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The softening and melting reduction behaviors of ferrous burden in a gas-injection blast furnace
(BF) have been investigated experimentally with the assistance of H2. The results indicate that
the initial softening temperature of the burden in the BF is lower than that in the traditional BF,
while the opposite trend is observed for its melting and dripping temperatures, thus widening the
softening range and narrowing the melting zone. As a result, the permeability of the stock
column is apparently improved, owing to the decreased amount of the produced melt. After H2

gas is added, the thickness of the iron shell of the burden pellet increases, and the quantity of its
liquid wüstite core decreases due to the higher reduction degree. The reduction rate of iron
oxides is much faster than the carburization rate with the H2 addition, and the dripping
behavior of the ferrous burden is determined by the carburization with a high reduction
potential. After taking into account the effects of H2 addition on the iron oxide reduction rate,
melt quantity, burden microstructure, and energy consumed by the gas-injection BF, it has been
concluded that the optimal H2 content lies in the range between 10 and 15 pct.
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I. INTRODUCTION

THE energy-intensive iron and steel industry is
responsible for approximately 6.7 pct of the total
anthropogenic CO2 emissions across the world, accord-
ing to the International Energy Agency.[1] The majority
of these emissions (over 70 pct) are produced by
iron-making blast furnaces (BFs), which also consume
the largest amount of energy in the entire industry.[2]

The traditional BF strongly relies on coke, which
represents a large part of the production cost. Newly
developed BF technologies focus on the utilization of
various coke alternatives including natural gas, pulver-
ized coal, plastic waste, biomass, coke oven gas, and
other hydrocarbons.[3–12] However, the practical appli-
cability of these materials strongly depends on the
distribution of natural resources.[13] In addition, the top
gas recycling blast furnace (TGR-BF) has attracted
much attention in the recent decades due to its ability to

decrease both energy consumption and decrease the
level of CO2 emissions.[13,14] For example, top gas
recycling and tuyère injection of oxygen were the
primary methods used in the ULCOS project.[15]

Nonetheless, the cost of CO2 capture in the TGR-BF
can be as high as $56/tCO2.

[16] Currently, pulverized
coal injection (PCI) remains the main technique for
decreasing the coke rate,[17] and the highest reported
amount of injected coal is equal to approximately
250 kg/tHM (tons of hot metal), which is close to the
amount of coke. However, the impact of the coal
chemical properties must be also taken into account
since they may prevent its complete combustion within
the raceway, affect the gas permeability in the shaft, and
contaminate the dead man zone, leading to irregular
operation of the furnace and decreasing its
productivity.[14,18]

The gas-injection BF is a new iron-making technology
that allows injecting gas into tuyères and recycling the
top gas through a gasifier, which serves as a new gas
source and effectively converts CO2 in the BF top gas
into CO at a relatively low cost. As compared with the
traditional BF with PCI, the gas-injection BF can
potentially simplify the iron-making process and recycle
the BF top gas, thus decreasing CO2 emissions and
increasing the furnace productivity. The utilized process
consists of the following steps: BF top gas is injected
into the gasifier as the gasifying agent fi coal
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gasification occurs in the gasifier fi H2-rich gas is
produced fi H2-rich gas is heated using the gas heating
device fi the high-temperature gas and hot air are
injected into the furnace through the tuyères (Figure 1).

In addition, inferior coal of high-volatile can be
utilized in the gas-making process, which not only
decreases the dependence of BF smelting on high-quality
coke,[19,20] but also increases the hydrogen content, thus
improving the BF production efficiency.[21]

The meltdown of ferrous burden determines the inner
shape of the BF cohesive zone and affects the perme-
ability and distribution of its gaseous content.[22] Hence,
various techniques have been developed to characterize
the softening and melting parameters of ferrous burden.
Nogueira and Fruehan[23,24] examined different stages of
the softening and melting of ferrous feed materials
processed inside the BF. They also analyzed the evolu-
tion of the burden microstructure above the softening
temperature and possible interactions between different
types of pellets. The obtained results revealed that,
during the process of assimilation between different
burdens, the exudation of liquid phases from acidic
pellets represented the key step. Nishimura et al.[25]

investigated the high-temperature properties of various
types of raw materials and examined the viscosity
dependence of their shrinking behavior. As a result,
solid sinter was formed from FeO and gangue due to the
increase in the reduction degree, which increased the
melting start temperature. Sunahara et al.[26] analyzed
the effect of coke reactivity on the softening and melting
properties of sinter. They found that increasing the coke
reactivity index lowered the gasification start tempera-
ture, which increased the sinter reduction rate at 900 �C

to 1000 �C and decreased the permeable resistance index
in the high-temperature region. Matsumura et al.[27]

examined the effect of chemical composition on the
sinter softening properties and concluded that the sinter
with low SiO2 and CaO contents exhibited superior
high-temperature characteristics due to the low fraction
of CaO-FeO-SiO2 melt, whereas the high MgO content
enhanced its reducibility and softening properties. An
et al.[28,29] studied the softening and melting behaviors of
mixed burden processed in an oxygen BF and deter-
mined its degree of permeability. Yang et al.[30] simu-
lated the softening and melting processes occurring in
multiple burden layers using computational fluid
dynamics and discrete element methods.
In the gas-injection BF, the softening and melting

reduction characteristics of ferrous burden (representing
the dominant factors affecting the permeability of the
ore layer) strongly depend on the concentration of the
utilized reducing gas (such as CO and H2). Therefore, in
this study, the effects of hydrogen addition on the
softening and melting reduction behaviors of ferrous
burden were examined to determine the parameters of
the cohesive zone of the gas-injection BF and optimal
H2 content.

II. EXPERIMENTAL

The ferrous burden used in BF is generally composed
of sinter, lump ore, and pellets. The softening and
melting reduction processes of these iron-bearing com-
ponents are relatively similar despite the different
compositions and structures of various burdens.[22] In

Fig. 1—Diagram describing the operation of the gas-injection BF. (1) Blast furnace, (2) gasifier, (3) pressure device, and (4) gas heating device.
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this work, the tested specimens consisted of the indus-
trially manufactured pellets with diameters of 12.0 to
16.0 mm and coke particles with diameters of 10.0 to
15.0 mm (their chemical compositions are listed in
Tables I and II, respectively).

The schematic layout of the utilized experimental
apparatus, which is capable of continuously evaluating
the high-temperature properties of ferrous burden (in-
cluding the shrinkage of the packed bed and pressure
loss), is shown in Figure 2. It consists of an electric
furnace, a temperature control system, a graphite
crucible, a gas control system, a displacement meter, a
loading apparatus, and auxiliary equipment. The rated
power and highest heating temperature were equal to
12 kW and 1600 �C, respectively. The size of the
graphite crucible was B50 mm 9 140 mm. The ferrous
burden, which has a layer thickness of 50 mm, was
charged into a crucible, and 20 g of coke with a 20-mm
layer thickness was placed above and below. The load
applied during testing was 9.8 N/cm2.

The samples were heated at a rate of 10 �C/min below
1300 �C and at a rate of 5 �C/min above 1300 �C. The
flow rate of N2 gas (below 500 �C) was 5 L/min, and
rate of the reducing gases (above 500 �C) was 15 L/min
(see Table III). The reducing gases were supplied using
high-pressure gas cylinders. The experiment was stopped
after detecting the first drip of iron ore from the graphite
crucible, which was followed by replacing the reducing
gases with nitrogen and cooling the samples to room
temperature. In addition, in order to detail the softening
and melting process, some softening–melting tests were
carried to completion, but many tests were terminated
upon reaching different temperatures. The system was
maintained at that temperature for 20 minutes to
minimize the temperature difference between the sam-
ples and electric furnace. Then, the reducing gases were
replaced by nitrogen before cooling the samples to room
temperature.

III. RESULTS AND DISCUSSION

A. Effect of H2 Addition on the Softening Behavior
of Ferrous Burden

H2 addition has a strong influence on the softening
and melting properties of ferrous burden, such as
shrinkage (see Figure 3). As compared with the tradi-
tional BF (containing 30 pct CO without H2), the
swelling of ferrous burden pellets at temperatures below
1000 �C was significantly decreased by the H2 addition
due to the improvement of their microstructure and
reduction in pressure.[31–33]

After introducing H2 gas into the gas-injection BF,
the shrinkage of ferrous burden was initiated earlier
than that in the traditional BF. To facilitate the
comparison of the obtained test results, the softening
behavior of the studied burden is often characterized by
the T10 pct (the temperature, at which its volume
shrinkage reaches 10 pct) and T40 pct (the temperature,
at which the volume shrinkage reaches 40 pct) param-
eters, whereas the softening range corresponds to the
interval between T10 pct and T40 pct (T40 pct � T10 pct). A
wider softening range is typically observed for the
gas-injection BF with low initial softening and high
finish temperatures. In this study, the initial softening
temperatures measured at H2 contents of 0, 5, 10, and
15 pct were 1185 �C, 1162 �C, 1124 �C, and 1145 �C,
respectively. Furthermore, the positions of the shrinkage
curves obtained at H2 concentrations of 10 and 15 pct
were very close to each other, indicating that changing
the H2 content from 0 to 10 pct produced a greater effect
on the burden properties as compared to that observed
after its increase from 10 to 15 pct. The reduction
potential increases after H2 addition, which enhances
the formation of phases with low melting points (such as
wüstite) and their solid solution below 1200 �C. The
results of X-ray diffraction (XRD) analysis presented in
Figure 4 show that the burden pellet before reduction is
mainly composed of the hematite, magnesium ferrite
oxide (MgFe2O4), and iron silicon oxide (Fe2.95Si0.05O4)
phases. After increasing the H2 content at a temperature
of 1000 �C, the magnetite species are gradually replaced
with wüstite and metallic iron (especially at H2 concen-
trations greater than 10 pct). Hence, it was concluded
that the reduction process from Fe2O3 to Fe3O4 could be
shortened in gas-injection BF, and large amounts of
FeO and metallic iron are generated at a lower temper-
ature, thus decreasing the initial softening temperature
and reducing the expansion during the reduction
process.
However, at temperatures above 1200 �C, the soften-

ing behavior of the ferrous burden pellets becomes
mainly dependent on the thickness of their iron shells, as
indicated by the results of previous studies.[34] Without
an applied load, the profiles of the pellets reduced by the
30 pct CO+0 pct H2, 30 pct CO+5 pct H2, 30 pct
CO+10 pct H2, and 30 pct CO+15 pct H2 gas

Table I. Chemical Compositions of the Ferrous Burden Pellets (Mass Percent)

TFe (Total Fe) Fe2O3 FeO SiO2 CaO MgO Al2O3 TiO2 MnO P2O5 Others

60.15 83.05 2.59 6.32 1.65 1.11 1.23 0.24 0.10 0.07 3.63

Table II. Chemical Composition and Properties of the Coke

Used in this Study (Mass Percent)

C Volatile Ash S CRI CSR

85.71 1.60 12.20 0.49 25.16 67.31
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mixtures exhibit significant differences at 1300 �C, as
shown in Figure 5. The specimen treated with the 30 pct
CO+0 pct H2 mixture contains a dark wüstite core

surrounded by a thin rim of metallic iron (this wüstite
core is different from the wüstite phase obtained at
lower temperatures since it is granular and precipitated
from the melt, which will be discussed in more detail in
the subsequent sections[35]). As the liquid volume
fraction increases with increasing temperature, the
mechanical strength of the core decreases, and its
resistance to deformation is mainly determined by the
properties of the iron shell.[34] With increasing the H2

concentration in the reducing mixture, the thickness of
the iron shell increases, while the volume of the wüstite
core gradually decreases and finally disappears alto-
gether at an H2 content of 15 pct (Figure 5). Thus, the

1 − drip receiver, 2 − electric furnace, 3 − thermocouples, 4 − silicon carbon tube, 5 − alundum tube, 6 

− differential pressure gauge, 7 − displacement meter, 8 − loading apparatus, 9 − gas outlet, 10 −

graphite pusher, 11 − graphite crucible, 12 − drip detector, 13 − gas inlet

Fig. 2—Experimental apparatus for evaluating the high-temperature properties of ferrous burden under loading.
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Fig. 3—Effect of H2 addition on the shrinkage of ferrous burden
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Fig. 4—XRD patterns of the pellets cooled from 1000 �C at different
H2 contents.

Table III. Compositions of the Reducing Gases Used in this

Study (Volume Percent)

CO H2 N2

1# 30 0 70
2# 30 5 65
3# 30 10 60
4# 30 15 55
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thicker iron shell exhibits higher resistance to deforma-
tion, which increases the softening finish temperature
and widens the softening range.

B. Effect of H2 Addition on the Dripping Behavior
of Ferrous Burden

To characterize the melting behavior of ferrous
burden, its initial melting temperature (Ts) and dripping
temperature (Td) were measured (the melting range was
determined from the interval between Ts and Td

(DTds = Td � Ts)). Here Ts is defined as the tempera-
ture corresponding to a significant jump in the differen-
tial pressure, whereas Td represents a temperature, at
which the melt receiver collects the first drip from the
graphite crucible. The results presented in Figure 6
reveal that H2 addition strongly affects the burden
dripping behavior. The values of both Ts and Td

increase with increasing H2 content, leading to a
decrease in the melting interval (especially at H2

concentrations greater than 10 pct), which produces a
significant effect on the ameliorating permeability of the
BF.

It is well known that the magnitude of Ts is related to
the parameters of the formed slag and burden, such as
the solidus temperature, fluidity of melt, pore structure,
reduction degree, and compositions of the constituent
mineral phases.[36] During the treatment with the 30 pct
CO+0 pct H2 gas mixture, the reduction process is
significantly inhibited at a temperature of around
1200 �C, leading to the decrease in porosity caused by
the diffusion of the melt into fine pores (the correspond-
ing solidus temperature is equal to 1180 �C, i.e., the
eutectic of FeO-2FeO-SiO2 in SiO2-CaO-FeO slag[37]).
At 1218 �C, the wüstite core begins to flow abruptly
under loading and capillary force[22]; as a result, the
differential pressure increases continuously, and melting
reduction occurs. The reduction degree and thickness of
the iron shell of the burden pellet increase with H2

addition, while the amount of FeO decreases, which
increases Ts because the melting point of metallic iron is
higher than that of FeO. The composition of the slag
obtained via chemical analysis is displayed in
Figure 7,[38] which shows that the fraction of the phases

with high-melting points gradually increases with
increasing H2 content, except for the 30 pct CO+5 pct
H2 mixture because the composition of point B primar-
ily corresponds to fayalite crystals. However, the
amount of the melt significantly decreases at larger H2

concentrations. As mentioned above, with the increasing
H2 content, the initial melting temperature (Ts) is
observed to increase, accompanied by increases in the
reduction degree, thickness of iron shell, and amount of
the high-melting point phases. Moreover, for the ternary
CaO-SiO2-FeO system,[38] the tendency for increasing Ts

at a higher reduction potential in the gas-injection BF
persists, despite the wide basicity range of the burden
structure.
On the other hand, the dripping temperature (Td) of

the ferrous burden is strongly affected by the carbur-
ization of iron and concentration of the molten iron
phase.[36] The carburization of metallic iron mainly
involves the following two processes: the carburization
of metallic iron by CO in the lumpy section and
carburization by coke in the melting zone. Although
the H2 addition enhances the former process, the
dripping behavior of ferrous burden mainly depends
on the second factor.[39,40] During the treatment with the
30 pct CO+0 pct H2 mixture at a temperature above

Fig. 5—Cross-sections of the burden pellets cooled from 1300 �C in the experiments with H2 contents of (from left to right) 0, 5, 10, and 15 pct.
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1218 �C, the exudation of the liquid slag promotes the
cementation process by increasing the contact area
between the iron metal and the coke.[22] However, this
physical contact is limited by the lower amounts of
liquid oxides and solid phase formed after H2 addition,
which increases the dripping temperature. Figure 8
shows the mineralogical structures of the pellets treated
with different H2 contents without a load. Within the
periphery of the pellet, the metallic iron becomes
immersed in the liquid fayalite and deformable wüstite
phases after the treatment with the 30 pct CO+0 pct
H2 mixture at 1300 �C, which decreases the strength of
the solid structure and reduction rate. The metallic iron
on the external surface is present as a dense rim and is
considerably finer than that in the interior (the top right
corner of Figure 8(a)). However, several tiny metallic
iron particles are scattered among the abundant molten
granular wüstite species in the pellet center, which
precipitated from the melt.[35] In contrast, at an H2

concentration of 5 pct, the molten wüstite and fayalite
are replaced by a considerably greater number of pores
and a spot of silicate glass in both the pellet periphery
and center with the decrease of melt, which improves the
high-temperature reduction properties. When the H2

content exceeds 10 pct (in particular, at a magnitude of
15 pct), the Wüstite-containing molten slag phase dis-
appeared in the pellet center. The structure consisting of
metallic iron and silicate melt gradually occupies the
entire pellet followed by the sintering of metallic iron
particles into coarse grains. Without the exudation of
the molten wüstite from the center of the pellet, the
pellets retain their original shape until reaching higher
temperatures, which does not favor the contact of liquid
oxides with coke and increases the dripping temperature
(Td). This fact implies that the reduction rate is much
faster than the carburization rate with H2 addition, and
the carburization determines the dripping behavior of
ferrous burden in the gas-injection BF with a high
reduction potential. These results are consistent with the
carbon contents in the metallic iron phase at the pellet
peripheries (Table IV) obtained via electron probe
microanalysis (EPMA). Thus, the carbon content in
metallic iron apparently decreases with H2 addition,
especially at H2 contents greater than 10 pct.
Accordingly, during H2 addition, once Fe-C melt is

formed in the higher-temperature zone adjacent to the
carbon source (where the cohesion of metal iron
particles is not impeded by the presence of slag), its

Fig. 7—Slag composition with different H2 contents at 1300 �C in the CaO-SiO2-FeO ternary phase diagrams. Adapted from Ref. [38].
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carburization rapidly occurs leading to meltdown.
Figure 9 displays the XRD patterns of the residue after
samples dripping from the graphite crucible. They show

the presence of a large amount of unreduced iron oxide
and fayalite in the molten slag after the treatment with
the 30 pct CO+0 pct H2 mixture; however, a broad

Silicate glass

Silicate melt

Wustite

Pore

Wustite

Metallic iron
Fayalite

Pore

Wustite

(a) (b)

(c) (d)

(e)

(g) (h)

(f)

Fig. 8—Mineralogical structures of pellets cooled from 1300 �C after reduction with different H2 contents (optical microscopy). (a) Periphery and
(b) center of the pellet treated with 30 pct CO+0 pct H2; (c) periphery and (d) center of the pellet treated with 30 pct CO+5 pct H2; (e) periphery
and (f) center of the pellet treated with 30 pct CO+10 pct H2; and (g) periphery and (h) center of the pellet treated with 30 pct CO+15 pct H2.
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peak in the diffraction pattern suggested that only some
amorphous phase (i.e., silicate melt for acidic pellets)
remained in the molten slag after H2 addition, indicating
that H2 treatment is effective in separating molten iron
and slag in the gas-injection BF.

C. Effect of H2 Addition on the Permeability of a Stock
Column

The S value (corresponding to the cumulative pres-
sure drop in a BF) is used for evaluating the perme-
ability of a stock column during reduction.[36] Its
magnitude can be calculated by integrating the pressure

drop over temperature via the formula S ¼
R Td

Ts
ðDPmax � DPsÞdT: Here DPmax is the maximum

pressure difference, and DPs is the pressure drop at Ts.
Figure 10 shows the gas permeability indexes deter-
mined at various experimental conditions. As was
discussed previously in Section III–B, the continuous
increase in the differential pressure observed during the
treatment with the 30 pct CO+0 pct H2 mixture is
attributed to the exudation of the liquid phase from the
wüstite core. However, the resulting melts exhibit high
viscosity and poor fluidity at the Ts,

[25] which results in a
relatively high value of pressure loss and subsequent
meltdown (see Figure 10(a)). For comparison, after the
temperature reaches the Ts, the pressure loss increases
intensely during the treatment with the 30 pct

CO+5 pct H2 mixture; however, this process does not
last long due to the fluidity enhancement that occurs at
high temperatures. When the H2 content exceeds 10 pct,
the S value and DPmax decrease sharply owing to the
formation of a smaller amount of liquid oxides and a
higher number of porous metallic iron grains, which is
consistent with the results presented in Figure 8. The
values of DPmax obtained at the four different concen-
trations of H2 utilized in this study are equal to 21.9,
14.49, 0.72, and 0.88 kPa, while the corresponding S
values amount to 1163, 786, 19, and 12 kPa �C, respec-
tively. From these results, it can be concluded that the
observed enhancement of the softening–melting behav-
ior in the gas-injection BF with H2 addition is related to
the higher reduction degree and the decreased amount
of FeO in the melt.
In addition, the S value is strongly dependent on the

melt amount in the melting zone. The quantity of liquid
phase was estimated using thermodynamic calculations
on the CaO-SiO2-Al2O3-MgO-FeO system including all
gangue and unreduced FeO. For simplicity, it was
assumed that the masses of the Al2O3 and MgO phases
were equivalent to those of the SiO2 and CaO ones,
respectively.[25] The mass fraction of the liquid phase
was obtained from the isothermal phase diagram of the
CaO-SiO2-FeO system (Figure 11), which was con-
structed using FactSage 7.0 software. If the postulated
mass of the CaO-SiO2-FeO phase after the treatment
with the 30 pct CO+0 pct H2 mixture at 1300 �C is
100 kg, the mass of the CaO-SiO2-FeO mixture after the
H2 addition at concentrations of 5, 10, and 15 pct
(estimated from the material balance from the results of
exhaust gas and the quality of reduced iron analysis) are
equal to 65.87, 32.26, and 29.41 kg, respectively.
Clearly, the chemical compositions of points A and B
are fully within the liquid region at 1300 �C. The
compositions of the other two points are located in the
area containing tridymite crystals, and their liquid
fractions were calculated according to the lever rule.
The obtained results show that after the addition of 5,
10, and 15 pct H2, the amounts of the produced melt
correspond to 65.87, 31.31, and 27.01 pct of the mass
obtained after the treatment with the 30 pct CO+0 pct
H2 mixture, respectively, suggesting that the content of
the liquid slag decreases significantly after H2 addition
to the gas-injection BF.

mCðLÞ ¼
CE

C1E
mC ¼ 49:5

51:0
� 32:26 kg ¼ 31:31 kg

mDðLÞ ¼
DE

D1E
mD ¼ 45

49
� 29:41 kg ¼ 27:01 kg:

Furthermore, as described above, the large amounts
of liquid oxides exuded in the traditional BF not only
block the gas channels and increase the pressure drop
but also react with the carbon species in the adjacent
coke zone, causing either a direct reduction reaction or
melting reduction. Compared with melting reduction,
reduction using reducing gases consumes less energy.
Owing to the high reduction potential, the iron oxide
species were almost fully reduced to metallic iron before
the temperature reached the Ts value, which improved

Fig. 9—XRD patterns of the ferrous burden samples recorded
before and after H2 treatment(residue after dripping).

Table IV. EPMA Analysis of the Pellet Peripheries Treated
at Various H2 Contents (Mass Percent)

Atmosphere Carbon Content in Metallic Iron

30 pct CO+0 pct H2 2.6
30 pct CO+5 pct H2 1.2
30 pct CO+10 pct H2 0.9
30 pct CO+15 pct H2 0.8
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the softening and melting properties of ferrous burden,
narrowed the melting zone, enhanced the bed perme-
ability, and lowered the fuel ratio in the gas-injection
BF.

D. Optimum H2 Content in the Gas-Injection BF

Using the above-mentioned procedure, the positions
of the softening and melting zones with different H2

contents were obtained (see Figure 12). It should be
noted that the two parameters concerning the melt
forming properties, i.e., the softening finishing temper-
ature (T40 pct) and initial melting temperature (Ts), are
not mutually exclusive because they are evaluated from
different perspectives.[41,42] As shown in Figure 12, in
contrast to the rapid increase in Ts and Td, the value of
T10 pct is slightly lowered with increasing H2 content.

The softening zone becomes wider; however, the width
of the melting zone, which represents the main param-
eter affecting the bed permeability, decreases and
ultimately approaches zero. Furthermore, lowering the
position of the cohesive zone in the gas-injection BF and
minimizing its size both improve the furnace productiv-
ity and decrease the coke rate.
In addition, it should be noted that the effects of H2

addition on the softening and melting reduction behav-
iors were not very pronounced when the H2 content was
increased from 10 to 15 pct, as compared to the effects
of increasing the H2 contents from 0 to 10 pct. The
results of previous studies indicate that an excessively
high reduction potential can decrease the amount of
iron oxides in the lumpy section, leading to a poorer
distribution of energy and lower gas utilization effi-
ciency.[43,44] According to the data obtained in this
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Fig. 10—Gas permeability indexes measured at different H2 contents. (a) 30 pct CO+0 pct H2, (b) 30 pct CO+5 pct H2, (c) 30 pct
CO+10 pct H2, and (d) 30 pct CO+15 pct H2.
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work, the process occurring inside the gas-injection BF
is characterized by a relatively high softening finish
temperature, narrow range of the melting temperature,
and good permeability of the gas phase, which meet the
requirements for the next-generation BF. After consid-
ering the effects of H2 addition on the reduction rate,

amount of the produced melt, burden microstructure,
and energy consumption efficiency of the gas-injection
BF, the optimal H2 content can be concluded to lie
between 10 and 15 pct.

IV. CONCLUSIONS

As compared to the traditional BF, the gas-injection
BF with H2 gas flow is characterized by a higher
reduction rate, lower amount of the primary slag, and
greater bed permeability as well as a smaller size of the
cohesive zone in a lower position. Overall, from syn-
thetic consideration of the effect of H2 addition on the
reduction rate, amount of the melt, burden microstruc-
ture, and energy efficiency in the gas-injection BF, it was
found that optimal H2 content lied between 10 and
15 pct. From the obtained results, the following con-
clusions have been drawn.

1. The improvement of the transformation rate of
Fe2O3 to Fe3O4 due to H2 addition generates large
amounts of FeO and metallic iron at relatively low
temperatures, which reduces the swelling of burden
pellets below 1000 �C. The initial softening temper-
ature decreases with increasing H2 concentration,
while the softening finish temperature increases due
to the thicker iron shell and lower amount of residual
FeO.

Fig. 11—Isothermal phase diagram constructed using FactSage 7.0 for the CaO-SiO2-FeO system at a temperature of 1300 �C.
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Fig. 12—Influence of H2 addition on the distributions of the
softening and melting zones in the gas-injection BF.
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2. The initial melting and dripping temperatures in-
crease with increasing H2 concentration, which sig-
nificantly narrows the melting interval (especially at
H2 contents greater than 10 pct). In addition, the
carburization determines the dripping behavior of the
ferrous burden in the gas-injection BF with a high
reduction potential.

3. The stock column permeability is improved because
of the lower melt quantity in the cohesive zone; this is
because the iron oxides are almost reduced to
metallic iron with high reduction potential in
gas-injection BF.

4. In contrast to the increase in the H2 content from 5 to
10 pct, a relatively modest improvement in the
high-temperature properties of the ferrous burden
(including its softening behavior, dripping behavior,
and permeability index) was observed after further
increasing the H2 concentration from 10 to 15 pct.
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