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Abstract: The materials’ properties in the hearth of the blast furnace are very crucial for the hearth
conditions. In this study, a number of coke, slag, metal, and aggregate samples were collected from
the hearth of the LKAB'’s experimental blast furnace (EBF). Subsequently, the coke, slag, and metal
samples were chemically analyzed by X-ray fluorescence (XRF) or optical emission spectrometer
(OES); the aggregate samples were analyzed by scanning electron microscope combined with
energy-dispersive X-ray spectroscopy (SEM/EDS). The possible flow field of the liquid in the EBF
hearth before quenching is depicted according to Cu tracers in the metal samples. Selected elements
in the coke, slag, and metal were mapped for two sampling layers in the hearth, as well as in one cross
section of the flow field. The results indicate that there exists an area beneath, and in front of, tuyere 3,
where the flow resistance of the liquid was high. The high flow resistance contributed to the formation
of a cold zone in the close-to-wall region and at the bottom of the EBF hearth. The temperature
distribution in the EBF hearth has significant impacts on the chemical properties of the materials in
different positions of the EBF hearth, as well as on the radial and vertical distributions of certain
elements/components.
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1. Introduction

The hearth of the blast furnace (BF) has been a research topic in a large number of studies, as the
hearth conditions, among others, determines the liquid drainage, the energy consumption, the hot
metal quality, the hot metal productivity and the wear of the refractory linings [1-5]. In the hearth
of the BF the materials are mainly composed of coke, molten slag and hot metal. The coke in the
hearth forms a cone-shaped coke pile (named as dead-man), which allows the molten slag and hot
metal to flow in-between the coke lumps. During the flow, heat transfer, and materials transfer take
place, due to the flow of the hot liquids and the chemical interactions among the hearth materials.
These transfers could lead to various material phenomena in the hearth of the BF, such as carburization
of hot metal, recirculation of the alkali in the hearth [6], reduction of FeO in the slag [7], radial/vertical
variations of slag basicity, and certain elements in the hearth of the BF [8]. In turn, the materials
phenomena, such as the molten slag/hot metal compositions, the void fraction, and the size of the coke
bed, can influence liquid flow, and thus influence heat and material transfers.

The LKAB’s experimental blast furnace (EBF) is a unique tool used to optimize the ferrous pellets,
as well as the ironmaking process. It has one tap-hole, three tuyeres placed with 120° separation,
and a working volume of 8.2 mS3. The diameters at tuyere level and hearth level are 1.2 m, and 1.4 m,
respectively. The working height from tuyere level to stock lime is around 6 m. Although EBF is quite
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small, the operation of the EBF is similar as commercial blast furnaces. More detailed information of
the EBF is available in the literature [9].

In the end of the EBF campaigns, sampling into the hearth has often been carried out by
core-drilling into the EBF’s hearth [10-12]. After campaign 32, a large number of samples were
collected by core-drilling and a large set of coke, slag, and metal samples became available for chemical
analysis. Further, the Cu-tracer, injected before quenching of the EBF, was dissolved in the metal,
and made it possible to identify the flow field of the liquid in the EBF hearth.

In this study, mapping of the selected elements/components were conducted, based on the chemical
analysis results of coke, slag, metal, and aggregate samples collected from the EBF hearth. The purpose
is to provide a comprehensive understanding of the liquid flow and its interaction with solid coke in
the hearth of EBF. New knowledge will contribute to the understanding of hearth conditions.

2. Methodology

2.1. EBF Campaign 32

The EBF campaign 32 was conducted from September to November in 2016. During the campaign,
LKAB’s olivine pellets (MPBO pellets, 9-12.5 mm) was used as iron-bearing material. Quartzite,
BOF slag, and limestone (10-20 mm) were used as slag formers. The used coke is similar as that used in
the industrial process but with a smaller particle size (15-30 mm). The blast flow rate was 1550 Nm?/h
and the temperature of the blast was 1200 °C. The production rate was around 1.5 tHM/h and the slag
volume was around 145 kg/tHM. The average consumption data (two weeks prior to quenching) for
the solid materials charged into the EBF are shown in Table 1.

Table 1. Specific consumption of charged and injected materials in the experimental blast furnace (EBF)

campaign 32 (kg/tHM).
. . BOF Slag .
MPBO Pellets  Pulverized Coal Coke Quartzite (from SSAB) Limestone
1380 130 420 18-22 40-45 40

2.2. Copper Injection in the End of EBF Campaign 32

In the end of EBF campaign 32, just before quenching, 1.5 kg pulverized copper was injected
through the coal injection lance in tuyere 3. The position of the tuyere 3, relative to the other two tuyeres
and the taphole, is shown in Figure 1. During the copper injection, the coal injection through tuyere 3
was interrupted, as the copper injection device was mounted to the coal injection lance. After finalizing
the copper injection coal injection was restarted. In the end of the campaign a final tapping of hot
metal and slag was made and then the EBF was quenched with nitrogen. The total time, from copper
injection to the final tapping, was around 21 min.

2.3. Collection of Samples from the EBF Hearth

When the EBF had been cooled down to room temperature and the excavation of the EBF down to
tuyere level was finalized, the hearth was detached. Steel tubes (diameter 130 mm and length 500 mm)
were drilled into the coke bed in the hearth to collect the core-drilling samples. These samples were
collected from two layers and various positions (with respect to positions of the three tuyeres and
taphole) in the hearth of EBF as shown in Figure 1. In total 7 core-drilling tubes were obtained from
the first core-drilling layer, and 21 from the second core-drilling layer.
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Figure 1. Illustration of the sampling positions (with respect to the 3 tuyeres and taphole) for the
core-drilling samples and their reference numbers.

In Figure 1, it is seen that some core-drilling tubes, especially from the second core-drilling layer,
are protruding above the bed level. This is due to the presence of hard materials, essentially metal and
metal-containing aggregates, which hindered the core drilling further down into the bed. Therefore,
some of the drilling tubes were not fully filled with samples. When the drilled cores from the second
core-drilling layer had been taken out, 3 samples were also taken manually by hands. The relative
positions (with respect to the depth into the hearth) of the collected core-drilling samples as well as the

manual samples are shown in Figure 2.
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Figure 2. Illustration of the sampling positions (with respect to the depth in the hearth) of the
core-drilling samples and manual samples (numbers in the squares indicate Cu contents in the metal

samples given in ppm).

2.4. Analysis of the Samples

The samples in each core-drilling tube were divided into 5 sub-samples (10 cm in length each).
Since some tubes were not fully filled with samples, only 104 sub-samples were available, as shown
in Figure 2. Each sub-sample was screened into >16mm, 10-16 mm, 5-10 mm, 2.8-5 mm, 1-2.8 mm,
0.5-1 mm and <0.5 mm fractions. The >5 mm fractions were manually separated into the metal, coke,
slag and aggregate with the aid of a magnet. In this study, the coke, slag, and metal samples from
the 5-10 mm fractions were selected for further study. This is mainly because the materials in this
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fraction are quite dominant in amount, and can be easily separated from one to another, and thus can
be used as representative samples. Coke and slag samples from the 5-10 mm fraction were ground into
fines (<1 mm) and analyzed by wavelength dispersive X-ray fluorescence (WD-XRF, model ARL 9900
produced by Thermo Fisher Scientific, Waltham, MA, USA). Metal samples from the 5-10 mm fraction
were remelted and analyzed by optical emission spectrometer (OES, model ARL 4460 produced by
Thermo Fisher Scientific, Waltham, MA, USA). Carbon in the coke and metal samples, as well as ash
content in the coke samples, were determined by a combustion and IR detection method (LECO CS-444,
St. Joseph, MO, USA). In total 28 coke samples, 28 slag samples, and 101 metal samples from the EBF
hearth were selected for XRF or OES analysis, as shown in Figure 2. Additionally, the original coke
used for the EBF campaign was also analyzed by XRFE. The chemical analysis results from the samples
are graphically presented in the paper by applying color gradation to show the values. The estimated
uncertainty for C analysis is < 3.5% and the estimated uncertainty for the analysis of other elements is
< 10%. Due to the properties (a mix of metal, slag and coke) of the manual samples, the manual samples
were analyzed by scanning electron microscope combined with energy-dispersive X-ray spectroscopy
(SEM/EDS, Zeiss Merlin FEG-SEM, Jena, Germany) instead. Before the analysis, those manual samples
were prepared by casting in epoxy resin, grinding, and polishing.

3. Results and Discussion

3.1. Properties of the Coke

In the original coke used in the EBF it contains 7.1 wt% SiO, and 3.1 wt% Al,O3; the ash content of
the coke is 11.4 wt.%. In the coke collected from the hearth of the EBF, the chemical compositions vary
with the sampling positions. Compared to the original coke, the ash contents in the coke, collected
from the hearth of the EBF are higher, as shown in Figure 3. Further, the ash contents in the coke
shows vertical and radial variations, as in general, the ash contents are higher in the coke samples
collected from the second core-drilling layer than those from the first core-drilling, and higher in the
coke samples collected from the close-to-wall region than those from the center. The increase of ash in
the coke can be attributed to degrading of the coke in the EBF, and due to the penetration of the molten
slag and hot metal into the coke.
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Figure 3. Ash contents in the coke samples collected from the EBF hearth: (a) first sampling layer;
(b) second sampling layer. There is no valid data for the samples collected from the close-to-taphole
region, due to the involvement of the taphole clay in the samples.
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During the EBF operation, some alkali (Na,O and K,O) could be retained in the lower part of the
BF. Figure 4 shows the alkali retention in the hearth of the EBF, according to the alkali contents in the
coke samples. It is seen that the alkali in the coke also shows vertical and radial variations: higher
alkali contents were found in the second core-drilling layer and the close-to-wall region. In the BF,
the alkali retention in the slag was influenced by the slag basicity and temperature [6]. The consistency
of alkali distribution with the coke ash distribution in the hearth could, on one hand, be due to a lower
temperature in the close-to-wall region, and on the other hand, be due to the variation of the ash
content, which changes the alkali capacity of the coke.
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Figure 4. Alkali in the coke samples collected from the EBF hearth: (a) first sampling layer; (b) second
sampling layer. There is no valid data for the samples collected from the close-to-taphole region, due to
the involvement of the taphole clay in the samples.

3.2. Properties of the Slag

Figure 5a,b show the basicity (wt.%CaO/wt.%5iO;) and alkali content (Na,O + K;O), respectively,
of the slag in the two sampling layers. It is seen that the basicity, and alkali contents of the slag,
also show vertical and radial variations in the EBF hearth; however, the distributions of the slag basicity
and alkali contents behave differently. The slag samples from the first sampling layer and those from
the center have higher basicity, while the slag samples from the first sampling layer and those from the
center have lower alkali contents. This may be due to the high dependence of the alkali capacity on the
slag basicity. Further, it is also seen that the vertical and radial distributions of the alkali in the slag
follow similar trends as those of the alkali in the coke (as shown earlier in Figure 4). This indicates the
consistency of the chemical analysis results for both coke and slag.

Similarly, the FeO, MnO, and TiO, in the slag samples from the EBF hearth were also mapped, as
shown in Figure 6. It is seen that these compounds in the EBF hearth also show vertical and radial
variations, with high contents in the close-to-wall region. The high FeO and MnO distribution in the
close-to-wall region may indicate a higher oxygen potential and lower temperature in the close-to-wall
region. The accumulation of the titanium compounds in the close-to-wall region of the hearth was also
observed in the industrial BFs [13,14]. The accumulated Ti-containing materials around the hearth wall
could have two effects. Firstly, it could provide an effective protection against chemical and mechanical
erosions of the hearth refractory; secondly, it could increase the viscosity of the molten slag and make
it difficult to flow [13].
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Figure 5. (a) Alkali contents in the slag samples and (b) basicity of the slag samples collected from the
EBF hearth.
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Figure 6. Distribution of selected compounds in the slag samples from the EBF hearth: (a) FeO in the
slag; (b) MnO in the slag; (c) TiO; in the slag.
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3.3. Properties of the Metal

Carbon and Si are important alloying elements in the hot metal. To understand the properties
of the hot metal in the hearth of the EBF, C and Si contents in the metal are mapped, as shown in
Figure 7. It is seen that C and Si in the metal samples do not clearly show any vertical or radial
variations. Instead, there seems to be a region around the furnace wall, where the Si contents are quite
low. Figure 8 shows the Mn distribution in the metal samples. It is seen that in general the Mn contents
in the first sampling layer are higher than those in the second one. Further, there is a low-Mn region,
which is the same as that of the low-Si-region. The low Si and low Mn in the metal samples indicate a
lower heat level and higher oxygen potential.

The Cu contents in the metal samples collected from the EBF hearth are shown earlier in Figure 2.
It is seen that the highest Cu contents were found in the metal samples from drilled core M105, which is
located beneath and in front of tuyere 3 (the position where Cu was injected and the opposite side
to the taphole). From Figure 2 it is also seen that the Cu contents in the samples collected from the
close-to-wall region (M215-M221) are in general quite low. This indicates that the central part of the

EBF has high permeability for hot metal and the resistance for liquid flow around the wall of the EBF
hearth is higher.
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Figure 7. Distribution of C and Si in the metal samples from the EBF hearth: (a) C in the metal; (b) Si in
the metal.
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Figure 8. Distribution of Mn in the metal samples from (a) first sampling layer and (b) second sampling
layer of the EBF hearth.

According to the copper contents in the collected metal samples, the flow field of the hot metal
in the EBF hearth from the position beneath tuyere 3 to the taphole can be interpreted, based on
the assumption that the hot metal immediately took up copper from the injection position, and that
copper in the hot metal formed a concentration gradient under the flow of the hot metal. According
to the spatial distribution values of Cu in the metal samples from the EBF hearth, and by applying
a maximum likelihood estimation method, the hot metal flow field is interpreted in Figure 9. It is
possible that the hot metal flows vertically from a position in front of tuyere 3 to the hearth bottom,
due to gravity and radially from the close-to-wall region towards the center, due to the force from blast
air and the momentum of the flowing liquids towards the open taphole. Further, it is noticed that there
is an area under and in front of tuyere 3, where the copper contents in the metal samples are quite low.
Therefore, it is believed that beneath the combustion zones (raceways) the resistance to the flow of the
liquid is higher compared to the central region of the hearth.

Tuyere 3 - raceway

Flow field

9|oyde]

L—] Area with high
flow resistance

Figure 9. Interpreted 2-dimensional flow field of the hot metal in the hearth of the EBF based on the

copper contents in collected metal samples: (a) top view; (b) side view. The size of the sphere indicates
the relative content of the copper in the metal sample.
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3.4. Properties of the Aggregates

Besides the coke, slag, and metal in the EBF hearth, a large amount of aggregates were also found,
especially at the close-to-wall region and the bottom of the EBF hearth. Figure 10 shows the SEM
images of the manually collected aggregate samples (referring to Figure 2 for sampling positions for
manual samples). With the aid of the EDS analysis, the prevailing phases in the aggregates can be
identified. It is seen that the aggregates are mainly composed of micro-sized metallic iron, slag and
coke particles. In addition, Ti(C,N) crystals were also found in the aggregates. In sample MS3 (collected
close to the taphole), silica was found, due to the involvement of taphole clay. In the collected aggregate
samples, copper was not detected. This may indicate that the aggregates in the EBF hearth formed
before quenching of the EBE. During the operation of the EBF the aggregates are believed to be stagnant,
with less flow of the liquids. This will lead to the formation of cold skull around the wall of EBF hearth,
due to cooling from the surroundings.

Figure 10. SEM-EDS analysis of the aggregates samples in the lower part of the EBF hearth, campaign

32: (a) manual sample MS1; (b) manual sample MS2; (c¢) manual sample MS3.
3.5. Properties of the Materials along the Flow Field in the EBF Hearth

In order to show the material properties along the flow field, a cross section of the EBF hearth
(L-L view in Figure 9) is shown in Figure 11, by which the drilling cores, and the sub-samples, are also
visualized. By following the variations of the Cu contents in the metal samples collected from drilled
cores, a flow field of the liquid in the cross section can be deduced. Beneath the flow field, sub-samples
A, B, and C (defined in Figure 11) are selected for further exploration, due to the availability of the
chemical analysis results for metal, slag, and coke in these sub-samples.
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Figure 11. Interpreted flow field of the hot metal in the L-L cross section from Figure 9 (numbers in the
squares indicate Cu contents in the metal samples given in ppm).

Figure 12a shows the variations of C, Si, and Mn in the metal samples along the flow field.
In general, it is seen that C in the metal increases along the flow from A to C, while Si is quite stable.
Figure 12b shows the variations of the FeO, MnO, TiO,, slag basicity and alkali contents along the flow
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field. It is seen that the oxides, FeO, MnO and TiO,, in the slag decrease slightly along the flow from
A to C. This could be attributed to the reduction of these oxides. No big variations in slag basicity
are observed, while the variations of the alkali in the slag are of less significance, especially when
the magnitude of the alkali in Figure 5a is referred to. Figure 12c shows the variations of the ash
contents and the alkali contents in the coke under the influence of the liquid flow. It is seen that the
ash contents in the coke increase from sampling position A to sampling positions B and C. However,
the alkali contents in the coke decrease from A to C and are of less significance. This indicates that
the alkali content in the coke is independent of the ash content in the coke, under the present EBF
hearth conditions.
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Figure 12. Variations of the selected elements from (a) metal samples; (b) slag samples; and (c) coke
samples along the flow field from A to C in Figure 11.

3.6. Hearth Conditions before Quenching of the EBF

The process data from the EBF campaign indicates that there was a cold zone around the wall of
EBF hearth before quenching, especially in the lower part of the hearth. The formation of this cold zone
is mainly caused by the significant heat loss in the surroundings, under the EBF operation conditions.
However, other factors could also contribute to the formation of this cold zone. Firstly, in the hearth of
the EBE, the hot liquid flows from the tuyere level, and down to the center of the hearth, leaving an area
beneath and in front of the tuyeres (specifically, tuyere 3 in this study) with a low temperature, due to
less heat transfer from the hot liquid. Secondly, Ti-containing compounds (such as Ti(C,N)) could have
precipitated at this cold zone and built up around the wall of the EBF hearth [13]. This could also
impede the flow of the hot liquid around the wall of the EBE. Thirdly, a higher amount of the coke/coal
fines were generated beneath the tuyeres and the presence of the coke/coal fines could increase the
resistance for the liquid flow. The mix of coke/coal fines, hot metal beads, slag, and Ti(C,N) particles in
the low-temperature area could finally form the aggregate, making the hot liquid difficult to penetrate.
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The presence of the cold zone, around the wall of the EBF, may lead to the retention of the alkali
in the slag and coke samples at the close-to-wall region, even though it is believed that the basicity of
the slag and ash contents in the coke could also influence the alkali retention. The replacement rate of
coke, in the periphery and at the bottom, is slow; therefore, during excavation, it was possible to find
charcoal, used during the start-up, which usually occurred 6 weeks before quenching. This means that
alkali uptake can occur over time. Alkali uptake in the coke results in increased ash content but can
also promote the solution loss reaction (CO, + C = 2CO) of coke, as the alkali can work as a catalyst
for this reaction [6,15]. This may justify that the coke with higher alkali content also has higher ash
content, as shown earlier in Figures 3 and 4. Further, the alkali in the coke can decrease the strength of
the coke, making the coke lump more prone to disintegrate under the abrasion [15]. The disintegration
of the coke into small pieces could reduce the void fraction in the coke bed and thus further increase
the resistance for the liquid flow [16].

As shown earlier in Figure 5b, the basicity of the slag in the lower part of the EBF hearth, and at
the close-to-wall region, is lower. This could probably be correlated to the higher ash content of the
coke (or PCI coal) in the similar part or region. This correlation is established by considering that the
higher ash content in the coke could improve the coke/slag wetting and the slag could pick up more
coke ash [17]. As the silica content in the coke/coal ash is quite high, the pickup of acidic ash by slag
leads to lower slag basicity.

During the operation of the EBF, the hot zone of the hearth was maintained by the continuous
flow of the hot liquid from the raceway level to the lower part of the EBF hearth. Therefore, this hot
zone can be represented by the flow field of the liquid. From Figure 12a,b, it is seen that the selected
elements in the metal and slag vary slightly along the flow. This could be due to the continuous flow
of the hot metal and slag in the hot zone during EBF operation. In Figures 7 and 8§, it is seen that C,
Si, and Mn contents in the metal does not show radial variations in the lower part of the EBF hearth.
This could be due to the presence of high flow resistance beneath and in front of the tuyeres.

The division of cold zone and hot zone due to the flow of the hot liquid in the hearth of the
EBF has also resulted in a low oxygen potential in the center of the EBF hearth and a high oxygen
potential in the close-to-wall region. This could be a consequence of chemical equilibria among the
slag, hot metal, and coke at zones with different temperatures.

4. Conclusions

In this study the materials phenomena, in the hearth of the LKAB’s EBF, were described according
to the chemical analysis results of coke, slag, metal, and aggregate samples collected from the hearth.
According to the Cu tracer in the metal samples, a possible flow field of the hot metal from a position
beneath, and in front of tuyere 3 to the taphole, is depicted. The following conclusions can be drawn.

e  Alkali in the coke and slag, ash contents in the coke and basicity of the slag show vertical and
radial variations in the hearth; higher alkali in the coke and slag, higher ash content in the coke
and lower basicity (wt.%CaO/wt.%SiO,) in the slag were found in the close-to-wall region and the
lower part of the hearth.

e  The chemistries of the hot metal, slag, and coke were found to vary slightly along the liquid
flow field.

e  There exists an area beneath and in front of tuyere 3, where the flow resistance of the liquid is high.

e  The flow resistance contributed to the formation of a cold zone in the close-to-wall region and at
the bottom of the EBF hearth. The division of the cold zone and hot zone has significant impacts
on the chemical properties of the materials in the EBF hearth, as well as on the radial and vertical
distributions of certain elements/components in the hearth materials.
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