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Abstract: The operational conditions, including temperature and gas composition, vary along the
radial position in a blast furnace. Nevertheless, very few studies can be found in the literature that
discuss how the reduction behavior of the ferrous burden varies along the radial position. In this
study, the effect of the radial charging position on the reducibility of acid iron ore pellets was investi-
gated using a laboratory-scale, high-temperature furnace in CO-CO,-N;, and CO-CO,-H,-H,0O-N,
atmospheres up to 1100 °C. The experimental conditions were accumulated based on earlier mea-
surements from a multi-point vertical probing campaign that was performed for a center-working
European blast furnace. The main finding of this study is that the pellet reduction proceeded faster
under simulated blast furnace conditions resembling those in the center area, compared to the wall
area, because of a higher share of CO and H in the gas. Therefore, the pellet charging position affects
its reduction path in a blast furnace. Additionally, it was shown that the presence of H, and H,O
in the reducing gas enhanced the progress of reduction reactions significantly and enhanced the
formation of cracks slightly, both of which are desirable in blast furnace operation. The reducibility
data attained in this study are important in understanding how temperature and gas composition is
connected to the reduction degree under realistic process conditions.

Keywords: blast furnace; center; hydrogen; ironmaking; iron ore; multi-point vertical probe; pellet;
reduction; wall

1. Introduction

A blast furnace (BF) is still the dominant process for making iron in the world. Accord-
ing to the World Steel Association [1], 73.2% of global crude steel was produced via the
blast furnace—oxygen steelmaking route in 2020. However, a future megatrend will be the
reduction of CO, emissions in steelmaking [2]. For example, the European Green Deal has
announced the goal of supporting breakthrough technologies for zero-carbon steelmaking
by 2030 and of a carbon neutral society by 2050 [3]. Hydrogen has shown a great potential
to replace fossil-based reducing agents, such as coke and coal, in ironmaking [4]. Hydro-
gen that is produced by water electrolysis, using CO;-lean electricity, enables carbon-free
reduction in a shaft furnace by 100% hydrogen operation [5,6]. Before the transition to new,
zero-carbon technologies, a utilization of hydrogen-rich injectants has a great potential to
mitigate the CO; emissions of the traditional blast furnace process [7]. Low to medium
injection rates of hydrogen-rich gases, such as natural gas (NG) and coke oven gas (COG),
is already a state-of-the-art technology that is applied mainly in North American, Russian,
and Ukrainian blast furnaces.

A blast furnace is a large-sized shaft furnace, in which iron oxides are reduced to
metallic molten iron while descending. Hematite (Fe,O3) and magnetite (Fe3Oy4) are found
in run-of-mine ores, but wiistite (FeO) is not present in nature. The reduction of iron
oxides can take place either by CO or Hj, as shown in Equations (1)—(8), respectively [8].

Minerals 2022, 12, 741. https:/ /doi.org/10.3390/min12060741

https:/ /www.mdpi.com/journal /minerals


https://doi.org/10.3390/min12060741
https://doi.org/10.3390/min12060741
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0003-0279-6156
https://orcid.org/0000-0003-0328-1402
https://orcid.org/0000-0002-0513-2315
https://doi.org/10.3390/min12060741
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min12060741?type=check_update&version=1

Minerals 2022, 12, 741

2 of 21

The reduction takes place via the following three intermediate stages: from hematite to
magnetite (Equations (1) and (5)), from magnetite to wiistite (Equations (2) and (6)), and
finally from wiistite to metallic iron (Equations (3) and (7)). The overall reduction reaction
from hematite to metallic iron is shown in Equation (4) by CO and in Equation (8) by
Hj. The reaction enthalpies were calculated using HSC Chemistry software [9] between
25 and 1100 °C, taking into account that wiistite cannot exist at temperatures below
570 °C. Whether the reaction enthalpy generates positive values-indicating an endothermic
reaction—or negative values—indicating an exothermic reaction-is marked after each reaction
equation. It is noteworthy that the overall reduction reaction from hematite to metallic
iron by CO releases energy (exothermic reaction), but that additional energy is needed as
hematite is reduced to metallic iron by Hy (endothermic reaction).
The reduction of iron oxides by CO (Equations (1)—(4)) are as follows:

3Fe;03 + CO(g) = 2Fe304 + COy(g), AHY,, ion < O 1)
Fe30, + CO(g) = 3FeO + CO,(g), AHY, i,y > 0, above 570 °C )
FeO + CO(g) = Fe + COx(g), AH}petion < 0, above 570 °C ®)
Fey03 + 3CO(g) = 2Fe + 3C0x(g), AHY, tion < 0 4)
The reduction of iron oxides by H, (Equations (5)—(8)) are as follows:
3Fe;03 + Hy(g) = 2Fe304 + HyO(g), AHY, ion > 0 (5)
Fe304 + Hy(g) = 3FeO + HyO(g), AHY, ion > 0, above 570 °C (6)
FeO + Ha(g) = Fe + HyO(g), AHY, ;o > 0, above 570 °C @)
Fe,O3 + 3H,(g) = 2Fe + 3H,0(g), AHY, ... > 0 8)

The operational conditions, including temperature and gas composition, vary along
the radial position in a blast furnace. Loo and Bristow [10] pointed out that the phenomena
occurring in a blast furnace are extremely complex, mainly because the conditions are
significantly different in localized areas. The top gas in the center of the furnace contains
high levels of CO at a high temperature because of center coke charging. However, the
burden near the walls is significantly cooler and contains less CO, partly because the
gas loses much of its temperature to heat losses via the cooling system near the walls.
Additionally, the burden thickness is usually at its highest across the radius in the wall
area because of a higher pellet to coke ratio near the wall, compared to the center area.
This also indicates that a BFs center area has the highest permeability and, therefore, the
highest gas flow rates as the gas takes the route with the lowest resistance and the highest
permeability [11].

By now, the extensive use of sensors along the blast furnace has become rather com-
mon [12]. Additionally, a set of special measurement devices is available; these measure-
ments are mainly to enable process R&D to gain a deeper insight inside the blast furnace
process. The most prominent system is the multi-point vertical probe (MPVP), which
provides the gas and temperature distribution over the blast furnace cross-section from the
top to the bottom in an operational state, by sending gas sampling devices down into the
blast furnace [13,14]. The radial gas flow in a blast furnace shaft has been measured, for
example, by Bachhofen et al. [15] and Beppler et al. [16]. They used vertical, horizontal, and
inclined horizontal probes in a blast furnace (Schwelgern BF No. 1, Thyssen Krupp Stahl
AG, Duisburg, Germany). Following dissection studies of blast furnaces, the visualization
of the in-furnace conditions—which was enabled by the development of various types of
probes, information systems that utilized sensors mounted in various parts of the blast
furnace, and the development of simulation models-has led to advances in monitoring the
inner state of blast furnaces in operation [17].
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The equilibrium between the various iron oxides (magnetite and wiistite) and the
metallic iron with the gas is shown in Figure 1, which is generally known as a Baur-
Glaessner diagram [18]. The y-axis in the figure is the utilization for CO gas, and it is
calculated using Equation (9). Similarly, the utilization for H, gas can be calculated using
Equation (10). The hematite to magnetite reduction occurs at a relatively low temperature
and a low percentage of CO, and that is why the stability area for hematite is not visible
in Figure 1. The Baur-Glaessner diagram shows at what level of temperature and gas
composition that the further gas reduction of the ferrous burden is no longer possible. The
reduction of wiistite to metallic iron requires a gas with a relatively high percentage of
CO. Because of reaction kinetics, magnetite is not able to reduce directly to metallic iron at
temperatures below 570 °C in a blast furnace, although, from a thermodynamic point of
view it is possible. The typical gas composition and temperature data for wall and center
gas flows in an operating BF have also been plotted after the multi-point vertical probing
campaigns, reported by Geerdes et al. [11].
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Figure 1. A typical gas composition—temperature operation line for wall and center gas flows in an
operating furnace, shown in a Fe-O-C phase diagram, in the manner of Geerdes et al. [11] (p. 120).

This study compared the reduction degrees and the rates of the blast furnace pellets
charged to the center area and to the wall area, under simulated BF atmospheres with
temperatures between 700 and 1100 °C. The results of the isothermal tests are important
in understanding how the temperature and gas composition and the reduction degree are
connected to each other under realistic process conditions. Additionally, non-isothermal
experiments were carried out to study the reduction and cracking phenomena under
simulated BF conditions. The experimental conditions were accumulated from a European
BF using a multi-point vertical probe. The high-temperature experiments were carried
out in CO-CO,-N; and CO-CO,-Hy-HyO-Nj; atmospheres to estimate how introducing
hydrogen to a blast furnace would affect the reduction kinetics. Commercial acid iron ore
pellets, within a narrow size range, were used to obtain representative results. The pellets’
microstructures were studied after reduction to show the differences in the reduction
extents under different conditions.
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2. Materials and Methods
2.1. Iron Ore Pellets

Iron ore pellets, as well as sinter and lump ores, are commonly used as ferrous
burden in blast furnaces. The pellets are small, hard, spherical particles that have been
agglomerated from a fine iron ore concentrate. Their diameter is usually 10-16 mm and
they are hardened at high temperatures to attain sufficient mechanical strength. Fired
pellets are durable and easy to handle, and they perform well in blast furnaces with good
permeability and reducibility. A high iron content and a low gangue content is favorable
for blast furnace pellets [19-22].

Commercial acid iron ore pellets were used in the investigations. The chemical
composition of the pellets was analyzed by an accredited laboratory and is shown in
Table 1. The total iron content (Fetot) and the oxidation stage of the iron were determined
using a titration method. The sulphur content was determined via firing. The contents of
other elements were measured via X-ray fluorescence (XRF). Basicity is a universal ratio for
the description of pellet chemistry. Different kinds of basicity values are widely used. B2
is the basicity based on two components (CaO and SiO;), and B4 is the basicity based on
four components (CaO, SiO,, MgO, and Al,O3), as illustrated in Equations (11) and (12),
respectively. They are as follows:

CaO
B2 = 11
SiO, (1)
CaO +MgO
B4 = u (12)
SIOZ + A1203
Table 1. Chemical composition (in wt.%) and basicity of the pellets.
Fetot FeO CaO MgO Al,O3 S Na,O K,O B2 B4
64.6 <0.1 1.2 0.73 0.39 0.007 0.09 0.05 0.20 0.30

2.2. Reduction Test

A high-temperature furnace, called a BFS (Blast Furnace Simulator), was used here to
study the reducibility of the pellets under conditions resembling those near the wall and the
center area in a working blast furnace. The BFS has been previously used to investigate the
reduction behavior of ferrous burden materials under simulated BF conditions [23-34]. The
BES, a tube furnace with an inner diameter of 95 mm, is capable of producing complex time
and temperature-dependent atmosphere profiles according to pre-determined programs.
With a BFS, it is possible to carry out both isothermal and non-isothermal tests. The
furnace tube and the sample basket are both made of heat-resistant steel, thus limiting the
continuous operating temperature to 1100 °C. The weight of the sample, together with the
basket, is continuously measured with the scales and is recorded in the computer system in
10 s intervals. The operational description and the layout of the BFS were first presented by
Iljana et al. [23]. Modifications made to the water vapor feeding system of the BFS were
presented later by Abdelrahim et al. [34].

In this study, isothermal and non-isothermal reduction experiments were carried out
in CO-CO;-N; and CO-CO,-H;-HpO-N; atmospheres, simulating the reducing conditions
in an industrial blast furnace. For our experimental work, we used the results of a multi-
point vertical probe trial, performed at No. 4 BF of ROGESA (Roheisengesellschaft), in
Dillingen, Germany. The blast furnace, with an inverted-V-shaped cohesive zone, was on
center-working operation, which is the most common operational practice of blast furnaces.
The MPVP, equipped with six temperature measuring and gas sampling points, was
introduced into the blast furnace, deposited above the burden surface, and then descended
with the burden downwards. During the descent of the probe, the radial temperature
mapping and gas analyses were determined, including the contents of CO, CO,, and Hy.
In addition to these gas components, there was also a high content of HyO and Ny, which
are always present in the BF shaft gas, however, these were not measured. Because of this,
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for the design of the experiment, the H,O content was estimated and calculated using
thermodynamic software (HSC Chemistry version 9.6) [9], so that the partial equilibrium
pressure of the oxygen for the carbon dioxide and water vapor formation reactions were
equal in CO-CO,-N; and CO-CO,-H,-H,O-N; atmospheres. Furthermore, the reduction
potential of CO and H; was equal during the reduction as CO/CO, and H, /H,O were
thermodynamically balanced to achieve this. The remainder of the gas was assumed to be
Nj. The same MPVP campaign and a similar approach to the design of the experiments
have also been the starting point in studies by Abdelrahim et al. [34] on pellet reduction
and in studies by Heikkila et al. [35] on coke gasification.

The experimental programs were separately designed for the conditions resembling
those near the wall and the center area of the blast furnace. During the MPVP trial, the
thermocouples were functioning for the whole shaft area up to 1100 °C or higher, except for
the thermocouple located closest the BF wall, which was already broken at 925 °C. The wall
conditions were designed based on the working thermocouple closest to the blast furnace
wall and the center conditions were based on the thermocouple located in the center of the
BFs cross-section. Time information for the non-isothermal tests were also retrieved from
the MPVP trial.

A total of 20 isothermal experiments were carried out. These tests were performed
in CO-CO,-N;, and CO-CO,-H,-H,O-N; atmospheres at 700, 800, 900, 1000, and 1100 °C,
using both the wall and center profiles. Additionally, four non-isothermal experiments
were performed, simulating the ferrous burden descending in the shaft down to the 1100 °C
isotherm. The time information and gas profiles in the CO-CO,-N; and CO-CO,-Hp-HyO-Np
atmospheres are shown in Tables 2 and 3 for the wall and the center profile, respectively.
However, it must be noted that the time information is valid only for the non-isothermal
tests. Additionally, the oxygen partial pressures (pop) in each isothermal reduction experi-
ment were calculated and are marked in the tables.

Table 2. Experimental program for the wall profile. Time information is cumulative and valid only
for non-isothermal tests (numbered 1-10).

Time Temp # CcO COZ Nz # CcO COZ Hz H20 N2 Po2
[min] [°Cl] [vol.%] [vol.%] [vol.%] [vol.%] [vol.%] [vol.%] [vol.%] [vol.%] [atm]

0 400 21.48 27.35 51.17 20.87 26.57 2.51 0.33 49.72

3.3 500 22.03 27.13 50.84 21.32 26.25 2.59 0.64 49.20

6.1 600 23.10 26.36 50.54 22.17 25.30 2.79 1.22 48.52

15.7 700 1 24.79 24.84 50.37 6 23.53 23.58 3.11 1.98 47.80 5.74 x 10722
27.6 800 2 29.70 20.65 49.65 7 27.81 19.34 3.82 2.52 46.51 1.85 x 1071
34.3 850 31.01 19.45 49.54 28.89 18.12 4.01 2.82 46.16

46.3 900 3 32.56 17.01 50.43 8 30.03 15.69 4.61 3.15 46.52 229 x 10717
54.5 950 33.87 14.31 51.82 30.99 13.09 5.20 3.30 47.42

93.3 1000 4 37.25 11.36 51.39 9 34.09 10.40 5.59 2.90 47.02 7.30 x 10716
102.9 1050 41.12 6.89 51.99 37.88 6.35 5.96 191 47.90

109.6 1100 5 43.49 4.34 52.17 10 40.22 4.02 6.22 1.32 48.22 3.75 x 10~15

The contents of the gas components under the non-isothermal test conditions for
the wall and center profiles in CO-CO,-N; and CO-CO,-H;-H,O-N; atmospheres are
presented in Figure 2. The reducing conditions are also illustrated in the Fe-O-C and
Fe-O-H phase stability diagrams (generally known as Baur-Glaessner diagrams) in Figure 3.
The operation line describes the non-isothermal test conditions, whereas the isothermal test
conditions are marked with dots. Additionally, a Boudouard reaction line has been drawn
on the Fe-O-C diagram. The Fe-O-C and Fe-O-H phase diagrams and the Boudouard
reaction line have been drawn from the collected data, using HSC Chemistry [9]. The most
stable phase in each experimental setup, shown in the Baur-Glaessner diagrams, would
have been reached if the duration of the experiment had been sufficient.
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Table 3. Experimental program for the center profile. Time information is cumulative and valid only
for non-isothermal tests (numbered 11-20).

Time Temp # CcO COZ Nz # CcO COZ Hz Hzo Nz Po2
[min] [°Cl] [vol.%] [vol.%] [vol.%] [vol.%] [vol.%] [vol.%] [vol.%] [vol.%] [atm]

0 500 28.66 19.32 52.02 27.41 18.48 3.82 0.51 49.78
43.4 600 29.16 19.52 51.32 27.44 18.37 4.69 1.21 48.29
64.4 700 11 30.69 17.53 51.78 16 28.56 16.31 5.10 1.85 48.18 1.86 x 10722
90.9 800 12 36.37 13.07 50.56 17 33.69 12.10 5.50 1.87 46.84 4.95 x 10~
96.8 850 38.35 10.29 51.36 35.41 9.50 5.88 1.77 47.44
102.8 900 13 40.15 7.88 51.97 18 37.07 7.28 6.11 1.57 47.97 324 x 10718
108.7 950 44.00 3.49 52.51 40.73 3.23 6.63 0.79 48.62
112.9 1000 14 47.25 1.41 51.34 19 43.56 1.30 7.43 0.38 47.33 6.99 x 10718
116.3 1050 48.85 1.09 50.06 4496 1.00 7.64 0.33 46.07

119.8 1100 15 49.41 1.09 49.50 20 45.44 1.00 7.67 0.36 45.53 1.83 x 1071°
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Figure 2. Gas composition and temperature as a function of time in non-isothermal reduction, using
(a) the wall profile in CO-CO,-Nj gas, (b) the wall profile in CO-CO,-H;,-HpO-Nj gas, (c) the center
profile in CO-CO,-N; gas, and (d) the center profile in CO-CO,-H,-H,O-N; gas.

Before the experiments, the pellets were classified into different particle sizes using a
shaking sieve, and 30 crack-free pellets—in the size range of 10-12.5 mm, weighing a total
of 100 & 0.1 g—were randomly selected for each experiment. In each isothermal reduction
experiment, the 30 selected pellets were placed in the sample basket in a single layer (see
Figure 4). In the isothermal experiments, the sample basket, which was connected to the
scales via a wire, was first placed in the BFS furnace at room temperature, and then the
temperature was elevated up to the test temperature in an N, flow to avoid reduction during
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Temperature [°C]

1200
1100
1000

900

800 ]
700 ]
600 ]
500 ]
400 ]

7420

heating. Subsequently, the gas composition was changed to simulate either the BF wall or
the center conditions for 300 min (5 h). For a stationary state, temperature fluctuations of
£10 °C were considered acceptable. The preparations for the non-isothermal experiments
were performed similarly, however, during the reduction phase the temperature was
increased from either 400 or 500 °C, up to 1100 °C, and the composition for the reducing
gas was altered using the wall and center programs. In each experiment, the total gas flow
rate used in the reduction phase was 15 L/min, at normal temperature and pressure (NTP)
conditions. After the reduction phase, the cooling was carried out in an Ny atmosphere
until the sample temperature reached 200 °C, to avoid re-oxidation. The cooling phase took
10-20 min, depending on the temperature at the end of the test.
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........... Boudouard
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Metallic iron
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Figure 3. Experimental conditions shown in Baur-Glaessner diagrams in relation to (a) etaCO, and
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CO,/(CO +CO,) x 100
(a)
(b) etaH,.
4

90 mm

90 mm

Figure 4. A pellet sample in the BFS basket before reduction.
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2.3. Formation of Reduction Curves

The sample weight loss during each reduction experiment is illustrated as a reduction
curve. Calculating the reduction degrees at a time interval of 10 s enabled us to draw
reduction curves as a function of the experimental time and /or temperature. The reduction
degrees were calculated based on the weight change during the test, which was retrieved
from the TG data and the total iron and divalent iron content was retrieved from the
chemical analysis. The reduction degree (RD) is represented by the ratio of the amount of
oxygen removed from iron oxides to the amount bound to iron oxides, and is calculated
based on the ISO 7215 standard [36], using Equation (13), as follows:

RD(t) = my — my(t)

= 10* 13
my (0430w — 0111wy (13

where m; is the sample weight before reduction, my; is the sample weight after or during
reduction, w is the divalent iron content, and wy, is the total iron content. Values for wq
and wy were taken from the chemical analysis of the fired pellets before reduction.

2.4. Microscopic Study

Polished sections of the reduced samples, mounted in epoxy, were prepared for a
microscopic study. A high-resolution Olympus DSX1000 digital microscope, equipped with
a motorized X-Y stage, was used to study the pellet microstructure and to visually detect
different iron phases by obtaining mosaic images of the cross-section areas of the reduced
samples. Images that were 9 x 9, with a 10% overlap, were taken from each polished
section, and those were automatically stitched through the microscope software to cover a
full pellet cross-section, with an approximate area of 15 x 15 mm.

3. Results
3.1. Original Sample

A similar unreduced pellet sample was characterized in another study, which was
conducted by Abdelrahim et al. [34]. The XRD results showed that hematite was the
dominating phase in the original pellets and that hardly any magnetite existed before
reduction. Moreover, a negligible FeO content (<0.1) in the original pellets revealed that
the hematite was the major iron oxide phase in the studied pellets.

3.2. Isothermal Reduction

The pellet samples were photographed after the reduction experiments. The pellet
images after the non-isothermal reduction are shown in Figure 5, simulating the wall
and center conditions in CO-CO,-N; and CO-CO;-H;-H,O-N; atmospheres. The pellets
reduced at 1100 °C were slightly stuck together, which indicates a formation of first liquids.
Furthermore, it seems that Hy-H,O enhanced crack formation in the pellets and was the
most intensive at 1100 °C.

The reduction curves for the pellets under isothermal conditions, using wall and
center profiles, are shown in Figures 6 and 7, in CO-CO,-N; and in CO-CO,-H-HO-N»
atmospheres, respectively. The reduction degree corresponding to the theoretical complete
reduction from the original state (hematite) to magnetite was 11.1% for the studied pellets.
The reduction degree corresponding to the theoretical complete reduction of the original
pellets to wiistite depended on the nonstoichiometry of wiistite. The reduction degree was
at the range of 29.7% (the nonstoichiometry of wiistite was considered, wiistite being as
Fe(.9470) and 33.3% (the nonstoichiometry of wiistite was not considered, wiistite being
as FeO) as the pellets used in this study were completely reduced to wiistite, based on an
assumption that only two different iron oxides can exist simultaneously in a microstructure.
Dashed lines at the reduction degrees of 11.1% and 29.7% presumably show when the
pellets are reduced completely to magnetite and wiistite, respectively.
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CO-CO2-N2 gas CO-CO2-H2-H20-N2 gas
Center Wall Center

700
°C

800
°C

900
°C

Figure 5. Pellets photographed in the sample basket after isothermal reduction, using the wall and
center profiles in CO-CO;,-N, and CO-CO,-H,-H,O-N, gases.
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Figure 6. Reduction curves for the pellets reduced isothermally at (a) 700, (b) 800, (c) 900, (d) 1000,
and (e) 1100 °C, simulating the wall and center conditions in a CO-CO;-N, gas.

It is of the utmost importance to look at the Baur-Glaessner diagrams as the reduction
curves are discussed, because these diagrams describe the thermodynamic requirements
for the progress of the reduction reactions. It can be deduced from the Baur-Glaessner
diagrams, shown in Figure 3, that the reduction would have progressed to metallic iron at
each of the studied temperatures, using the center profile, if the experimental time (kinetic
requirement) had been sufficient. However, at wall conditions the thermodynamic stable
phase was metallic iron at temperatures between 1000 and 1100 °C, but it was wiistite at
temperatures between 700 and 900 °C. It must be noted that 11 experiments out of a total of
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20 isothermal tests (#1, #4, #6, #9, #11, #12, #13, #14, #16, #17, and #18) would have needed a
longer time to reach the thermodynamically stable phase.
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Figure 7. Reduction curves for the pellets reduced isothermally at (a) 700, (b) 800, (c) 900, (d) 1000,
and (e) 1100 °C, simulating the wall and center conditions in a CO-CO,-Hy-H,O-Nj gas.

At each studied temperature, the pellets reduced faster using the center profile, com-
pared to the wall profile because of a higher reducing potential in the gas (higher values for
etaCO and etaH,), which can also be seen in the Baur-Glaessner diagrams. The difference
was the highest at temperatures of 900 and 1000 °C. Another important implication that can
be drawn from the reduction curves is that the pellets reduced faster as Hy-H,O appeared
in the reducing gas, compared to the CO-CO,-N; gas.
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Wall

Cen-
ter

2 mm

Cross-sectional images of the reduced pellets were obtained using an Olympus digital
microscope. Please note that the cross-sectional images for the pellets reduced at 700 and
1100 °C are not shown in this paper. The pellets reduced at 700 °C consisted mainly of
magnetite and /or wiistite, and those cannot be visually separated in the LOM images. At
1100 °C, all four pellets in different scenarios were fully reduced to metallic iron, and there
were no differences in the existence of iron phases. The pellet cross-sectional images for the
reduction temperatures of 800, 900, and 1000 °C are shown in Figures 8-10. At these points,
the metallic iron can be seen in white and the wiistite can be seen in light grey, while the
epoxy can be seen in dark grey and the pores that are not mounted in epoxy can be seen
in black.

CO-CO2-N:2 gas CO-CO2-H>-H20-N2 gas

2 mm

(b)

2 mm

(d)

Figure 8. Pellet cross-sections after isothermal reduction at 800 °C, using (a) the wall profile in
CO-CO,-N; gas, (b) the wall profile in CO-CO,-H,-H,O-Nj gas, (c) the center profile in CO-CO,-Nj
gas, and (d) the center profile in CO-CO,-H,-H,O-Nj; gas.
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CO-CO:-N: gas CO-CO:z-H2-H20-N:2 gas

Wall

(d)

Figure 9. Pellet cross-sections after isothermal reduction at 900 °C, using (a) the wall profile in
CO-CO;-N; gas, (b) the wall profile in CO-CO,-H;-H,O-Nj gas, (c) the center profile in CO-CO,-Np
gas, and (d) the center profile in CO-CO,-Hy-HpO-N, gas.
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CO-CO:2-N: gas CO-CO:z-H2-H20-N:2 gas

Wall

2 mm

(d)

Figure 10. Pellet cross-sections after isothermal reduction at 1000 °C, using (a) the wall profile in
CO-CO;-N; gas, (b) the wall profile in CO-CO,-H;-H,O-Nj gas, (c) the center profile in CO-CO,-N,
gas, and (d) the center profile in CO-CO,-H,-HyO-Nj; gas.

At 800 °C, seen in Figure 8, both wall profile pellets were fully reduced to wiistite. A
minor amount of metallic iron can be seen at the surface of the pellet reduced in CO-CO,-N,
gas, using the center profile. In a similar test, which was carried out in CO-CO,-H,-H,;O-N,
gas, the reduction zone of wiistite to metallic iron proceeded further to the mid-radius area
in the pellet cross-section.

At 900 °C, seen in Figure 9, the differences between the different scenarios appear to
be at the highest. Under the simulated wall conditions, the pellets reduced to wiistite in
CO-CO,-N; and CO-CO,-Hp-HyO-N; atmospheres. However, when simulating the center
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Wall

Center

gas flow, metallic iron formed, and wiistite only existed in the pellet core area, as the pellets
were reduced to the highest reduction extent in CO-CO,-H,-H,O-N; gas.

At 1000 °C, seen in Figure 10, both wiistite and metallic iron existed when the wall
profile was used in reduction. However, the pellets reduced under the simulated center
conditions were practically fully reduced.

3.3. Non-Isothermal Reduction

The pellet images after the non-isothermal reduction are shown in Figure 11 for
CO-CO;,-N; and CO-CO,-H;,-H,O-N, atmospheres, using the BF wall and center profiles.
It can be seen that the simulated charging position (wall/center) did not affect the pellet
cracking. However, the presence of H; and H,O in the gas enhanced the formation of
minor cracks on the pellet surface; although, only a few large-sized cracks were formed,
even in the CO-CO,-H;-H;O-Nj; gas.

CO-CO2-N: gas CO-CO2-H2-H20-N: gas

Figure 11. Pellets photographed in the sample basket after the non-isothermal reduction, using (a) the
wall profile in CO-CO,-Nj; gas, (b) the wall profile in CO-CO,-H;,-H,O-Nj gas, (c) the center profile
in CO-CO,-N; gas, and (d) the center profile in CO-CO,-H;-H;O-N; gas.

Figure 12 shows the pellet reduction degree as a function of the experimental time
and the sample temperature in the non-isothermal reductions, simulating the BF wall and
center conditions in CO-CO,-N; and CO-CO,-H;-H;O-N; atmospheres. Especially in the
gas containing Hy-H,O, the pellets achieved a higher reduction degree using the center
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profile, compared to the wall profile. Additionally, the final reduction degrees attained in
the non-isothermal experiments are shown in Table 4.
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Figure 12. Reduction curves against (a) the experimental time in a CO-CO,-N; gas, (b) the sample
temperature in a CO-CO;-Nj gas, (c) the experimental time in a CO-CO,-H;-HyO-N; gas, and (d) the
sample temperature in a CO-CO,-H;-H,O-N; gas, for non-isothermal reductions, simulating the BF
wall and center conditions.

Table 4. Final reduction degrees for the pellets in the non-isothermal experiments.

Program CO-CO,-N, Gas CO-CO,-H,-H,0-N, Gas
Wall 35.3 40.7
Center 35.2 47.2

Figure 13 shows the pellet cross-section areas after the non-isothermal reduction in
different scenarios. From these cross-section images, it can be seen that the reduction
proceeded topochemically, from the pellet surface toward the pellet core, and that wiistite is
the main phase for Fe after the non-isothermal reduction. Additionally, some metallic iron
can be seen to exist at the pellet surface. When comparing different reduction scenarios, it
can also be seen that more metallic iron exists near the pellet surface in the reducing gas
containing Hy-H,O, compared to the CO-CO,-N; gas.
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Wall
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CO-CO2-N2 CO-CO:2-H2-H20-N:
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—
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Figure 13. Pellet cross-sections after non-isothermal reduction, using (a) the wall profile in CO-CO;-
Nj gas, (b) the wall profile in CO-CO,-H,-H,O-Nj gas, (c) the center profile in CO-CO,-N, gas, and
(d) the center profile in CO-CO,-H,-HpO-Nj; gas.

4. Discussion

Only a small number of studies were found in the literature that discuss how the
radial position in the blast furnace affects the reduction behavior of the ferrous burden.
One of these studies is a Swedish doctoral thesis by Jerker Sterneland [37], in which he
studied the reduction and softening behavior of olivine pellets in a laboratory scale, in
CO-CO;z-H;-N; gas, using a new reduction under load (RUL) furnace. He conducted
high-temperature experiments under varying reducing conditions (different temperature
profiles, and reducing atmospheres and mechanical loads), and by simulating different
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radial positions (wall, mid-radius, and center). The study was also conducted in a medium-
sized, center-working blast furnace that had an inverted-V-shaped cohesive zone, which is
the most common practice of blast furnace operation. The parameters—including the rate of
temperature increase, the reducing gas composition, and the mechanical load—at different
radial positions in the blast furnace were derived from the literature concerning various
measurements in blast furnaces during the operation, the dissection of blast furnaces, and
the modelling of the conditions in the blast furnace (see Table 5). However, Sterneland
and Labhiri [38] pinpointed that it is important to bear in mind that temperature and gas
composition profiles and burden load vary widely from furnace to furnace, and also from
time to time in the same blast furnace.

Table 5. Approximate conditions at different radial positions in the blast furnace in studies by
Sterneland and Lahiri [38,39].

Radial Position Wall Mid-Radius Center
Rate of temperature increase Low Medium High
Reducing gas potential Medium Low High
Mechanical load High Medium Low

Sterneland [37] discovered that the reduction was fastest for the center profile samples
and slowest for the mid-radius profile samples, while the wall profile samples had an inter-
mediate reduction behavior. Similar to the results in our study, the reduction progressed
faster when the center conditions were experimentally simulated than when using the
wall profile. However, in our study the mid-radius conditions were not experimentally
simulated. It would have been possible and even informative to also derive the reduction
conditions from the MPVP data for the mid-radius profile, however, only wall and center
profiles were included in the design of the experiments. Sterneland and Lahiri [38] con-
cluded that the degree of reduction is not only dependent on the reducing atmosphere but
also on the temperature cycle under which the material is treated.

Loo and Bristow [10,40] have experimentally studied the reduction behavior of sinter,
pellets, and lump ores in three BHP Steel blast furnaces (BF No. 5 located in Port Kembla,
NSW, Australia; BF No. 4 in Newcastle, NSW, Australia; and BF No. 2 in Whyalla, SA,
Australia). For each furnace, wall and center profiles were simulated in the experimental
program. Loo and Bristow did not compare the differences in the progress of reduction
between the wall and center profiles. However, they observed lower reducibility rates
under wall and center conditions, compared to the standardized JIS (Japanese Industrial
Standard) reducibility test. Additionally, the ranking of the materials was different to that
obtained using the JIS 8713 standard test [10,40].

Peripheral and central temperature programs have been used to simulate the reactions
occurring in ljmuiden blast furnaces in the Netherlands (now owned by Tata Steel, Mumbai,
Maharashtra, India) since the 1980s. In addition to CO and CO,, hydrogen and water vapor
also exist in the reducing gas of their blast furnace simulation test, named HOSIM [41]. The
experiments carried out in an EU project-named “Improvement of blast furnace burden
quality”—showed that hydrogen has a beneficial effect on the blast furnace reduction
process. It appeared that the reaction rate by Hj is higher than the reaction rate by CO.
Additionally, a decrease in reduction degradation appeared to be mainly caused by less
whisker formation, as H; was present in the reducing gas [41]. Their finding concerning
the effect of Hy on reduction rates is similar to the finding in our study. Likewise, an
experimental blast furnace (EBF) trial in Luled, Sweden, revealed that the reduction degree
in the upper shaft increased compared to the normal operation as hydrogen-rich gases,
such as COG, were injected [42].

Jaffarullah et al. [43] studied the reduction behavior of sinter under simulated vertical
probe (VP) trial conditions. More than 10 VP trials from the wall, mid-radius and center
positions were conducted in BF No. 5 of Bokaro Steel Plant (BSL), located in Bokaro Steel
City, Jharkhand, India. The probe measured the composition, temperature, and pressure
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of the ascending gases along the height of the blast furnace from the stockline to the
cohesive zone at three radial points (wall, mid-radius, and center) during its operation.
The focus of the paper was on comparing the reduction and degradation behavior of sinter,
under simulated vertical probe trial conditions to softening-melting test conditions. The
sinter reducibility was notably lower under the simulated vertical probe trial conditions,
compared to the results obtained using the softening-melting test conditions.

As discussed earlier, only a few studies were found in the literature that discuss how
the radial position in the blast furnace affects the reduction behavior of the ferrous burden.
In some studies, the red line has been different, focusing more on comparing the reduction
behavior under simulated radial conditions to standard test conditions, or to the conditions
used in the steel plant’s own reducibility or reduction-softening tests. It appears that there
is an intensifying need for research of the type presented in this paper, as hydrogen-rich
gases will be injected into blast furnaces more and more in the near future.

5. Conclusions

In this study, the effect of the radial charging position on the reducibility of iron
ore pellets in a blast furnace was investigated in CO-CO;-Nj and CO-CO;-Hy-H,O-N,
atmospheres, up to 1100 °C. The experimental conditions were accumulated from a Eu-
ropean BF, using a multi-point vertical probing technology. The effect of a reducing gas
containing a mixture of CO-CO,-H;-H;O-N;, was compared to a reducing gas containing
only CO-CO,-Np with the same oxygen partial pressure. A total of twenty isothermal
and four non-isothermal reduction tests were carried out under simulated blast furnace
wall and center conditions, using a high-temperature vertical tube furnace, called a Blast
Furnace Simulator, at the University of Oulu. The experimental results obtained in this
study are summarized as follows:

1. The reduction proceeded faster under simulated blast furnace conditions resembling
those in the center area, compared to the wall area in an isothermal reduction because
of the higher proportion of CO and H, in the gas. Similarly, the pellets reduced
to a higher final reduction degree in the non-isothermal experiments using the BF
center profile compared to the wall profile, especially in the gas containing Hy-H,O.
Therefore, the pellet charging position affects its reduction path in a blast furnace.

2. The presence of Hy-HO in the reducing gas enhanced the progress of reduction
reactions, which is desirable in the blast furnace process.

3. The presence of Hy-H,O in the reducing gas enhanced the formation of cracks. How-
ever, the cracking was minor and will not deteriorate blast furnace operation. On the
contrary, a minor cracking of pellets can be beneficial as it provides space for gases to
penetrate more easily inward to the pellet core.

4. The experimental results are important in understanding how process conditions
(temperature and gas composition) are connected to the reduction degree under
realistic conditions in a blast furnace shaft.
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