 7.97 9.47 157 488 166 0.02 0.05 0.01

Table 2 Reactivity and strength after reaction of the catalyzed coke
Weight before reaction (g) Weight after reaction (g) Weight loss (%) Dl.g3 (%) Algs (%)

250.0 220.8 11.68 74.05 4.57

2.1.2 Reduction experiment of sinter with different burden distribution at 1173 K
The reduction experiment at 1173 K was conducted on the equipment of static
reduction furnace, the schematic diagram of which was shown in Figure 1. The samples
of 1000 g sinter and 364 g coke was charged in the tubular reactor with the size of @
125 mm x 950 mm. The distribution of sinter and coke has three kinds: one-layer-
distribution, five-layer-distribution, and mixed distribution. Figure 2 shows the schematic
of burden distribution methods of the experiment at 1173 K and 1373 K. After being
charged, the sinter and coke was heated to 1173 K and kept for 2 h, and then cooled
down to room temperature. The atmosphere during the experiment was the same as
that of coke reactivity experiment. After the reduction experiment, sinter and coke was
separated and weighted respectively. The reduction degree of sinter was calculated by

Eq. ().
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B (W, — W) X 100
Bq = W, % (0.43TFe— 0.11Fe0) % 100% (1)

where

Ro: reduction degree, %;

W weight of iron ores after reduction, g;

Wo: weight of post-drying iron ores before experiment, g;

TFe: weight percent of Fe in the iron ores before reduction, %;
FeO: weight percent of FeO in the iron ores before reduction, %.
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Figure 1. Schematic diagram of reduction equipment.
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Figure 2. Schematic of burden distribution methods.

The strength of the separated coke after reaction was measured by drum test.
The parameter of the drum test was the same as the coke strength experiment. The
particles in different sizes were also screen separated.
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2.2Experiment at 1373 K

2.2.1 Materials

Sinter used at 1373 K is the same as that used in 1173 K experiment. The coke
was from Baosteel Bayi (write as “Bayi coke” in this paper), and the coke reactivity index
(CRI) and coke strength after reaction (CSR) of it was evaluated as following. Coke of
200 g with the size larger than 25 mm was selected for test. The coke was heated to
1373 K at N, atmosphere and then the input gas was changed to CO, of 5L-min™ for 2 h.
After that, the coke was cooled down to room temperature in N,. The reacted coke was
then weighted, and the rate of weight loss is evaluated as CRI. CSR was evaluated by
drum test. The size of tumbler is @ 130 mm x 700 mm and the coke was rolled for 30
min with the rotating speed of 20 r-min™. The weight percent of the particle size larger
than 10 mm were measured as CSR. As a result, the CRI of Bayi coke was 42.62%, and
CSR was 37.92%.

2.2.2 Reduction experiment of sinter with different burden distribution at 1373 K

The samples of 450 g sinter and 150 g coke in the range of 8~10 mm was
charged in the tubular reactor. The distribution of sinter and coke has four kinds: one-
layer-distribution, three-layer-distribution, five-layer-distribution, and mixed distribution,
which is also shown in Figure 2. After charging, the sinter and coke was heated to 1373
K and kept for 2 h, and then cooled down to room temperature. The atmosphere during
the experiment was the same as the reduction experiment at 1173 K but the gas flow is
8 L-min™. After the experiment, the reduction degree of sinter was calculated by Eq. (1),
and the size of the coke was also evaluated by the methods conducted in 1173 K.

3 RESULTS AND DISCUSSION
3.1. Results of the Experiment at 1173 K
After the reduction experiment, the weight loss of coke and iron ore was

evaluated respectively. Figure 3 shows the weight loss of coke and iron ore under the
experiment at 1173 K.
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Figure 3. Weight loss of coke and iron ore after the reaction at 1173 K.

At 1173 K, the weight loss of coke with layered distribution is higher than that with
mixed distribution, and the coke loss increased with the layer number increasing. As for
the weight loss of iron ore, it had the same trends as that of coke loss with different
burden distributions. With coke loss increasing, the iron ore reduction degree increases,
which was caused by increasing CO concentration.
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Figure 4. Reduction degree of iron ore after the reaction at 1173 K.

The reduction degree of the iron ore was calculated, which was shown in Figure 4.
After reduction at 1173 K for 2 h, the reduction degrees of all the samples were higher
than 39%, which indicated that the metal iron was generated after experiment.

The above results showed that at relative low temperature of 1173 K, comparing
with mixed burden distribution, the layered burden distribution could improve the
coupling effect of coke gasification reaction and iron ore reduction reaction. When the
gas flowed through the bed of coke and sinter, it was firstly contact with coke in the
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condition of layered distribution, then the coke reacted with CO, because of its good
reactivity by catalyzing. The reaction of coke gasification resulted in the increasing of CO
concentration in the burden layer, which improves the indirect reduction of FeO to Fe
thermodynamically. Therefore, the layered distribution could improve the coupling effect
of coke gasification and iron ore reduction compared with the mixed distribution. On the
other hand, comparing one-layer-distribution with fire-layer-distribution, with the layer
number increasing, the coupling effect increased because the reduction product of CO,
could improve coke gasification.
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Figure 5. Particle size distribution of the coke reacted at 1173 K after drum test.

After reduction experiment, the coke was evaluated by drum test and the particle
size distribution of it is shown in Figure 5. For the different burden distribution reduction,
the reacted cokes after drum have similar particle size distribution. The percentage of
the particle size less than 0.5 mm is in the range of 5.8—6.5%, and the percentage of
the particle size large than 6.3 mm is in the range of 88.2—90.8%. The degradation of
the cokes after the reaction by different burden distribution is affected by coke
gasification. Therefore, for one-layer-distribution and the mixed distribution, the
percentage of the particle size in the range of 10—12.5 mm are relatively larger than
that of the five-layer-distribution, which was caused by the high gasification rate of the
coke for five-layer-distribution.

3.2 Results of the Experiment at 1373 K
As for the experiment results at 1373 K, the weight loss of coke and iron ore after
experiment is shown in Figure 6. With layer number increasing, the weight loss of both

coke and iron ore are increased, which was similar to that of the experiment at 1173 K.
However, under the condition of the mixed distribution, the weight loss of both coke and
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iron ore are between that of three- and five-layer distributions. This was considered to be
caused by the direct reduction of FeO by coke. Compare with the experiment at 1173 K,
the relatively high temperature could improve the direction reduction FeO+C=Fe+CO,
which is easier to be happened at 1373 K under the condition of using high reactivity
coke compared with that at 1173 K. Therefore, the mixed distribution of burden, which
made the interface of coke and iron ore increased, could improve the coupling effect of
coke gasification and iron ore reduction compared with the layered distribution. When
the layer number is five in the layered distribution, the coke layer and iron ore layer was
very thin, almost one particle layer, which greatly improved the contact of coke and iron
ore, and the interface of coke and iron ore was larger than at the condition of irregular
array of coke and iron for the mixed distribution.
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Figure 6. Weight loss of coke and iron ore after the reaction at 1373 K.

Comparing the experiment results at 1173 K and 1373 K, the indirect reduction
was mainly developed at relatively lower temperature, therefore to increase the CO
concentration could improve the ore reduction, at the same time the generated CO, by
reduction reaction could improve the coke gasification. For this reasons, layered
distribution could improve the coupling effect of coke gasification and iron ore reduction.
At relatively higher temperature, both indirect reduction and direct reduction are
developed. In order to further improve the indirect reduction, the coke gasification should
be improved; and the interface between iron ore and coke should be increased to further
improve the direction reduction. Therefore, coupling effect could be generally improved
by mixed distribution at relatively high temperature.

Figure 7 shows the reduction degree of iron ores after experiment. The reduction
degree had the same trend with that of weight loss. The reduction degrees were larger
than 40% and the iron ore under the experiment condition of five-layer-distribution has
the maximum reduction degree, which was 70.7%. Comparing the reduction degree of
the iron ores under the different experiment temperatures, the iron ores after 1373 K had
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relatively higher reduction degree, which was mainly caused by the improvement of
direct reduction of iron ore at high reaction temperature of 1373 K.
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Figure 7. Reduction degree of iron ore after the reaction at 1373 K.

100

[J-05
0.5~3.15

80+

I 6.3~10

60

40

204

Particle size distribution of coke /%

0 ey . . ! .
One-layer-distribution Three-layer-distribution Five-layer-distribution ~ Mixed distribution

Burden distribution
Figure 8. Particle size distribution of the coke reacted at 1373 K after drum test.

Figure 8 shows the particle size distribution of the coke reacted at 1373 K after
drum test. The particle size of the reacted coke under different burden distribution
experiments had similar distribution. With coke gasification reaction increasing, the
particle size less than 0.5 mm and larger than 8 mm decreased. The weight percentage
of the patrticle in the range of 6.3~10 indicated the strength after reaction, with was larger
than 75% for all the samples, and with the coke gasification increasing, the strength
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decreased.

For a practical blast furnace, the pre-catalyzed coke would increase the cost,
therefore the relatively high reactivity coke could be obtained by decreasing the particle
size, such as using nut coke, which had relatively high reactivity at 1373 K. Considering
the practical application of high reactivity coke, the coke could be mixed in one batch of
iron ore and distributed in the blast furnace.

4 CONCLUSIONS

This paper studied the influence of burden distribution on coke gasification and
iron ore reduction coupling effect under the condition of using high reactivity coke. The
reduction experiment was conducted at 1173 K and 1373 K, and the following
conclusions could be obtained.

(1) When the experiment temperature was 1173 K, comparing with the mixed
distribution the layered burden distribution could improve the coupling effect of coke
gasification reaction and iron ore reduction reaction.

(2) When the experiment temperature was 1373 K, mixed distribution could
improve the coupling effect of coke gasification and iron ore reduction more efficiently.
When layer number was five, the interface between iron ore and coke was larger than
that of irregularly mixed distribution, and the coupling effect then increased.

(3)  For the layered distribution, the coupling effect of coke gasification and iron
ore reduction increased with the increase of layer number at both 1173 K and 1373 K.

(4) The coke strength decreased slightly in the experiments at two
temperatures after reduction, and mixed distribution of relatively high reactivity coke
could be selected for practical application.
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