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Abstract: As a modification of the conventional blast furnace (BF), the top gas recycling-oxygen blast
furnace (TGR-OBF) has been continuously studied in the context of the technological transformation
of low-carbon metallurgy. As it has a set of new gas inlets in the stack and changes the blast operation
system in the hearth, the pressure drop and the in-furnace gas flow are the primary problems to be
solved in the TGR-OBF’s industrialization. In this paper, a two-dimensional model of a whole blast
furnace, based on a softening-and-melting experiment and porous-medium theory, is established.
The in-furnace pressure drop and the gas velocity with different oxygen concentrations and tuyere
heights are studied. The results show that the suitable height of the stack tuyere is the same as
that of the elevation as the cohesive zone inside the furnace. With the gradual increase in oxygen
enrichment, the permeability of the cohesive ore layer (COL) increases, while the gas flow through
the coke layer (CL) decreases gradually up to 10%. The simulation results provide a theoretical basis
for the TGR-OBF to reduce the coke rate and keep the pressure drop from increasing, or even to
enable it to decrease.

Keywords: top gas cycling-oxygen blast furnace; softening and melting experiment; porous media;
pressure drop; gas flow

1. Introduction

The complex multiphase flow, heat and mass transfer, chemical reaction, and perfor-
mance of blast furnaces (BFs) under different conditions have been the focus of academic
research for decades. Studying the transfer phenomenon from the top charging system
to the bulk column in the stack, then to the raceway and, finally, to the liquid iron in
the hearth plays an important role in understanding and optimizing the blast furnace
process. A numerical simulation method provides an economical and effective tool for this
purpose [1].

Dong et al. [2] studied the influence of cohesive zone shape on the powder flow and
accumulation in BFs. By presetting a W-shaped, V-shaped, or inverse V-shaped cohesive
zone, they found that the unburned coal powder is likely to have a stable accumulation area
in the lower central region of a BF. For the same cohesive zone shape, the thick cohesive
layer will lead to a large pressure drop, while the resistance of the narrow cohesive layer to
the gas powder flow is relatively small. Fu et al. [3] combined three sub-models, including
prediction of the falling curve trajectory, the stock-line profile, and the burden descent, to
model the entire burden-formation process by taking the non-uniform descending velocity
into consideration and applying the modifications on two existing GP models and a PF
model. They found that the O/C ratio increased in the regions where the descending speed
was relatively high. More ore was charged into the locations where the descending speed
was larger under the condition of non-uniform descending velocity. Shen et al. developed
a three-dimensional (3D) CFX-based mathematical model to describe the internal state of
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BFs in terms of multiphase flow and the related thermochemical behavior. This model
considered the intense interactions between gas, solid, and liquid phases, and was capable
of describing the key in-furnace phenomena such as flow/temperature patterns and com-
ponent distributions of solid, gas, and liquid phases. This model offered a cost-effective
tool to analyze the in-furnace transfer phenomenon and to predict the key performance
indicators, such as the reduction degree and gas utilization [4].

In this paper, a two-dimensional (2D) full-furnace porous-media model based on our
2D cohesive-zone porous-media [5] is developed. By considering the layered cohesive zone,
the stock-line profile, and the deadman structure, it can simulate the pressure drop and gas
velocity during different processes of a top gas recycling-oxygen blast furnace. The results
are verified against the data from industrial BFs. The gas flow and velocity characteristics
of the cohesive ore layer (COL) and the coke layer (CL) are also discussed. A series of
softening-and-melting experiments were carried out to derive the resistance coefficient for
the porous model. Through the combination of experiment and numerical simulation, this
paper discusses how the indirect reduction degree and the macro characteristics of BFs,
such as the pressure drop of the cohesive zone and of the whole furnace, can be mutually
influenced in different TGR-OBF processes. We demonstrate that the whole furnace and
the cohesive zone maintain a stable pressure drop and gas flow under the condition of a
low coke rate.

2. Deriving a Resistance Coefficient via Experiment

In our previous paper [5], we explained in detail how to derive a resistance coefficient
from softening-and-melting experiments. The experimental instruments and methods,
as the establishment process of porous model, were also described in that paper. In this
section, the softening-and-melting experimental data and the inertial resistance coefficient
of the traditional blast furnace’s cohesive zone (R = 50% in Table 1) are added for the
application of the whole-furnace porous model.

Table 1. Correspondence between different parameters.

Pre-Reduction Degree 1 R = 50% R = 60% R = 70% R = 80% R = 90%

Coke rate (kg/tHM 2) 480 450 400 330 250
Coal rate (kg/tHM) 120 145 160 180 220

Direct reduction degree 0.5 0.4 0.3 0.2 0.1
Utilization coefficient (t/m3·d) 3 3.5 3.8 4 4.2

Air blast volume (m3/tHM) 1199.62 792.39 616.30 408.38 305.40
Blast temperature 3 (K) 1373 973 0 0 0

Oxygen volume fraction 26.41% 40% 50% 70% 90%
Hearth recycled gas (m3/tHM) - 270.00 300.00 450.00 450.00

Representative process TBF TGR-OBF TGR-OBF TGR-OBF TGR-OBF
1: Pre-reduction degree R. By the definition of the indirect reduction degree, it can also be considered as the indirect
reduction degree of the iron-bearing burden when the ore burden enters the cohesive zone. The pre-reduction
degree of 50% corresponds to the traditional BF process, since an air blast of 26~30% oxygen-volume fraction is
used by present-day industrial BFs. 2: tHM: ton hot metal. 3: Normal atmospheric temperature blast used when
the oxygen volume fraction exceeds 50%.

2.1. Softening and Melting Experiments

Comparing with the traditional BF, the new process of the TGR-OBF adopts a high-
oxygen enriched blast. The transformation of gas composition and the amount lead to
great changes in the temperature field and the gas distribution in BFs, which change the
softening-and-melting behavior of the burden in the cohesive zone. According to the
calculation of the energy and the mass balance of a BF [6,7] and a study on the programmed
reduction of iron ore under high-reduction potential [8], the oxygen concentration has
an approximately corresponding relationship with the coke rate, the coal rate, the direct
reduction degree, and the utilization coefficient, as shown in Table 1.

The softening-and-melting experiment results are shown in Figure 1.
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Figure 1. Pressure drop and coke layer shrinkage ratio, respectively, of the ore layer with prereduction
rates of 50%, 60%, 70%, 80%, and 90%.

Ts is temperature point at which softening starts (10% shrinkage); Tm is the temperature
value when melting starts (a 490 Pa pressure drop); Td is the temperature when the dripping
begins (the first liquid metal appears).

The trend of the temperature-pressure-drop curve of the softening-and-melting ex-
periment was very consistent with the results in the literature [9,10], and the values were
also very close to each other. The curve in Figure 1 shows that the pressure drop and the
shrinkage of the coke layer did not change significantly. This explains why coke can play
the roles of supporting the material column and maintaining the channel of the upward
flow of gas and the downward flow of molten iron, especially in the high-temperature
region in the middle and lower parts of BFs.
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2.2. Deriving Resistance Coefficient

The inertial resistance coefficient is calculated in the same way as in our previous
paper; the results are shown in Figure 2.
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Figure 2. Inertial drag coefficients of different prereduction ores (50%, 60%, 70%, 80%, and 90%).

With the increase in temperature, the iron ore layer gradually softens and melts. The
appearance of the liquid phase worsens the permeability of the ore layer and significantly
increases the inertial resistance coefficient in the temperature range of 1600–1800 k. When
the liquid phase begins to drip, the channel for the gas flow opens and the inertial resistance
coefficient decreases immediately. The inertial resistance coefficient decreases with the
increase in the iron ore pre-reduction degree from 50% to 90%. This is because, on the
one hand, the more fully the iron ore is reduced, the less the slag phase will be generated
and, consequently, the more difficult it is to generate low-melting-point materials. On the
other hand, the melting point of iron is much higher than that of the low-melting-point
ore material. Therefore, the more complete the pre-reduction of the iron ore, the higher
the melting point of its layer, resulting in rapid dripping after melting and shortening the
dripping temperature range.

The Riemann summation method is used to solve the average inertial resistance
coefficient (named in IDC) of iron ore. Table 2 shows the results.
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Table 2. Average Inertial drag coefficient of different pre-reductions.

- R = 50% R = 60% R = 70% R = 80% R = 90%

IDC 1.02 × 105 6.59 × 104 6.29 × 104 1.77 × 104 1.07 × 104

Because the pressure drop and the shrinkage of the CL are very small, the average
pressure drop is used to calculate the inertia resistance coefficient of the CL directly. The ore
burden still remains as bulk in the cohesive zone. As the pressure drops of the ore layer at
the shrinkage starting temperature (Ts) with different pre-reduction degrees are relatively
similar, a uniform inertial resistance coefficient of the bulk ore layer (BOL) is used. The
results are shown in Table 3:

Table 3. Inertial drag coefficient of coke and bulk burden.

- Coke Bulk Burden

IDC 2.19 × 103 3.62 × 103

3. Model Description

In this paper, the governing equations for flow are the same as those in our previous
paper. Therefore, only the BF geometry and the solution domain are described here. The
grid and solution domain were established based on the performance indicators of a
traditional BF in plant A and the research results of the height and width of the cohesive
zone as described in the literature. A layered inverse V-shaped cohesive zone with an
inclination of 60◦, which is commonly detected in industrial BF, was used. The root of
the cohesive zone was set to locate at the middle of the BF bosh. The coke and ore were
charged alternatively, layer by layer [11]. The charging system of the BF (430 m3) in plant A
is shown in Table 4:

Table 4. Operation condition of BF (430 m3) in plant A.

Ore Batch
(t)

Coke Batch
(t)

Bulk Ore Layer
Thickness (m)

Coke Layer
Thickness (m)

Coke Rate
(kg/tHM)

15 3.5 0.5 0.5 480

The radial length of the lowest COL in the cohesive zone is half of the bosh radius [12].
The radial length of the uppermost COL is calculated by Equation (1) [13]. The radial length
of the other COLs is calculated according to the equal difference sequence:

RL = 43.4 × (tan γ)0.2838d
m0.1873n0.7017 (1)

where RL is the COL’s radial length, γ is the cohesive zone inclination, d is the coke’s mean
diameter, m is the coke and ore layer thickness‘s ratio, and n is the number of COLs in the
simulation domain.

The ore layer thickness in the cohesive zone was fixed to 0.3 m because the average
shrinkage of ore was approximate 40% in the high-temperature experiment. In order to
compare the results of R = 50% and R = 60%, the CL thickness and the number of COLs
were set to be the same in this paper, although the coke rates of the R = 60% and R = 50%
processes were different. In addition, we considered the simplified stock-line profile of a
bell-less charging system [3,14]. The position and shape of the tuyere raceway [15] and the
deadman [16] were set according to the literature. In addition, the influence of different
stack tuyere heights on the pressure drop and the gas flow rate was studied. The parameters
and the internal geometry of different pre-reduction degrees are shown in Table 5.
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Table 5. Parameters and internal geometry of different pre-reduction degrees.

Pre-Reduction
Degree

Coke Rate
kg/tHM

Coke Layer
Thickness m N Stack Tuyere

Height
Cohesive Zone

Inclination
Hearth Tuyere

Diameter m
Shaft Tuyere
Diameter m

50% 480 0.50 6 - 60◦ 0.12 -

60% 450 0.50 6

from upper edge
of stack: 0.0 m

60◦ 0.1 0.16from upper edge
of stack: 1.8 m

from upper edge
of stack: 3.6 m

70% 400 0.42 7 upper edge of COL 60◦ 0.1 0.23
80% 330 0.35 8 upper edge of COL 60◦ 0.1 0.23
90% 250 0.26 9 upper edge of COL 60◦ 0.1 0.25

Taking the case of R = 60% as an example, the furnace geometry and the grid are
shown in Figure 3. The number of grid nodes is 820 × 80 = 65,600.
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Figure 3. Schematic of BF geometry (a) and grid diagram (b) (R = 50%, in mm). COL: cohesive ore
layer, BOL: bulk ore layer, CL: coke layer.

A validated 2D steady-state porous model is used in this work. Velocity-inlet is
used for both hearth and shaft tuyeres. Operating pressure is set zero kPa. Gravitational
acceleration is −9.8 m/s2 in the Y direction. Boundary conditions are shown in Table 6.
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Table 6. Boundary conditions of different cases *.

Case R = 50% R = 60% R = 70% R = 80% R = 90%

Tuyere gas inlet
velocity (m/s) 180 180 180 180 180

Stack gas inlet velocity
(m/s) - 23 23 23 23

Tuyere gas composition
(Mole fraction)

N2: 0.719, O2:
0.264, H2O: 0.017

N2: 0.546, O2: 0.295,
CO: 0.115 H2: 0.013

H2O: 0.017
CO2: 0.015

N2: 0.453, O2: 0.331,
CO: 0.162 H2: 0.021

H2O: 0.010
CO2: 0.020

N2: 0.276, O2: 0.324,
CO: 0.315 H2: 0.046

H2O: 0.008
CO2: 0.030

N2: 0.123, O2: 0.348,
CO: 0.411 H2: 0.076

H2O: 0.007
CO2: 0.034

Stack gas composition
(Mole fraction) -

N2: 0.446, CO: 0.452
H2: 0.052 H2O: 0.006

CO2: 0.045

N2: 0.390, CO: 0.495
H2: 0.064 H2O: 0.006

CO2: 0.045

N2: 0.262, CO: 0.601
H2: 0.088 H2O: 0.006

CO2: 0.045

N2: 0.132, CO: 0.690
H2: 0.128 H2O: 0.006

CO2: 0.045
Gas outlet Pressure-outlet Pressure-outlet Pressure-outlet Pressure-outlet Pressure-outlet

* With the increase in oxygen concentration, the proportion of N2 in the hearth injection gas decreases rapidly,
while the proportion of reducing gases CO and H2 increases continuously, resulting in the rapid increase of the
reduction potential of in-furnace gas and the indirect reduction degree of iron ore.

4. Results and Discussion

This section compares the whole furnace pressure drop and the gas flow velocity
of different cases. For example, we consider a conventional BF with or without charged
central coke, different stack tuyere heights, and different pre-reduction degrees. In addition,
a permeability index is established to quantitatively compare the gas amount through the
COL or the CL.

4.1. Conventional BF with Charged Central Coke

Charging more coke into the central region is commonly used by industrial BFs to
reduce the in-furnace pressure drop. In this section, we study the whole-furnace pressure
drop and the gas flow velocity of the traditional BF process (R = 50%), with and without
charged central coke. In this way, it is feasible to verify the accuracy of the 2D porous model.
The whole-furnace pressure drop (107.21 kPa) without coke enrichment in the center is
consistent with the present-day 500 m3 BF. The whole-furnace pressure drop with central
coke charging is 100.81 kPa, which is lower than that when central coke is not considered
and reflects the effect of the central coke operation in reducing the whole-furnace pressure
drop. This verifies the reliability of our 2D porous model. In order to clearly display the
speed distribution in the low-speed region, areas with gas flow velocity ≥ 30 m/s are all
configured to red.

Some typical in-furnace phenomena, such as the high-speed gas flow in the raceway,
the low-speed gas flow in the deadman and the cohesive zone, and the central gas flow
and a small amount of border gas flow at the outlet, are based on the velocity contours, as
shown in Figures 4 and 5. Under the operating conditions of central coke, a large amount
of gas blown from the raceway can flow directly to the furnace center, then to the outlet,
without the secondary distribution of the CL in the cohesive zone, resulting in the central
gas flow velocity increasing from 8.57 m/s (without central coke) to 17.14 m/s (with central
coke). Therefore, for some blast furnaces, temporary central-coke charging is only used
when the furnace condition is not smooth.

As shown in Figure 6, the gas flow in the raceway starts to whirl after its entrance into
the furnace because of the blocking effect of coke. During whirling, the gas is basically
divided into two major streams. One turns to move vertically upward, passes through
the lowest COL, then deflects the flow direction again under the resistance influence of
the COL, imposing a strong scouring on the lining at the bosh angle, then adhering to
the furnace wall to finally converge with a border gas flow. The other one flows upward
along the loose coke layer in the center and mostly passes through the topmost COL and
its adjacent CL to form the central gas flow. In addition to the above two major streams, a
small part of the stream passes through the rest of the CL and the COL, then continues to
move upward through the porous burden bed.
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For central coke charging, a gas channel from the raceway to the furnace top is formed
directly. Therefore, the gas flow velocity in the central region at the outlet is large, while
the gas flow velocity through the CL of the cohesive zone is relatively small. By comparing
the velocity contour and the path line of the two charging systems, this model can explain
the formation mechanism of two in-furnace gas streams, the primary distribution function
performed by the raceway, and the secondary distribution function performed by the
cohesive zone.

4.2. Influence of Different Stack Tuyere Heights

As a supplement for insufficient heat in the stack, the TGR-OBF designs a set of tuyeres
for injecting heated recycling gas into the stack. In this section, three kinds of stack tuyere
heights (0.0 m, 1.8 m, and 3.6 m up from the upper edge of the furnace belly) are calculated
to study the influence of stack tuyere heights on the pressure drop and the gas flow velocity
in BFs. The pressure contour in Figure 7 shows that the pressure drop of the whole furnace
generally decreases with the increase in the stack tuyere height.

Specifically, the pressure drop of H = 0.0 m is much higher than that of H = 1.8 m
and H = 3.6 m, but the pressure drop of H = 1.8 m is very close to that of H = 3.6 m. It
should be noted that the elevation of H = 1.8 m is the same as that of the topmost COL
inside the BF. Therefore, this shows that when the stack tuyere is the same height as the
topmost COL, continued increasing of the stack tuyere height has little effect in reducing
the in-furnace pressure drop. The velocity contours (Figure 8) indicate that when the stack
tuyere is located at the upper edge of the belly (H = 0.0 m, equal to the elevation of the
cohesive zone’s half height), the stack recycling gas can impose a strong horizontal force
on the gas flow from the cohesive zone and then increase the gas flow velocity, finally
resulting in increasing the whole furnace pressure drop. These results are very close to
the bed pressure distribution and the gas flow fields of a 380 m3 BF, as discussed in the
literature [17], especially the velocity distribution in the stack area.
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Based on the above results, the stack tuyere is set at an elevation 1.8 m higher than that
of the belly (equal to the elevation of the topmost COL) for this paper’s rest simulations of
different pre-reduction degrees.

4.3. Pressure Drop and Gas Flow of Different Pre-Reduction Degrees

The results of different pre-reduction degrees are shown in Figure 9. As shown in
Table 5, the coke layer becomes thinner when the indirect reduction degree increases from
50% to 90%. Therefore, when the cohesive zone inclination remains at 60◦, the number of
burden layers in the cohesive zone increases to 7, 8, or 9 for reduction degrees of 70%, 80%,
or 90%, respectively, with the result that that the pressure drop of the cohesive zone and the
whole furnace still increases gradually, from 107.21 kPa to 118.59 kPa, even if the resistance
coefficient of the COL decreases.
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Figure 9. Pressure contours of different pre-reduction degrees (γ = 60◦): (a) R = 50%, n = 6,
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The results of the pressure drop of the cohesive zone and the average pressure drop of
one layer are shown in Figure 10. The average pressure drop of one ore and the coke layer
shows an obvious downward trend and is consistent with the tendency of the resistance
coefficient. Table 7 shows the proportion of the cohesive zone pressure drop in the whole
furnace. It can be seen that the cohesive zone pressure drop accounts for 74~80% of the
whole furnace, and this proportion increases slightly with the increase in the indirect
reduction degree.

Table 7. Pressure drop of the whole furnace and the cohesive zone.

Pressure Drop of Whole Furnace (kPa) Pressure Drop of Cohesive Zone (kPa) Proportion

R = 50% 107.21 83.60 77.98%
R = 60% 108.64 81.24 74.78%
R = 70% 113.42 86.49 76.26%
R = 80% 120.69 94.83 78.57%
R = 90% 118.59 92.18 77.73%
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Figure 10. Pressure drop of the cohesive zone and the average pressure drop of one layer.

4.4. Index of Coke Layer Flow

An index of the coke layer flow (InCL) and an index of the cohesive ore layer flow
(InCOL) are introduced to quantitatively compare the gas flow amount through the burden
layers within the cohesive zone during different processes. The formula is as follows:

InCL =
Aarea(coke) × Vareaave(coke)

Aarea × Vareaave
(2)

where Vareaare(coke) is the average y-velocity of the CL; Aarea(coke) indicates the area of the
CL; and Vareaave, and Aarea represent the counterparts of the cohesive zone. InCOL can be
calculated based on the same principle.

Figure 11 shows the data of InCL and InCOL. InCL descends from 76.72% to, at most,
66.13% with the increase in the pre-reduction degree. This means that the majority of the
gas still flows through the coke layer. Coke keeps playing the key role of the channel for the
reducing gas in the TGR-OBF. The decrease in InCL also illustrates that about 10% of the gas
flow can permeate through the ore layer rather than the coke layer. Therefore, compared
with a conventional BF, the permeability in the TGR-OBF does not deteriorate badly before
the drippage of pig iron.

InCOL indicates that gas flows around 5~7% can still pass through the COL, even when
the ores have already softened and melted. Figure 12 shows that the y-direction velocity
of the gas flow in the COL and its adjacent region is much slower. For the pre-reduction
degree of 50%, the gas velocity in the CL is 4.29 m/s, which is about twice that of the
COL. For the pre-reduction degree of 90%, an equalization of velocity in the COL and CL
regions can be found, as shown clearly in Figure 12. This shows that with the increase in
the indirection degree, the permeability of the cohesive zone is improved, and the capacity
for gas flowing is enhanced. These changes are significant in reducing the pressure drop,
increasing the coal rate, reducing the coke rate, and improving the performance indicator
of a BF.
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5. Conclusions

A two-dimensional porous-medium model of the whole furnace was established to
study the pressure and gas flow of various TGR-OBF processes under different conditions,
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such as different oxygen concentrations and different stack tuyere heights. The results
showed that the model is capable of indicating the pressure drop and velocity distribution
of the whole furnace and providing a reliable and effective tool for the optimization and
improvement of blast furnace processes. The conclusions are as follows:

(1) The pressure drop of the whole furnace without central coke was consistent with
industrial BFs of a similar size, which verified the effectiveness and reliability of
the model. The high-speed whirling movement in the raceway and in two majority
gas flows (central and border) at the outlet were observed. Under the condition of
charging central coke, the central gas flow velocity increased significantly. The results
also verified the effect of central coke in reducing the pressure difference of a BF.

(2) With the increase in stack tuyere height, the pressure drop of the whole furnace
decreased continuously. However, when the stack tuyere height was at the same
elevation as the upper edge of the cohesive zone, a further increase in the stack tuyere
height had little effect in reducing the in-furnace pressure drop.

(3) The differential pressure of the whole furnace increased generally, although the
resistance coefficient of the COL of the high indirect reduction degree was lower.
This was because the number of burden layers in the cohesive zone increased, due
to the thinning of the coke layer under the condition of 60◦ inclination. The ratio of
the cohesive zone pressure drop to the total pressure drop of the whole furnace was
between 75% and ~80%.

(4) The gas flow index was used to quantitatively compare the gas distribution between
the CL and the COL. With the increase in the reduction degree, the permeability of
the ore layer increased and the proportion of the gas flow through the CL could be
reduced by up to 10%. This proved that the cohesive zone could still ensure the
in-furnace gas permeability under the condition of a low coke rate in the TGR-OBF.

Compared with our previous model for only the cohesive zone [5], the results of this
study are much closer to the real situation in BFs, because the whole furnace model was
adopted and the inlet speed was set as the actual blast speed in the BF tuyere. However,
due to the limitations of the two-dimensional model, some transmission phenomena may
differ from the actual three-dimensional situation, and our results should be improved in
the future.
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