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Abstract: The softening and melting behavior of sinter, pellet and mixed burden was researched through high tem-

perature reaction tests under load simulating traditional blast furnace ( T-BF) and oxygen blast furnace (OBF) condi-

tions. The results indicated that compared with T-BF, the soltening zone of sinter and pellet became wide, but the

mclting zone became narrow in OBF. The permeabilitics of both sinter and pellet were improved in OBF. Under the

condition of OBF, the temperature of softening zone of mixed burden was increased by 63 K, but the temperature of

melling zone was decreased by 76 K. Therefore, the permeability of material layer was significantly improved. This

was mainly causcd by the change of the melting behavior of pellet. In addition, the quality of dripping iron in OBF

was much better than that of T-BF.
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After centuries of development, the carbon con-
sumption in blast furnace, which is the dominant
route for producing pig iron, has been close to theo-

[ Oxygen

retical minimum value of the process
blast furnace (OBF), as a new iron-making technol-
ogy which can significantly reduce carbon consump-
tion by recycling most of the top gas after CO, re-
moval and operating the blast furnace with pure ox-
ygen, is increasingly causing a widespread concern.
It has several advantages, such as high productivity,
high pulverized coal injection (PCI) rate, low coke
rate, high gas reducing capability and high top gas
calorific value. Therefore, it is considered to be an iron-
making technology that can most likely realize the
large-scale application™®*!.

The shape and position of the cohesive zone in a
blast furnace are largely controlled by the high tem-
perature properties of ferrous burden. It is impor-
tant to have a deep or low cohesive zone in the blast
furnace for an efficient operation. This can be achieved
by having a minimal temperature difference between sof-
tening and melting of the ferrous burden. A lot of

studies were carried out by adapting the softening
and melting experiment of constant gas composition
based on the traditional blast furnace (T-BF)'® I,
However, the research on softening and melting be-
havior of ferrous burden in oxygen blast furnace is
scarce. Han™ studied the softening and melting be-
havior of mixed burden in the atmosphere of oxygen
blast furnace. He found that the softening zone be-
came wide, but the melting zone became narrow.
The permeability of the material layer was signifi-
cantly improved. However, the softening and melt-
ing experiment of constant gas composition cannot
truly reflect the softening and melting behavior of
ferrous burden in an oxygen blast furnace.

In the present study, the experimental condi-
tions for programming softening and melting tests
were determined, and the softening and melting be-
havior of sinter, pellet and mixed burden under the
conditions of traditional blast furnace and oxygen
blast furnace was researched, which could provide
theoretical guidance for the realization of industrial
application of oxygen blast furnace.
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1 Experimental

1.1 Experimental samples

Tables 1 and 2 show the chemical composition
of the sinter, pellet and coke used in a blast furnace
of Laiwu Iron and Steel Company. The diameter of
the samples 1s 10. 0—12. 5 mm.

1.2 Experimental apparatus and method

The experimental apparatus for softening and
melting under load is schematically shown in Fig. 1.
It mainly consists of electric furnace, graphite cruci-
ble, silicon-carbon tube, displacement meter, dif-
ferential pressure gauge and auxiliary equipments.

The rated power and the highest heating temperature

Table 1 Chemical composition of raw materials

Composition/mass %

Burden Basicity
TFe FeO CaO MgO Al; Oy Si0, TiO; S
Sinter 54.11 9. 29 12. 67 2.17 2. 16 5.57 0.21 0. 037 2.27
Pellet 62.16 3. 69 1. 06 0.97 1. 50 7.62 0.17 0. 005 0.14
Mixed burden 57.59 7.20 8. 30 1.72 1.92 6. 38 — 0.025 1. 30
Table 2 Chemical composition of coke mass% cooled to the room temperature. The vertical shrink-
C Ash Volatile S age, pressure drop and temperature of burden layer
86. 2 1L 91 1 6L 0. 694 were all recorded automatically by computer. The

are 6 kW and 1873 K, respectively. The size of reac-
tion tube is $40 mm X 70 mm. The ferrous burden
was charged into the graphite crucible and (20 &=
0.1) g coke was placed over and below that. Wherein
several holes existed in the bottom of graphite cruci-
ble, which was contributed to the dripping of slag
and iron, and the top of graphite crucible is connect-
ed to the graphite pusher. The height of sample in
the reaction tube is (65=%5) mm. The load of 10 N/
cm” was added in the experimental process.

The heating process was protected by N, below
473 K, and then the reductive gas mixture with a
flow rate of 12 I./min was introduced into the reac-
tion tube. When the first iron dripped, the reductive
gas mixture was switched to N, , and the sample was

Load (10 N ,,r(._n.lz}\|:| Displacement meter

Differential
pressure gauge

Gas exhaust

~N

Alundum tube
|~

T 4 Silicon-carbon tube
Graphite pusher -

Electric furnace

|~

Graphite crucible
—

Sampling dish
Sight glass _| et
Gas inlet —__|

/4 A\

Fig. 1 Experimental apparatus

contents of carbon and sulphur in dripping iron were
analyzed.

1.3 Experimental condition

The flow charts of traditional blast furnace and
oxygen blast furnace are shown in Figs. 2 and 3, re-
spectively. The oxygen blast furnace is characterized
by recycling top gas, which is reheated to 1173 K
and then injected into the blast furnace from the
stack tuyeres and main tuyeres after CO; and H,O
removal,

With reference to the characteristics of actual
blast furnace and the research by domestic and for-

eign scholarst 1!

,» the heating program in traditional
blast furnace can be approximated to be that its
heating rate is 9 K/min before 1173 K, and then it
goes to the thermal reserving zone at 1173 K, and
after insulation of 30 min, it heats up by 5 K/min,
Currently, because oxygen blast furnace has not
been put into practical operation, and in-furnace
temperature field cannot be obtained, its heating
program is the same as that of traditional blast fur-
nace. In the present paper, the influence of gas com-
position change in oxygen blast furnace on softening
and melting behavior of the ferrous burden was fur-
ther investigated.

According to blast furnace mathematical model
with multi-zone constraints established by Han et
al. B,

blast furnace is determined. The heating program

the gas composition in different zones of

and gas composition at different temperatures for
softening and melting in tests are shown in Fig. 4,
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CO 21.58%, H, 3.14%, N, 53.67%, CO, 19.54%, H,0 2.07%
Iron ore 1 660 kg/t 1746 m*/t
Coal 370 kg/t

Dust
catcher

A4

P Output gas 998 m*/t

Dust 20.83 kg/t

748 m*/t
Coal 150 kg/t —« 1200 T \ 4 Air 1181 m¥t
Pig iron 1000 kg/t Degree of direct reduction: 0.50
Slag 332 kg/t Flame temperature: 2 437 K

Heat loss: 6.98%

Fig. 2 Flow chart of traditional blast furnace

CO 42.88%, H, 9.74%, N, 10.63%, CO. 30.98%, H,O 5.77%
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Fig. 3 Flow chart of oxygen blast furnace
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Fig. 4 Experimental condition of traditional blast furnace (a) and oxygen blast furnace (b)

1.4 Data processing

The experimental results of ferrous burden in
different conditions are shown in Table 3. The key

temperature points, include Ty, Thns Tas AP .
and S, were automatically recorded by computer,
and the ATs, ATy and AT gy were obtained by manual
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Table 3 Experimental results of ferrous burden in different conditions

Burden Ty /K T./K ATs/K T./K ATM/K  ATsu/K AP Lux/Pa S/(kPa + K)
Sinter (T-BF) 1508 1738 230 1811 73 303 2342.2 118. 54
Sinter (OBF) 1497 1737 240 1801 64 304 1911.0 103. 73
Pellet (T-BF) 1376 1581 205 1718 137 342 3263.4 379. 96
Pellet (OBE) 1300 1718 118 1731 13 131 1117.2 8. 15
Mixed hurden (T-BF) 1411 1596 185 1687 91 276 2861.6 215. 82
Mixed burden (OBF) 1440 1688 248 1703 15 263 1813.0 19. 84
computation. Among them, T 1s softening start- 1850
ing temperature, at which the burden layer has con- 1800 | - T"’“"$ *Tn R AT
tracted by 10% (volume percent); T, is softening ' !
finishing temperature, at which the pressure drop of ] 1750 | '\ /
the burden layer has reached 490 Pa, and T, is also jE: 1700 | Melting zone
defined as the melting starting temperature; T, is i 1650 F .
the dripping temperature which is recorded manually E 1600 | Softening zong
when the first iron drips; ATs, ATy and AT gy are
defined as softening zone (T, — T ;% ), melting zone 1650
(T;—T.) and cohesive zone (T4 — Tx ), respec- 1500 [
T-BF OBF

tively; AP ., is the maximum pressure drop; and S
is the permeability index, which reflects the total
pressure drop across the cohesive zone and can be
calculated by Eq. (1).

S=1% (AP .., —AP)AT

¢ T

gD
where AP ; is the pressure drop at the temperature

of T.
2 Experimental Results

2.1 Softening and melting behavior of sinter

The experimental results of sinter under the
conditions of T-BF and OBF are shown in Fig. 5.
Compared with traditional blast furnace, the soften-
ing starting temperature was decreased by 11 K, but
the temperature of softening zone was increased by
10 K in the oxygen blast furnace condition. It is gen-
erally acknowledged that the softening of ferrous
burden is mainly caused by the onset of liquid pha-
ses. As the temperature rose, the liquid gradually
formed at the interface of low melting point oxide,
and then it would wet the surrounding oxide parti-
cles due to reduction of the interfacial free energy.
When all the oxide particles in the core of the burden
were wet by the liquid, the core had a reduced me-
chanical strength, and the resistance to deformation

1"'?! Under ox-

would be determined by the iron shel
ygen blast furnace condition, the reduction potential
of the reduction reaction is improved for adding H,
into the reductive gas, and the crystal stock of me-
tallic iron is generated due to the formation of smal-
ler particles of metallic iron. Therefore, the soften-

ing starting temperature of sinter is slightly lower,

Fig. 5 Experimental results of sinter in OBF and
T-BF conditions

which is caused by sintering of metallic iron.

The permeability of burden layer is mainly de-
termined by the melting behavior of ferrous burden,
which is measured by the melting starting tempera-
ture and melting zone. With the increase of tempera-
ture, the liquid oxide volume fraction increases.
Meanwhile, the melting point of iron was lowered
by gas carburizing. The carburization process also
coarsens the structure of iron shell at the periphery
of the burden. This leads to the formation of cracks
in iron shell and the exudation of the liquid material
from the ferrous burden. This temperature is defined
as melting starting temperature. The exuded liquid
material reacts with carbon present in the adjacent
coke layer and the remaining iron oxide is reduced by
a direct reduction reaction, This also leads to the
closing of the passageway for the gas through the
bed, ultimately resulting in the marked increase in
pressure drop over the bed. The final meltdown oc-
curs when iron melts. The temperature, at which
this phenomenon appears, is commonly known as
dripping temperature.

Therefore, the melting starting temperature de-
pends mostly on the thickness of the iron shell. The
higher the reduction degree, the higher the melting
starting temperature should be. However, the dripping
temperature is mainly determined by the exuded unre-
duced iron oxide and the properties of iron shell. High
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reduction degree can be achieved in oxygen blast fur-
nace and traditional blast furnace conditions due to
its good reducibility, which results in the similar
thickness of iron shell; thus, the melting starting
temperature is almost identical, whereas the drip-
ping temperature decreases from 1811 K in tradi-
tional blast furnace to 1801 K in oxygen blast fur-
nace. This is because the carburization reaction is
greatly promoted under the condition of oxygen blast
furnace, which decreases the melting point of iron in
sinter. Therefore, the melting zone becomes narrow
in the oxygen blast furnace, compared with tradi-
tional blast furnace. The permeability of burden lay-
er has been improved in oxygen blast furnace condi-
tion, which can be confirmed by the permeability in-
dex from Table 3 (the S value reduces from 118. 54
kPa * K in traditional blast furnace to 103. 73 kPa
K in oxygen blast furnace).

2.2 Softening and melting behavior of pellet

The experimental results of pellet in oxygen
blast furnace and traditional blast furnace conditions
are shown in Fig. 6. Compared with traditional blast
furnace, the softening starting temperature sharply
decreases from 1376 to 1300 K, and the softening
zone of pellet is twice as wide as that of traditional
blast furnace in oxygen blast furnace. It can be seen
that the crystal stock and sintering of metallic iron
have a greater influence on the softening behavior of
pellet compared with that of sinter.

In addition, it is well known that the reducibili-
ty of pellet is poor due to its dense structure and low
porosity, but the CO and H; contents in gas have
been remarkably improved under the condition of ox-
ygen blast furnace, whose reducibility and penetra-
tion are better. Therefore, thicker iron shell can be
generated at the periphery of pellet, which has a lar-
ger capacity to resist deformation. The generation of

1800 LIVATS * T AT,
A 1&
1700 - '
)
% 1600 | i Melting zone
g 1500 F Softening zone
& \
1400
1300 E
T-BF OBF

Fig. 6 Experimental results of pellet in OBF and
T-BF conditions

low-melting liquid phase caused by unreduced wus-
tite is decreased with the increase of reduction degree
of pellet, and the erosion to iron shell is alleviated.
Therefore, compared with traditional blast furnace,
T, and T, are increased by 137 and 13 K, respec-
tively, and the melting zone is approximately one-
tenth. The permeability index decreases from 379. 96
to 8. 15 kPPa » K obviously. The permeability of bur-
den layer is significantly improved in oxygen blast
furnace condition,

Meanwhile, the softening zone of sinter and pel-
let becomes wide, and the melting zone becomes
narrow in oxygen blast furnace condition, but the at-
mosphere has a greater influence on the softening
and melting behavior of pellet than that on sinter.

2.3 Softening and melting behavior of mixed burden

The experimental results of different ferrous
burdens in traditional blast furnace and oxygen blast
furnace conditions are shown in Fig. 7. The softening
starting temperature of mixed burden is found between
those of sinter and pellet in T-BF and OBF conditions,
and the mixing of sinter and pellet results in the
drop in the softening zone and melting zone for the

1800} @ - ()
1700 } -
~
5 1600} -
z2
g
g 1500 -
j<b)
& o Pellet
1400 | & Sinter -
= Mixed burden
1300 b A . L A . )

Tion Tn Ty

Tiox T Ty

Fig. 7 Experimental results of different ferrous burdens in T-BF (a) and OBF (b) conditions
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mixed burden. In addition, compared with tradition-
al blast furnace, the temperature of softening zone
of mixed burden is increased by 63 K, but the tem-
perature of melting zone is decreased by 76 K. The
maximum pressure drop and the permeability index
are decreased from 2861. 6 Pa and 215. 82 kPa * K to
1 813.0 Pa and 19. 84 kPa « K, respectively (Table
3). The burden permeability is obviously improved
in oxygen blast furnace condition. This is mainly
caused by the change of the melting behavior of pel-
let. Kaushik and Fruehan''' researched the mecha-
nism of burden interaction and melt exudation phe-
nomenon; it found that the melt dripping was pre-
dominantly observed in olivine fluxed pellets. There-
fore, compared with traditional blast furnace, the
melting behavior of mixed burden, which could re-
flect permeability of burden layer in blast furnace, is
improved due to the improvement of high tempera-
ture properties of the pellet.

2.4 Quality of dipping iron

The carbon and sulfur contents in dripping iron
of pellet and mixed burden in T-BF and OBF condi-
tions are shown in Table 4. Compared with tradi-
tional blast furnace, the carbon content in dripping
iron of pellet and mixed burden decreases from
3.09% and 2.97% to 2.44% and 2.92% in oxygen
blast furnace condition, respectively. The reason is
that the carbon content of dripping iron is deter-
mined by two aspects. One is carburization of CO to
iron before melting. The other is the carburization of
coke in the process of melting zone and iron drip-
ping. And the latter is the key factor to determine
the final carbon content of dripping iron. Previous
research pointed out that the highest carbon content
1.5%

through theoretical calculation, while due to the

of solid sponge iron at equilibrium was

limitation of reaction kinetics, the carbon content

1841, Tn addition, Inay-

cannot reach such a high leve
oshi and Hayashi'**! found that under the condition
of H,; replacing half of CO in gas, when the temper-
ature reached 1673 K, the carbon content in sinter
was only 0. 6%. As shown in Table 3, the melting
zone of pellet in oxygen blast furnace is about 10.5
times more than that of the traditional blast fur-
nace, and it is 6.1 times for mixed burden. There-
fore, the contact time of ferrous burden and coke is
longer in traditional blast furnace condition, and the
carburization is also more effective; in addition, the
dripping temperature of pellet is higher than that of

mixed burden, resulting in the significantly higher re-

Table 4 Content of carbon and sulphur in

dripping iron mass %
Burden C S
Pellet (T-BF) 3.09 0. 047
Pecllet (OBF) 2.44 0. 030
Mixed burden (T-BF) 2.97 0.082
Mixed hurden (OBF) 2.92 0. 030

duction of carbon content in dripping iron of pellet
than that of mixed burden.

The sulfur content in dripping iron reduces
from 0.047% and 0.082% to 0.030% under condi-
tion of oxygen blast furnace. The fundamental reac-
tion of the desulphurization of slag can be expressed
by Eq. (2), and its desulfurization capacity is usual-
ly measured by distribution coefficient of sulfur
(Ls), which is shown by Eq. (3)'"/,

[FeS |+ (CaQ) = (CaS) +(FeO) (2)
L =K!X Yis % Y (ca) W (ca (3)
Y Y (Fed) W (Fe)

where, K% is the equilibrium constant, which is a
function of absolute temperature; ¥(g is the activity
coefficient of sulphur in the iron; Y(c.s) » Yo » and
Yo are the activity coefficient of CaS, FeO and
CaO in the slag, respectively; and w .oy and w reo,
are the contents of CaQ and FeO in the slag, respec-
tively.

Therefore, there are two possible reasons for
explaining the reduction of sulphur in dripping iron
under the condition of oxygen blast furnace. On one
hand, as the reduction potential of the gas has been
greatly improved and the reduction degree of ferrous
burden is greatly increased, the FeO content of slag
is reduced and the distribution coefficient of sulfur is
increased. Thus, the desulfurization capacity of slag
is enhanced. On the other hand, the melting zone of
pellet and mixed burden was shortened sharply in
oxygen blast furnace, and the resulphurization
caused by the contact of metallic iron and coke de-

creases obviously.
3 Conclusions

(1) Under the condition of oxygen blast fur-
nace, the softening starting temperature and drip-
ping temperature of sinter decrease from 1508 K and
1811 K to 1497 K and 1801 K, respectively, but the
melting starting temperature is almost unchanged.
Therefore, the softening zone became wide, while the
melting zone became slightly narrow, and the permea-
bility of burden layer was improved to some extent.

(2) The softening zone of pellet in oxygen blast
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furnace condition is twice as wide as that in the tradi-
tional blast furnace condition, but the melting zone
is approximately one-tenth., Therefore, the permea-
bility of the burden layer is significantly improved.

(3) Under the condition of oxygen blast furnace,
the temperature of softening zone of mixed burden is
increased by 63 K, but the temperature of melting
zone is decreased by 76 K. Therefore, the permea-
bility of material layer is significantly improved.

(4) The quality of dripping iron of pellet and mixed
burden is obviously improved in oxygen blast fur-
nace condition. The carbon content in dripping iron
of pellet and mixed burden decreases from 3.09%
and 2.97% to 2. 44% and 2. 92%, respectively, and
the sulfur content in dripping iron decreases from
0.047% and 0. 082% to 0. 030%.
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