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This Special Issue on “Process Modeling in Pyrometallurgical Engineering” consists
of 39 articles, including two review papers, and covers a wide range of topics related to
process development and analysis based on modeling in ironmaking, steelmaking, flash
smelting, casting, rolling operations, etc. The approaches include small-scale experiments
and experimental design, first-principles modeling, detailed modeling based on CFD or
DEM, and statistical and machine-learning-based methods. In the following paragraphs
the issue is briefly scanned, presenting the papers in the order roughly following the route
from raw materials processing to rolling and heat treatment.

1. Coal

Lignite is a low-grade coal with the lowest carbon content. Liu et al. [1] studied the
structural changes of Huolinhe lignite when it was modified by microwave and ultrasound
treatment and reported the chemical composition of the products.

2. Sintering

Sintering is an important agglomeration process that is a prerequisite for downstream
processing. Liu et al. [2] studied the combustion kinetics during sintering at a partial
replacement of coke powder by anthracite and found improvements in the combustion
rate. Two combustion models, the volumetric and random pore models, were compared
and the latter was demonstrated to yield better agreement with the measurements.

Wang et al. [3] studied a partial replacement of coke with biomass in sintering. The
results indicated a higher combustion rate using charcoal due to a higher surface area, in
spite of a lower fixed carbon content. It may therefore be viable to partially replace coke by
charcoal in the sintering process.

Cheng et al. [4] investigated the removal of arsenic from iron ore through roasting in
air and nitrogen. They reported higher removal ratios using a reducing atmosphere.

3. Blast Furnace

The ironmaking blast furnace (BF) is an extremely complicated industrial unit process,
and this is a reason why many computational approaches have been made to study its
behavior or to predict its performance under new operation conditions.

An analysis of the process based on a state-of-the-art 3D static model is presented
by Kou et al. [5], addressing the problem of estimating the extent of the solution loss, or
Boudouard, reaction. The model is applied to shed light on how operation factors, such as
blast oxygen enrichment and scrap charging, affect the solution-loss in the furnace. Another
global study of the BF is provided by Ouyang et al. [6], with the goal of detecting abnormal

Processes 2021, 9, 252. https:/ /doi.org/10.3390/ pr9020252
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events in the process. This entirely data-driven approach is based on a multidimensional
Gated Recurrent Unit (GRU) neural network that, using its feedback nodes, can consider
temporal evolutions of signals.

The charging of burden is treated in three papers. Wei et al. [7] studied the fundamental
features of BF burden materials, including the angles of repose and bed porosity, by small-
scale experiments in combination with computational analysis based on the Discrete
Element Method (DEM). Mio et al. [8] used a unique 1:3 pilot model of the BF top to
study the radial distribution of the rings of burden materials and used the results for
validation of a DEM-based model of the system. Li et al. [9] outlined a model of the burden
distribution in the BF by considering the falling trajectories, layer formation, and descent.
Radar measurements of the burden profile provided supporting evidence.

The flow of molten iron and slag in the coke bed of the lower BF is very complex
and traditional modeling techniques cannot describe the flow patterns. Natsui et al. [10]
presented an interesting attempt based on smoothed particle hydrodynamics (SPH) simu-
lation, demonstrating the role of wettability on the arising flow rivulets of iron and slag,
shedding light on the complex liquid flow patterns. The role of the dead man, and how
it influences the conditions in the lower part of the BF, is reviewed by Shao et al. [11],
presenting approaches to model the dead-man state and the way in which it affects hearth
performance, e.g., the flow paths of hot metal, lining wear, and liquid levels.

The combustion region, or raceway, formed in front of the tuyeres is studied in two
papers. Peng et al. [12] developed a three-dimensional transient Eulerian multiphase flow
model of the raceway to study how the raceway size, pressure distribution, and flow field
are affected by the blast parameters. The use of natural gas as auxiliary reductant is studied
by Okosun et al. [13] using a CFD model of the furnace from the raceway to the top. Special
attention is focused on means to counteract the cooling of the raceway associated with high
injection rates of natural gas.

The last stage of ironmaking in the BF is the tapping operation. The complex flow
patterns in the main trough were studied by Ge at al. [14], using transient 3D CFD based
on the volume of fluid (VOF) model. As for the outflows of iron and slag, Roche et al. [15]
developed a strategy for compressing the information about the outflow rates from a large
BF by principal component analysis.

4. Iron Smelting

Alternative ironmaking technologies have also been developed and some are analyzed
in this Special Issue. Xie et al. [16] carried out water modeling experiments to study the
mixing time in a smelter as a function of nozzle position, nozzle diameter, nozzle immersion
depth, gas flow rate, and liquid properties. Applying dimensional analysis, the authors
derive expressions for the mixing time and compare the results with practical findings.

Many studies of the burden distribution in the blast furnace have been undertaken,
but much less work has been reported for the COREX process, which has a more complex
charging system. Li et al. [17] reported results from mathematical modeling of burden
distribution in the COREX melter-gasifier. Based on experimental results from a pilot rig,
the model was found to accurately predict the DRI/ coal ratio as a function of the radial
position.

Sun et al. [18] described a mathematical model predicting the raceway geometry in the
melter—gasifier as a function of time and gas velocity. By dynamic simulations, the authors
concluded that the final shape is reached in a short time (<1 s). Increasing the velocity of
the gas increases the depth of the raceway. For a normal blowing speed of 250 m/s and a
tuyere angle of 4°, a raceway depth of 950 mm was predicted.

5. Copper Smelting

Smelters used for other metals, e.g., copper and nickel, are also complex processes,
where mathematical modeling can provide valuable information used for enhancing the
process or for improved control. Jylhi et al. [19] developed a CFD-DEM model to study the
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settling of copper particles in a flash smelter settler, applying a population balance model
to describe the settling and coalescence of the droplets. The modeling confirmed that small
particles (< 100 mm) remain in the slag, suggesting that an operation with a thinner slag
layer would increase the yield of the process.

Wang et al. [20] found a higher elimination rate of arsenic in copper smelters by
controlling the oxygen/sulfur potential, reporting a decrease in As from 0.07% to 0.02%.

Navarra et al. [21] discussed the application of sensors and process control systems for
process automation of copper smelters, and stressed the potential of data-driven models
and discrete-event simulation for smelter optimization.

6. BOF

The basic oxygen furnace that converts hot metal into liquid steel is also characterized
by harsh conditions that justify model-based analysis. Jiang et al. [22] introduced a novel
hybrid model integrating multiple linear regression (MLR) and Gaussian process regression
(GPR) to predict the oxygen consumption for optimization of the energy requirement of
the BOF. The model was validated with actual data collected from a steel factory in China.

Rahnama et al. [23] reported correlations between the operating parameters and rate
of decarburization (dc/dt) in a pilot plant. A positive correlation was found between
the decarburization rate and the oxygen flow as well as the temperature and CO, con-
tent in the waste gas, while a negative correlation was found with the lance height. A
neural network was trained to predict the decarburization in a full-scale plant, yielding
satisfactory performance.

Dering et al. [24] described a first principles-based dynamic model of the BOF. The
model considers an energy balance, slag formation, as well as decarburization rate. The
authors estimated a set of parameters to adapt the model to data reported in the literature
and from a reference BOF, and the model was demonstrated to capture the dynamics of
the process.

7. EAF

The high temperatures and complex melting phenomena in the electrical arc furnace
are reasons why many model-based studies of the process have been undertaken. Carlsson
et al. [25] determined the effect of scrap shape and density on the energy consumed to
melt the scrap in the EAF by using a statistical model and process optimization algorithms
validated through plant trials. The results provide significant evidence that a well-chosen
scrap categorization is important to predict the electric energy demand.

A simulator of an EAF based on a dynamic model was developed by Hay et al. [26], to
be used as an automatic control tool for assessment of multiple scenarios in the operation.
The model can also be used for training furnace operators.

Chen etal. [27] developed a 3D mathematical model of the interaction of the supersonic
coherent jet with the steel bath. The model predicts the decarburization kinetics, including
the distribution of the in-bath components, flow patterns, and bath temperatures, and can
be used to optimize the refining process.

8. Ladle Furnace

Ladle treatment is an important step for adjusting the final composition and tempera-
ture of the metal before it is cast. Two papers deal with the simultaneous optimization of
mixing and slag open-eye area in ladle furnaces. Jardén-Pérez et al. [28] validated a CFD
model against PIV measurements and applied the model to analyze the mixing time and
open-eye area in gas-stirred ladles using two plugs with equal (50%/50%) or differentiated
(75%/25%) flows. Yang et al. [29] applied a physical model to measure the mixing times
and interface slag entrainment under different conditions, including the injection modes,
gas flow rates, and top slag thicknesses. The authors suggested an optimum argon flow
rate between 36 m®/h and 42 m3/h with two plugs.
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Zhao et al. [30] reported fundamental research on a water-oil-air physical model to
study the dynamics occurring when bubbles pass through the liquid-liquid interface for
different oil viscosities at various gas flow rates. They found that bubble movement is
greatly influenced by the viscosity of the oil and that the water-oil interface stability was
enhanced with increased viscosity of the oil phase.

Lei et al. [31] computed, based on the Ion-Molecule Coexistence Theory, the titanium
distribution ratio in ladle furnace slags (CaO-5i0p—Al,03- MgO-FeO-MnO-TiO,) at
1853 K for tire cord steel production, and found a good agreement of the model with the
measurements. The structural unit CaO was found to play a pivotal role in the slags.

Finally, Conejo [32] presented an extensive and exhaustive review of physical and
mathematical models of mass transfer in gas-stirred ladles, stressing the effects of the
process variables on the mass transfer coefficient. The review noted that currently there is
a lack of means to simultaneously keeping both liquid phases (steel and slag) well mixed
in the ladles.

9. Casting and Solidification

The solidification of a metal is a complex and gradual process that is difficult to control.
Niaz et al. [33] reported numerical predictions of the Horizontal Single Belt Casting (HSBC)
process, which avoids multiple hot-rolling steps by directly producing a thin sheet. Results
from an experimental rig were compared with findings from a CFD model, and the latter
was applied to study non-uniformity and other undesired conditions, as well as means to
address these, e.g., by appropriate design of the metal feeding system.

Precipitation behavior of inclusions was studied by both Wang et al. [34] and Li
et al. [35], the former for titanium nitride (TiN) during solidification and the latter for
chromium spinels in stainless steel slags. A systematic study was made to clarify the
mechanism of TiN precipitation to guide the development of ultra-high strength grade
steels. The stability of chromium in stainless steel slag was found to have a positive
correlation with spinel particle size and a negative correlation with the calcium content
of the spinel. However, both groups of authors stress that further experimental work and
theoretical analysis are needed to understand the precipitation behavior of the inclusions
to improve the quality of the finished steel.

10. Rolling

Most steel products are manufactured by hot rolling, because it is one of the most
efficient plastic-forming processes. On the basis of comparative studies on the temperature
distribution during hot plate rolling and rod rolling, Hwang [36] concluded that the
temperature distribution and variation of a rod during shape rolling are different from
those of a plate during flat rolling. The higher variation in effective stress of the rod along
the circumferential direction induces a higher temperature difference of the rod. The same
author [37] also investigated the effect of roll design on the strain distribution of the flat
surface, lateral spreading, and the strain inhomogeneity of a flat-rolled wire, proposing
a new strategy for fabricating high-quality flat-rolled wires through a cambered roll of a
small radius.

Hu et al. [38] developed an optimization model for hot rolling based on the time-of-use
(TOU) electricity pricing using a genetic algorithm. Jumps between adjacent slabs in width,
hardness, and thickness were avoided by including penalties in the objective function. The
method was verified on batch results from the hot rolling of 240 slabs of different sizes and
was demonstrated to reduce the cost of power required for rolling.

Chen et al. [39] found that the hot working ability of a nickel-based GH4698 alloy
markedly decreased under lower temperatures and higher strain rates in isothermal com-
pressions: this alloy is extremely sensitive to thermal processing parameters and cracking
may easily occur. An Arrhenius model was used to estimate the flow stresses and profiles
for processing under various thermal conditions.
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Abstract: In this paper, Huolinhe lignite was selected as the lignite experimental sample,
using microwave modification and ultrasonic modification separately as improvement methods.
The three-dimensional molecular models of HLH before and after modification were established base
on the parameters obtained by 1>*C NMR, X-ray photoelectron spectroscopy (XPS), Raman spectroscopy
(Raman), and Fourier transform infrared (FTIR). After the microwave treatment, the methylene
carbon in the HLH coal sample structure mostly exists in the form of long straight chains, and after
microwave and ultrasonic treatment, the -OH content of oxygen atoms in the coal sample increases,
and form the CO- and the COO-. The proportion is decreasing. The models were adjusted and
tested by the covalent bond concentration method and carbon chemical shift spectra calculation
using Chemdraw software. A new method is proposed to study the structure and physicochemical
properties of lignite modification from the molecular point of view through this study.

Keywords: Lignite; microwave and ultrasound modification; structural characterization;
3D molecular model; structural simulation

1. Introduction

In recent years, the shortage of high-rank coal resources has gradually become a prominent
problem in industrial development [1,2]. Lignite is widely used in energy fields, such as pyrolysis,
combustion, gasification and liquefaction [3,4]. In order to make more effective use of lignite resources,
many scholars carried out much research on modification treatment processes for lignite characteristics.
Arash Tahmasebi [5] discovered that the content of some functional groups in pulverized coal particles
decreased significantly after microwave irradiation, but the content of aromatic carbon and aromatic
ring in lignite was not affected by microwave pyrolysis. Sun Qiang [6] selected coal samples were
treated with water and heat treatment and found that the rate of re-absorption decreased with the
increase of temperature, and the lignite quality could improve most in high temperature and low
humidity. Ge Lichao [7] found the rank of lignite increased after microwave modification and the
combustion reaction process moved to high temperature zone by Thermogravimetry (TG) analysis.

The existing research focuses more on the optimization of modification processes and
proposes new modification processes. The mechanism of these processes were difficult to study
by experimental methods due to innumerable coupling reaction pathways during the utilization of
lignite [8-10]. Therefore, Huolinhe lignite (HLH) was selected as the experimental sample, using
microwave modification (MM) and ultrasonic modification (UM) as improvement methods separately.
The two-dimensional molecular models of HLH before and after modification were established based on
the parameters obtained by a series of detection methods, and three-dimensional model is constructed
based on molecular mechanics and molecular dynamics. A new method is proposed to study the
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structure and physicochemical properties of lignite modification from the molecular point of view
through this study.

2. Experiment

2.1. Modification of Lignite

HLH was low degree of coalification was selected as the experimental sample. HLH sample was
ground to 109-180 um and dried in a vacuum drying chamber at 40 °C for 24 h. Take HLH sample
in a crucible, added 100 mL distilled water and blended fully. The crucible contained HLH sample
was placed in the ultrasonic oscillator to water bath oscillation for 60 s. The crucible was placed in the
drying oven for drying treatment with 85 °C for 4 h. The crucible containing the HLH sample was
placed in the a quartz reaction tube of the microwave reactor, the modification parameters set as 200 W
and 60 s, and the microwave activated. Industrial analysis and elemental analysis of lignite samples
before and after treatment were carried out and the results are shown in Table 1.

Table 1. Proximate and ultimate analyses of HLH lignite.

Proximate Analysis Ultimate Analysis
Sample (wt. %), ad
Mg Auq FC,oq Vdat C H (o] N S
HLH 1632 2197 2420 3751 7838 624 1335 151 0.52
MM 1522 2232 2603 3643 80.67 581 1129 1.66 057
UM 1546 2264 2506 36.84 81.77 547 1031 185  0.60

Note: ad: air-dry basis; daf: dry-and-ash-free basis. M: moisture; A: ash; FC is fixed carbon; V: volatile matter content.

2.2. FTIR and Structural Parameters Analysis

2.2.1. FTIR Results Analysis

Infrared spectroscopy is closely related to the chemical structure of the substance. It can be
confirmed the aromatic structure, oxygen-containing structure and fat structure of coal by FTIR
detection [11]. Infrared spectra of all samples are shown in Figure 1, with curves smoothed and
baselines corrected.

HLH lignite
1445CH,
1047alkyl eghers
2852CH, S
é e onicH, 2 1607aromaticZC=C 137708 290 31
3 HLH with UM
‘g 770790 3H
3 1620conjugatedC=0
g
= 1705carboxyl acids
340201 2924CH, g5 ——HLH with MM
1458CH, 1096C-0-C ajkyl ethers
4 2853CH,  1613aromaticC=C
4000 3000 2000 1000

Wavenumber (cm™)

Figure 1. FTIR spectra of lignite before and after modification.

It can be observed that selected coal samples contain similar functional groups, hence the absorption
of sample to infrared spectrum occurs at same wavenumber positions [11]. These obtained spectra
are comprehensive curves of many independent peaks, which have to be deconvoluted to achieve.
All spectra were divided into 4 regions, namely 700-900 cm~! (aromatic structures), 1000-1800 cm™!
(oxygen-containing structures), 2800-3000 cm™! (aliphatic structures) and 3000-3600 cm™! (hydroxyl
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structure). Consequently, the area values of specific peak can be derived. The corresponding
relationships between peak position and functional group are shown in Tables 2-5 [12,13].

Table 2. Aromatic structure of HLH before and after modification.

Relative Area

Assignment
HLH MM UM
4H 11.051 13.573 12.106
3H 86.498 86.427 87.894
2H 2.459 — —

Table 3. Oxygen-containing functional group of HLH before and after modification.

Relative Area

Assignment

HLH MM UM
Alkyl ethers 16.406 14.231 13.321
C-O phenols, ethers 48.679 40.349 51.372
C-Oin aryl ethers 9.023 11.452 8.213

Symmertric CHz-Ar, R 1.612 1.823 —
Asymmertric CHz-, CHp- 2.462 7.435 9.468
Aromatic C=C 10.954 9.097 6.039
Conjugated C=0 9.633 10.979 10.534
Carboxyl acids 1.231 4.634 1.053

Table 4. Fatty structure of HLH before and after modification.

Relative Area

Assignment
HLH MM UM
Sym. R,CH, 13.118 20.622 17.705
R3CH 47.68 28.051 36.046
Asym. RyCH, 24.814 30.553 27.132
Asym. RCH3 14.388 20.774 19.118

Table 5. Hydroxyl structure of HLH before and after modification.

Relative Area

Assignment
HLH MM UM
OH-N 4.419 3.118 8.304
Ring hydroxyl 45.653 41.322 31.922
Phenol OH 35.271 41.202 42.944
OH-7t 14.662 14.358 16.829

It can be found that there are 3 substitution modes of hydrogen atoms on benzene ring in HLH
structure. The proportion of triple substituted aromatics (3H) is the largest among all the samples.
The proportion of triple substituted aromatics of HLH raw coal is 86.498%, the MM sample is 86.427%
in, the UM sample is 87.893%. The tetrasubstituted hydrocarbons (2H) of HLH lignite has also
changed significantly. Tetrasubstituted hydrocarbons (2H) are not found in the infrared spectra of HLH
lignite after both modification. In the process of modification, the substitution reaction of aromatic
hydrocarbons may cause structural changes, which is due to the instability of other atoms and aliphatic
side chains in benzene rings.

Tt is also found that the form and proportion of oxygen elements in HLH sample changed a lot
after modification, however the carbonyl (C=0), alkyl ether (C-O-C), and phenol hydroxyl (-OH)
groups are still the main existing forms of oxygen-containing functional group of HLH.
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2.2.2. FTIR Structural Parameters Analysis

FTIR structural parameters could be obtained by the area of peak with peak fitting [14,15].
(1) Ratio of hydrogen to carbon H/C.

o= M

(2) The aromatic carbon ratio f,,.r: On the premise of ignoring carbonyl carbon, assuming that
coal only contains aromatic carbon and aliphatic carbon, the formula for calculating aromatic carbon
rate is as follows:

Hy A(3000 - 2800)cm ™ @
H — A(3000 —2800)cm=! + A(900 — 700)cm~1
Hy H
C HXC
far=1-"Z =1~ H%C (3)
al

where aromatic hydrogen ratio H,/H: C,1/C is the ratio of aliphatic carbons to the total number of
carbons, H/C represents the ratio of hydrogen to carbon atoms, H,j/C, is 1.8 for all coal samples,
and represents the atomic ratio between hydrogen and carbon in aliphatic groups.
(3) Fat carbon ratio f,.r:
ful—F =100 _far—F (4)

(4) Lipid chain length and branching degree of coal I;: According to the ratio between CH; and
CH3s, namely the area ratio of A(CH,)/A(CH3), the aliphatic group length and the branched chain
degree were calculated to determine the aliphatic structural parameters. The intensity ratio of CHy/CHjs
was determined by Equation (5):

_CHy _ Aggsrem-1 T Agongem-! 5)
CH; A2957cm‘1

I

(5) Alkane branching degree:
RsCH

Sp> ——2
A(3000-2800cm-1)

(6)

Compared with the alkane branching degree of the 3 coal samples from Table 6, the 6y of HLH
without modification is 47.68% which indicate there were much tertiary carbon and quaternary
carbon in HLH raw coal. There were many branching structures in HLH raw coal. After microwave
modification, the main structure of HLH is methylene carbon with long straight chain.

Table 6. FTIR structural parameters of HLH before and after modification.

Parameter HLH MM UM
H/C 0.97 0.89 0.83
H,/H 0.56 0.44 0.45
far-F 61.38 78.49 79.84
fal-F 38.62 21.52 16.16
I; 2.64 2.85 2.35

Op 47.68% 25.05% 36.05%

2.3. 13C NMR Results Analysis

Figure 2 shows '3C NMR spectra of HLH lignite. It is including 2 main peaks. The lipid-carbon
peak area with chemical shift of 0-90 x 107° and the aromatic-carbon peak area with chemical shift of
90-165 x 107°. The sample also contains a small amount of carbonyl carbon, with a chemical shift of
165-220 x 107 in the peak area [16,17]. The carbon spectra obtained before and after modification

10
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were fitted by peak-splitting method, and 9 carbon skeleton structural parameters were obtained.

The results are shown in Table 7.
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Figure 2. Peak fit of 1>C NMR of HLH before and after modification.

Table 7. Structure attribution and relative content of chemical shifts in '*C NMR spectra of HLH before

and after modification.

Sample
Chemical Shift  Structural Fragments Symbols  Carbon Distribution P
HLH MM UM
14-16 Aliphatic CHz faM
16-22 Aromatic CHz fa? Aliphatic carbon
2-50 Methylene £) p 3048 32246 3221
50-90 Oxy- aliphatic carbon fal
100-129 Aromatic protonated £,H
129-137 Aromatic bridgehead £,B .
137-148 Aromatic branched (5 Aromatic carbon 64.983 63.719 64.703
148-165 Oxy- aromatic carbon £,°
>165 Carbonyl carbon £,C Carbonyl carbon 4319 3.135 3.087

Xgp = faB/(faH 120 180 4 faB), the ratio of aromatic bridge carbon to peripheral carbon of HLH
before and after modification is an important parameter to construct macromolecular structure model of
lignite, which represent condensation degree of polycyclic aromatic hydrocarbons as well as reflecting
the size of aromatic cluster. According the parameters shown above, the Xgp of 3 samples could be
calculated, and the value of HLH is 0.26, 0.29 for sample with microwave modification, and 0.28 for

sample with ultrasonic modification.

11
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2.4. XPS Results Analysis

2.4.1. Oxygen Element Analysis

XPS is often used to characterize the existence of oxygen, nitrogen and other heteroatoms in coal,
which provides an important basis for the construction of macromolecular structure model of HLH [18].
XPS tests of HLH raw coal, microwave modified HLH and ultrasonic modified HLH were carried out,
and the XPS maps of 3 samples were processed by peak fitting. The peak-splitting diagram is shown in
Figure 3, and the form and content of nitrogen elements are shown in Table 8.
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Figure 3. XPS peak fitting of oxygen atoms of HLH before and after modification.

The main forms of oxygen in HLH coal samples are C=0, C-O, -OH and COO-, and it can be
found in Table 8 that oxygen exists in most of the four forms of C-O in structure. The content of
C-O in HLH samples after microwave modification decreases 2%, but the content of COO-structure
form decreases from 14.37% to 35.25% of raw coal. 12.37%. The reason for this change may be that
microwave treatment destroys the oxygen structure of HLH raw coal. The content of oxygen-OH and
C=0 in HLH coal samples treated by ultrasonic wave also increased obviously, while the content of
CO-form in opposite direction was still decreasing. Therefore, the microwave and ultrasonic treatment
of HLH has different effects on the existing forms of oxygen elements. The stability of COO-and C-O
structure forms is relatively poor and easy to be destroyed in the process of modification. On the
contrary, the stability of C=0 structure makes it not easy to be destroyed in the process of ultrasonic
and microwave treatment, which increases the proportion of C=0 in the structure.
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Table 8. XPS detection and analysis of oxygen composition forms of HLH before and after modification.

Elemental Peak Functionality Binding Energy (eV)  Molar Content (%)

c-O 532.87 37.25

Cc=0 531.27 24.71

HLH -OH 529.89 23.67
COO- 533.28 14.37

Cc-O 532.08 35.25

Cc=0 531.87 26.47

MM -OH 530.08 2591
COO- 533.28 12.37

Cc-O 532.08 36.56

Cc=0 531.87 26.21

UM -OH 530.08 2535
COO- 533.28 11.88

2.4.2. Nitrogen Element Analysis

Nitrogen in coal mainly comes from coal-forming plants, and most of it exists in the form of
organic matter, which mainly includes pyridine nitrogen (N-6), pyrrole nitrogen (N-5), nitrogen oxides
(N-X) and proton nitrogen (N-Q) [19,20]. In order to characterize the forms of nitrogen elements
in HLH before and after modification, the XPS spectra of HLH lignite were fitted by peak-splitting
method. The peak-splitting diagram is shown in Figure 4, and the forms and contents of nitrogen
elements are shown in Table 9.

(a) HLH lignite (b) HLH with MM

Counts(s)
Counts(s)

! ! ! ! ! !
396 398 400 402 404 408 396 398 400 402 404 406

Binding Energy (eV) Binding Energy (eV)
. --=-N-Q
(¢) HLH with UM ——NSS
N-5 —-=-N-6

Counts(s)

396 398 400 402 404 406
Binding Energy (eV)

Figure 4. XPS peak fitting of nitrogen atoms of HLH before and after modification.
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Table 9. XPS detection and analysis of nitrogen composition forms of HLH before and after modification.

Elemental Peak Functionaliy Binding Energy (eV)  Molar Content (%)

N-Q 402.21 32.78
HLH N-5 396.75 42.81
N-6 399.81 24.41
N-Q 402.21 31.28
MM N-5 396.75 43.02
N-6 399.81 25.70
N-Q 402.21 30.78
UM N-5 396.75 43.31
N-6 399.81 2591

By comparing the XPS data of N element in HLH before and after modification, it is obvious that
the percentages of N-5, N-6 and N-Q in HLH have changed significantly. The percentage of N-Q in
pulverized coal decreased to 31.28% and 30.78% respectively after modification, and the corresponding
proportion of N-5 and N-6 increased to varying degrees. The total amount of N-5 and N-6 of modified
HLH is nearly 70%. It can be seen that microwave and ultrasonic modification methods mainly play
arole in N-Q, while N-5 and N-6 form of nitrogen bond are relatively stable, and the above modification
methods have little effect on it. Therefore, in order to make the model representative, N-5 and N-6
nitrogen bonds are often used in the construction of macromolecule HLH lignite structure model.

2.5. Raman Results Analysis

There are two relatively broad D and G peaks in the Raman spectra of HLH, and two vibration
peaks have abundant information, the G peak in lignite does not really represent its crystal structure.
It mainly reflects the strength of the stretching vibration bond of aromatic rings [21,22]. Raman spectra
of coal samples are exhibited in Figure 5.

— HLH lignite

— HLH with UM

— HLH with MM

1000 1500 2000

Raman spectrum (cmrl)

Figure 5. Raman spectra of HLH coal samples before and after modification.

There are many overlapping peaks between D and G peaks in Raman spectra of coal. In order
to obtain more accurate functional group information of HLH lignite before and after modification,
Position and area values of D and G peaks of coal samples obtained by deconvolution process of
Raman spectra shown in Figure 6. Raman fitting parameters of HLH coal samples before and after
modification are shown in Table 10.
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Figure 6. Raman peak separation fitting charts of HLH coal samples before and after reformation.

Table 10. Raman spectrum structural parameters of different coal samples.

Peak Position Peak Area Peak Height
Sample PG-D AD/AG ID/IG
Pp Pg Ap Ag Ip Ig
HLH 1361.1 1594.3 47,030 57,990 4782.3 5926.3 233.2 0.81 0.81
MM 1362.1 1591.8 35,770 45,858 3105.5 3997.8 229.7 0.78 0.78
UM 1365.3 1595.6 41,480 55,500 3867.6 5173.1 230.3 0.75 0.75

From the Ap and Ag values of coal samples before and after modification, it can be found that
the D peak area of coal samples after microwave and ultrasonic treatment decreases, especially the
D peak area of coal samples after microwave treatment decreases significantly, which also shows
that microwave treatment makes HLH structure more complete. Compared with G peak area Ag,
the Ag value of HLH structure after microwave modification is significantly smaller than that of HLH.
It can be seen that the total number of aromatic rings in macromolecular structure of HLH treated by
microwave is the smallest, and the enrichment degree of aromatic carbon is the lowest, followed by the
macromolecular structure of HLH coal treated by ultrasound, while the content of aromatic rings in
the macromolecular structure of HLH coal is the highest and the enrichment degree of aromatic carbon

is the largest.

Ip/Ig is usually used to evaluate the disordering degree of carbon materials, and it decreases with
the increase of graphitization degree. After microwave treatment, the Ip/Ig value of HLH was reduced
from 0.81 to 0.78. Similarly, after ultrasonic treatment, the Ip/Ig value of HLH was also reduced to
0.75, and the Ip/Ig value was reduced. This indicated that the ordering degree of aromatic ring layers
in the structure increased and the content of fat chain and side chain decreased after microwave and

ultrasonic treatment.
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3. HLH Molecular Model Before and After Modification

3.1. Determination of the Type and Number of Aromatic Ring

The average molecular formula of HLH is C;47N30,7H149 by elemental analysis. The average
molecular formula of microwave modified HLH is Cy48H129N3050, and that of ultrasonic modified
HLH is Cy55H131023N23. Combined with XPS and elemental analysis, it is found that S content in
HLH lignite is extremely small. S element was added to the macromolecular model, but it was found
that the percentage of S atom in the analysis of experimental elements was about 1.5%, which was
obviously inconsistent with the actual results. Therefore, a small amount of S content was neglected in
the construction of the macromolecular model of HLH.

Xpp is calculated by using the twelve structural parameters, which is calculated by *C NMR.
The ratio of aromatic bridge carbon to periphery carbon of HLH raw coal is 0.26, that of microwave
modified HLH is 0.29, and that of ultrasonic modified HLH is 0.28. The Xgp of naphthalene ring with
two rings is 0.25, and that of anthracene ring with three rings is 0.40. Therefore, the aromatic framework
of HLH raw coal structure model is mainly composed of benzene ring and naphthalene ring. After HLH
with microwave modification model and HLH with ultrasonic modification aromatic framework is
mainly composed of naphthalene ring, with anthracene ring and benzene ring supplemented. In order
to make the Xgp of HLH raw coal and HLH model after microwave and ultrasonic modification close
to 0.26, 0.29 and 0.28, the combination number of benzene, naphthalene and anthracene rings in its
structural model needs to be adjusted continuously. The type and number of aromatic rings in the
three structural models are determined. The results are shown in Table 11.

Table 11. Type and quantities of aromatic rings of HLH before and after modification.

Number
HLH MM UM

Type of Aromatic Unit Structure

[e)}
'
@]

LA

GO G

Comparing the previous >C NMR and FTIR spectra, it is found that the proportion of oxygen
bonded by carbon-oxygen double bond is much smaller than that bonded by carbon-oxygen single
bond, which is consistent with the XPS test results. This shows that the main forms of oxygen in
macromolecular structure before and after HLH modification are mostly in the form of ether bond
and hydroxyl bond of carbon-oxygen single bond, and the other oxygen-containing structures are in
the second place. The final form of oxygen in the structure is determined by constantly adjusting the
structure of oxygen.

The main forms of nitrogen in HLH macromolecular structure are pyridine nitrogen and pyrrole
nitrogen. According to XPS analysis, the number of nitrogen atoms is always 3 of HLH before and after
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modification, and the main forms of nitrogen elements were pyridine nitrogen and pyrrole nitrogen
the content ratio was 2:1. Therefore, two pyridine rings and one pyrrole ring were added to the HLH
structure model before and after modification.

3.2. Model Construction

Wiser coal chemical model is used as the basis, which is widely accepted and considered to be
comprehensive and reasonable. Combining with the above calculation results, the existing forms and
proportions of each part of the macromolecular structure model before and after modification of HLH
are summarized and analyzed. Finally, the two-dimensional molecular model of HLH before and after
modification is preliminarily established according to the chemical structure characteristics obtained
from the experiments. As shown in Figures 7-9.

o

Figure 8. Final two-dimensional model macromolecular structure of HLH after microwave modification.
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Figure 9. Final two-dimensional model macromolecular structure of HLH after Ultrasonic modification.
3.3. Verification of Model

The 13C NMR chemical shifts of the three models were calculated and compared with the
experimental 1>C NMR chemical shifts. Because of the complexity and diversity of coal’s macromolecule
structure, it is necessary to constantly adjust the types and quantities of its structural units in the
construction process, so as to make its 13C NMR simulation spectra better consistent with the
experimental spectra. The comparison of '>*C NMR simulation spectra and experimental spectra of the
three models is shown in Figure 10.

(a) HLH lignite
(b) HLH with MM (<) HLH with UM

experimental spectrogran

experimental spectrogram

caleulated spectrogram

11

b b 1!‘-;“! b
Figure 10. Comparison of >*C NMR computational spectra and experimental spectra of HLH final
two-dimensional model before and after modification: (a) HLH, (b) HLH after microwave modification,
(c) HLH after Ultrasonic modification.

calculated spectrogram calculated spectrogram

LR E]

It can be seen that the 13C NMR simulation spectra of the three models are in good agreement with
the experimental spectra. There are some errors between the two spectra due to some uncontrollable
factors in the experimental process, but it is considered acceptable and will not affect the characterization
of average macromolecular structure of HLH coal samples.

In order to adjust the structure of the model to approximate the experimental data, most researchers
adopted the simulation of 13C NMR spectrum, but which cannot avoid the choice of isomers [23,24].
At the same time, the model obtained by this method is only a conceptual structure, which cannot
reflect the properties of chemical reactions. By using the main covalent bond concentration instead of
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the 13C NMR simulation spectrum, the molecular model can be better corrected. According to the 11
structural parameters (f,, £.7£,0,£.8, £.5 £.C, £, £, faM, £, falo) obtained from 1*C NMB data,
nine covalent bond concentrations of HLH lignite (Car-Car, Car-Cal, Cal-Cal, Car-H, Cal-H, Car-O,
Cal-O, Cal=0, and O-H.) can be obtained. This covalent concentration method reflects the essence of
13C NMR simulation spectroscopy. By comparing the simulated concentration of the main covalent
bond with the experimental results, the preliminary two-dimensional molecular model is modified.
The concentrations of nine types covalent bonds in coal can be determined by Equations (7)—(15).

11C%
conc,-c, = 3| (3= 1= 5 - £9)] )
C%
cong,—¢,, = Efas ®)
conc,c, =3[ (4fu+2fC - £E - £Q) ~nc,-u] o)
_ H%JFO/O [C/o(4ﬁll+fﬂ —fS-fo- 2 fa)]
C%
conc,-H = EfaH (10)
conc,-y = H% —conp-y — conc,-g 1)
_Ho/o—20%+C102/°(fO+ +2fO+3fC )
C%
conc,-o = 12 frzr (12)
C%
conc,-0 = 45 ( + fa ) (13)
_ C%
conc,_, = (fc) (14)
20% C%
cono-p ==~ 4 (fu + 9 +3£5) (15)

Based on the formula, the information of covalent bond concentration of the three final planar
model structures is calculated and summarized in Table 12, in order to more intuitively compare and
analyze the difference between the covalent bond concentration obtained from the experiment and that
calculated from the model. Then, the molecular models of the three structures obtained from HLH raw
coal, microwave, and ultrasonic upgrading of HLH coal, respectively, were adjusted.

Table 12. Covalent bond concentrations of 3 structural models of HLH before and after modification.

Sample CONCa-Ca  €ONCaCal CONCal.Cal CONCa-H  CONCal-H  CONCa-0  CONCaLO0  CONCal=0  CONO-H
HLH 46.701 6.943 18.037 16.410 35.768 5.303 5.389 2.828 7.208
HLH Model 46.233 6.822 17.354 17.231 35.154 5.036 5.673. 232 7.053
MM 47.669 10.053 19.488 14.499 36.133 4.851 3.621 2.113 5.252
MM Model 47.276 10.997 17.376 15.547 34.453 4.784 3435 2.349 5.127
UM 47.095 9.934 20.374 15.093 38.309 4.793 2.133 2.005 6.407

UM Model 46.967 9.322 19.763 15.216 37.867 4.452 2.243 2.105 6.395

According to the covalent bond concentration obtained from the experiment and the concentration
calculated by the model, it was found that the concentration of the nine covalent bonds is not different
from that calculated by the model, but the difference between the experimental concentration of
cong,l-cal and congyy-py and the calculated concentration of the model is relatively large. The reason
for this may be that there is a certain difference between the proportion of elements in the model
and that in the experimental measurement, which makes the calculation of the nine covalent bonds
concentration more intensive.
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3.4. Adjustment of Model

After the final model of molecular structure is obtained, the molecular formulas and element
contents of the three models of HLH under different modification conditions are calculated.
By comparing the results of Tables 13 and 14, it can be seen that the element contents of the three
models are very close to the experimental values, and there is no significant difference, which verifies

the reliability of the model.

Table 13. Element content measured by experiments of HLH before and after modification.

Ultimate Analysis (wt. %), ad

Sample
C H (¢] N
HLH 78.56 6.36 13.48 1.61
MM 80.87 5.99 11.39 1.76
UM 81.97 5.67 10.41 1.95

Table 14. Molecular formula and element content of the model of HLH before and after modification.

Ultimate Analysis (wt. %)

Sample Molecular Formula
C H o N
HLH C167H151N3007 7621 578 1641 16
MM C1asH120N3050 7852 573 1410 185
UM Ci55H131N3003 7745 549 1531 1.75

3.5. Construction of 3- Dimensional Model

The three-dimensional model is constructed for the 2- dimensional structure of HLH before and
after modification, whose three-dimensional geometric optimization configuration is calculated by
MM and MD of Forcite module in Materials Studio 8.0 software. The structure model of HLH before
and after optimization is shown in Figures 11-13, and the energy change in the process of optimization

is shown in Table 15.

z

Neeo

(a) Initial 3-dimensional structure model  (b) Optimized by MM and MD

Figure 11. 3-dimensional structure of HLH lignite model before and after geometric optimization.

(@) Initial 3-dimensional structure model (b) Optimized by MM and MD

Figure 12. 3-dimensional structure of HLH lignite model modified by microwave before and after

geometric optimization.
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(a) Initial 3-dimensional structure model (b) Optimized by MM and MD

Figure 13. 3-dimensional structure of HLH lignite model modified by ultrasound before and after
geometric optimization.

Table 15. Energy comparison before and after HLH structural model optimization.

Total Energy Valence Energy (Kcal-mol~-1) Non-Bond Energy (Kcal'-mol-1)
Sample 5

(Kcal-mol~1) Eg Ea Er E En Evan Eg
Initial 6030.56 2602.16 65.21 90.59 2.05 0 3270.55 0

HLH  gpal 810.65 20489 19706 11908 1842 0 34205 -70.85
Initial 6310.80 2225.16 153.04 89.24 1.68 0 3841.68 0

MM Final 850.20 191.04 217.58 139.81 24.99 0 344.30 —67.52
Initial 7608.20. 2402.78 142.34 122.83 1.56 0 4938.69 0

UM Final 846.37 187.50 189.76 134.07 17.57 0 348.01 -30.54

It can be seen from this that the total energy of the minimum energy structures of the three
structures decreases sharply. Compared with other terms, the value of Van der Waals energy (Evan)
in the non-bonding energy is the largest, which constitutes the most important part of the potential
energy. Therefore, the decrease of the inter-molecular Van der Waals energy (Evyap) is also the main
factor that makes the HLH macromolecular structure model stable in space.

4. Conclusions

(1) The molecular formula of the three structures was determined by elemental analysis.
The average molecular formula of HLH raw coal configuration was C147N30,7H149, and the aromatic
part consists of five benzene rings, six naphthalene rings, two pyrrole rings and one pyridine ring.
The average molecular formula of Mm coal configuration was Cy48H129N305, the aromatic structure
includes three benzene rings, four anthracene rings, four naphthalene rings, one anthracene ring,
one pyridine ring and two pyrrole rings. And the average molecular formula of Um coal configuration
was Ci55H131023Np3, the aromatic structure includes three benzene rings, five anthracene rings,
four naphthalene rings, one anthracene ring, one pyridine ring, and two pyrrole rings.

(2) It was found that after microwave and ultrasonic treatment, the orderliness of aromatic ring
layer arrangement increased. The content of fat chain and side chain decreased, and the existence form
of oxygen atoms also changed, in which the proportion of C-O and COO- form shows a decreasing trend.
It was found that the total energy of the three structures decreased significantly after optimization.
The chemical bonds between the atoms are obviously bent and distorted, and the space configuration
is more stereoscopic. Although the model constructed in this paper is not the most comprehensive
and optimized configuration before and after HLH modification, some problems such as isomers are
considered in the process of construction, which has a certain reference value for better understanding
and application of lignite upgrading.
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Abstract: In order to systematically elucidate the combustion performance of fuel during sintering, this
paper explores the influence of three factors, namely coal substitution for coke, quasi-particle structure
and the coupling effect with reduction and oxidation of iron oxide, on fuel combustion characteristics,
and carries out the kinetic calculation of monomer blended fuel (MBF) and quasi-granular fuel (QPF).
The results show that replacing coke powder with anthracite can accelerate the whole combustion
process. MBF and QPF are more consistent with the combustion law of the double-parallel random
pore model. Although the quasi-particle structure increases the apparent activation energy of fuel
combustion, it can also produce a heat storage effect on fuel particles, improve their combustion
performance, and reduce the adverse effect of diffusion on the reaction process. In the early stage
of reaction, the coupling between combustion of volatiles and reduction of iron oxide is obvious.
The oxidation of iron oxide will occur again when the combustion reaction of fuel is weakened.

Keywords: quasi-particle structure; monomer blended fuel; quasi-particle fuel; apparent activation
energy; coupling effect

1. Introduction

At present, the supply of energy is highly reliant on fossil fuel [1]. The rising demand for energy
around the globe is leading to many economic and environmental problems [2]. Ironmaking in China
is still dependent on the blast furnace [3]. The direct reducibility and intensity of high-basicity sinter,
which is the main raw material for blast furnace ironmaking, markedly influence the production
efficiency of ironmaking [4,5]. The combustion characteristic of fuel in sintering mixture materials plays
a decisive role in sinter quality [6,7]. Therefore, it is urgent to explore the combustion characteristics of
solid fuel in the sintering process in order to provide a theoretical basis for improving the combustion
efficiency, improving the quality of sinter and reducing the consumption of solid fuel [8]. Coke is made
from natural bituminous coal heated between 950 °C and 1050 °C in an airless environment. It is the
main fuel in the sintering site [9]. Previously, the research on sintering fuel combustion was mostly
based on coke breeze [10,11]. However, with the development of the steel industry and the continuous
improvement of the grog ratio in the blast furnace, the supply of coke powder for sintering has been
short. Therefore, many sintering sites use anthracite wholly or partially to replace coke powder as fuel
for sintering [12,13].

In the traditional sense, the experimental samples for studying the combustion characteristics
of fuels consist mainly of monomer fuel. However, during the sintering process, the solid fuel in the
material layer is usually distributed in a dispersed manner. Hence, the combustion law of sintering
fuel should generally be different from the monomer fuel and the fuel layer [14,15]. In recent years,
researchers have begun to use a quasi-particle structure to describe the existence of fuel inside the
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sintering mixture [16,17]. In order to exclude the interference brought by other reactions, Al,O3 pure
powder reagent is often used in many studies on quasi-particles sinter to replace other materials used
in production for experimental exploration [18].

Combustion of sintering fuel at low temperature is generally considered as a chemical reaction
control process. However, the introduction of a quasi-particle structure will greatly improve the
diffusion resistance of internal fuel combustion. Therefore, the extent to which diffusion controls
combustion is greatly increased [19,20]. This paper innovatively introduced the double parallel
reaction volume model (DVM) and double parallel random pore model (DRPM) to conduct a
comparative analysis of the combustion characteristics of monomer blended fuel and quasi-particle
fuel and calculated the related kinetic parameters, which are widely used in the kinetic calculation
of co-combustion of multiple fuels [21], single-fuel gasification [22] and co-gasification of multiple
fuels [23,24]. They can not only obtain the suitable dynamic models for describing the combustion
process of two kinds of fuel, but also characterize the effect of quasi-particle structure on the combustion
characteristics of sintering fuel. There are many physical and chemical reactions in the sintering
process. Due to the influence of sintering temperature and atmosphere, iron oxides undergo different
degrees of reduction and oxidation reactions. The occurrence of these reactions is coupled with fuel
combustion, which greatly affects the quality of sinter [25]. Therefore, this study systematically explores
the influence of factors such as the substitution of anthracite for coke powder, quasi-particle structure
and the coupling effect of reduction and oxidation of iron oxide on the combustion characteristics
of sintering fuel in order to provide a certain guiding significance for improving fuel efficiency and
reducing sintering production cost.

2. Materials and Methods

2.1. Materials

The fuel used in the experiment was 25% anthracite blended with 75% coke powder by weight
and the particle size was less than 0.105 mm. The specific industrial analysis, elemental analysis and
calorific value of the raw materials are shown in Table 1. Because there are many types of reactions of
the sintering process of iron ore and the coupling between the reactions is strong, in order to investigate
the influence of the quasi-particle structure on the combustion kinetic parameters of the sintering fuel,
Fe,03 and Al,O3 pure powder reagents with a particle size of less than 0.147 mm were used instead of
the iron ore and flux applied in an industrial setting. In addition to single anthracite and coke powder,
there are also three-blended fuels, namely monomer blended fuel (MBF), quasi-particle fuel (QPF) and
sintered mixture (SDM). The schematic diagrams of them are shown in Figure 1, and the ratios of raw
materials are shown in Table 2.

Table 1. Proximate and ultimate analysis of the fuel (in dry basis).

Proximate Analysis/% Ultimate Analysis/%

Samples MJ g~1)
P FC v A C H O N s /M
Anthracite 7651 694 1658 7586 1.69 225 081 036 29.31
Coke 8668 023 1180 8717 077 064 091 051 35.23

FC, V and A represent fixed carbon, volatile and ash, respectively; subscript gr means gross calorific value.
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O: ALOs O: Fuel @: Fe0s

Figure 1. Schematic diagram of monomer blended fuel (MBF), quasi-granular fuel (QPF) and sintered
mixture (SDM).

Table 2. Raw materials and proportions used in the experiment, wt%.

Samples Fe, O3 Al,O3 Anthracite Coke

MBF - - 25 75
QPF - 60 10 30
SDM 76 20 1 3

2.2. Thermogravimetric Experiment

Combustion experiments were conducted using the HCT-4 thermal analyzer. The usage of
anthracite, coke powder and MBF was 1.2 + 0.1 mg for each group, and 30 + 0.1 mg for QPF and SDM
respectively. Each sample was loaded into a crucible for thermal analysis with a height of 4 mm and
diameter of 5 mm. The samples were heated from room temperature (25 °C) to 1000 °C at heating
rates of 5.0, 10.0, 15.0, and 20.0 °C/min, respectively. The rate of heating is expressed as . At the same
time, the air was injected at a flow rate of 100 mL/min during the heating to provide an oxidizing
atmosphere for the heating. To ensure the accuracy of all experimental results, each experiment was
repeated at least three times under the same conditions.

The conversion of the sample (@) was calculated with the mass loss data collected during
the combustion

o= 1)
my —Meo
where 11 is the original mass of the sample; m; is the mass at time t; 71, is the final mass of the sample
after the reaction.

In the thermogravimetric combustion experiment, the parameters of the sample can be determined
by using the thermal analysis curve (TG-DTG), including ignition temperature (T;), combustion
temperature (Tj), peak temperature (Tp), combustion reaction time (¢), flammability index (C) and
combustion characteristic index (S). The determination method of characteristic parameters is shown
in Figure 2.

0.0 e L\ (T, a) = 0.0

02+ L, 1-0.1
041 1022
g
S L 1-03 —
0.6 - ! 5
1-04 S

08
Lok (Tp, v, (\_ L, 1-0.5
1 1 1 1 (I;u’ u‘.) 1 1 -0.6

100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 2.  Schematic diagram of characteristic parameter determination method of the
thermogravimetric curve.
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The flammability index reflects the ability of the sample to react at the beginning of combustion.
This index can measure the ignition stability of the sample during combustion,

2
C=uvp/T; ()

where v, is the maximum combustion reaction rate in min~?.
The combustion characteristic index reflects a combined characteristic of the ignition and
combustion of the sample. If the value of S is larger, the combustion performance of the sample is better,

S = vp Xom/(TE X Tj) (3)

where vpy, is the average burning rate of the sample from T; to Tj in min~!,

2.3. Thermal Analysis Kinetic

The combustion process of the sintering fuel can be regarded as a gas—solid heterogeneous reaction.
The total combustion reaction consists of two independent chemical reactions:

Anthracite + (x/2+ y +2/2)0; — xCO + yCO, + zH,0 4)

Coke + (x/2 4y +2/2)0; — xCO + yCO;, + zH,O (5)

In order to further clarify the combustion reaction mechanism of the pure mixed fuel and the
quasi-particle fuel, we introduced two kinetic models to study the combustion behavior of the sample:

da =
T = Lekif (@) ©®)
i-
where £ is the reaction time, ¢; is the proportion of a reaction to the total response, k; is the combustion
reaction rate constant, and f(«;) is a function of the differential reaction mechanism.
The relationship between apparent reaction rate and temperature can be derived from the

Arrhenius equation,
k= Ae”E/RT @)

where E is reaction activation energy, A is the pre-exponential factor, R is the universal gas constant,
and T is the temperature.

Currently, volumetric models (VM) and random pore models (RPM) are widely used to describe
various coal char combustion reactions and are used to calculate kinetic parameters,

d(XVM
dt

= Ayme EW/RT(1 - ayy) (8)

da -
;:M — Agrpumie ERPM/RT(l —arpm) A/1 — ¢ In(1 - arpm) ©)

where 1) is the parameter of particle structure,

_ 4nLo(1 - &)

32 (10)

where S is the pore surface area, L is the pore length, and ¢ is the porosity of particles.
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Since the experimental materials use two types of fuels with different combustion performances,
it is necessary to optimize the VM and RPM. The expressions of DVM and DRPM are obtained by
combining Equations (6)-(9),

2
da _Ei
% — izl ciAje EI/RT(l _ai) (11)
da :
DRPM _ E;/RT _ U —
ot E ciAie” (1-a;)\1-¢;In(1-a;) (12)

i=
In the non-isothermal analysis experiment, in order to determine the kinetic parameters and
improve the calculation accuracy, three or more types of heating rates are usually selected. Thus, this
experiment adopts four different heating rates to calculate kinetic parameters. Under the constant
heating rate of the experiment, the reaction temperature can be obtained from the initial temperature

and reaction time,
T =To+pt (13)

where f is the heating rate, and T is the starting temperature of 25 °C. After t = (T — Ty)/p is substituted
into Equations (11) and (12), the formulas can be integrated to give

2
apym = Z c,»(l - exp(—A;%I;?z . exp(;—?))) (14)

i=1

2
QDRPM = Z Ci(1 - eXP( exp( R]i" ) AﬁIZTZ (1 * eXp( RT) IPZ;STZ ))) )

i=1

The combustion kinetic parameters were calculated by the above two kinetic models at different
heating rates. The experimental data of the reaction rate (da/dt) and conversion rate (a) were fitted
in 1stop software using a nonlinear least-squares method. Then, the parameters A, E and 1 that are
obtained are substituted into Equations (14) and (15) to obtain the relationship between the sample
conversion rate () and the temperature (T) during combustion. At the same time, due to the possible
deviation between the actual value and the calculated value of the model, the root mean square error
(RMSE) is introduced to evaluate the error between the fitted data and the actual value of the DVM
and DRPM models,

\2
f\] 1( exP - D‘lcal)

x 100% (16)

d al 2
d(X Z d_ Tdt ca])

where %xp and ai o are the experimental and calculated values of the conversion rate at pointsi =1, 2,

1 . . .
3,...; f‘ft‘ ox and %_%cal are the experimental and calculated values of reaction rate at some points, and

N is the number of data points.

RMSE x 100% 17)

3. Results and Discussion

3.1. FTIR Analysis

In order to compare and analyze the combustion characteristics of anthracite and coke powder
used in sintering site, this experiment adopts Fourier transform infrared spectroscopy to detect the
functional group structure of the two fuels and compare the differences between the structures, thus
providing a theoretical basis for studying their combustion characteristics and laws. In infrared
spectrum detection, the absorption peak of each functional group has a specific spectral position.
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The corresponding functional group can be found according to the peak of the characteristic peak on
the spectrum. According to relevant studies [26,27], the infrared spectral curves of coal samples can be
divided into hydroxyl (3700~3000 cm™'), aliphatic hydrocarbon (3000~2800 cm™!), oxygen-containing
functional group (1800~1000 cm™!) and aromatic hydrocarbon (900~700 cm~!) according to the spectral
wave number, the structure and properties of functional groups. Therefore, in this paper, the infrared
spectral curves of anthracite and coke powder were divided into nine points A~I in order to better
distinguish the differences in the structure of their functional groups. It can be seen from the Figure 3
that there is a big gap between the two spectral curves.
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0.06 [

0.12
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0-06 1 1 1 1 1 1 1
4500 4000 3500 3000 2500 2000 1500 1000 500 0
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Figure 3. Fourier infrared spectra of anthracite and coke.

It can be seen from Table 3 that there are significant differences between coke powder and
anthracite at B and H, which represent the -CH group on aromatic ring and aliphatic hydrocarbon in
coal respectively. As the content of -CH will increase with the increase of volatile substances, compared
with coke powder, anthracite still contains a small amount of volatile substances, so the content of -CH
group in anthracite is significantly higher than that of coke powder. At the same time, the comparison
of the absorbance of the two at point A in the infrared spectrum shows that the content of hydroxyl
in the pyrolysis process of coking coal is greatly reduced, that is, the number of active groups and
the activity of coal are reduced, so the reactivity of coke powder is significantly lower than that of
anthracite. This is also the reason why the mixed combustion process of anthracite and coke powder
for sintering will present a multi-stage weightless reaction.

Table 3. Infrared spectrum absorption peak classification of anthracite and coke powder.

Wavenumber/cm~1

Peak Position Functional Group
Anthracite Coke

A 3414.4 3439.1 -OH

B 3042.2 - —-CH (Aromatic hydrocarbon)

C 2923.3 2914.7 -CHj, -CH,—

D 1604.1 1626.3 -C=C-

E 1439.1 14441 -CH,-

F 1089.9 1094.2 C-O (Phenol, alcohol, ether, ester)

G 1023.2 1037.7 -Si-O-
870.1 - Carbonate minerals

H 793.1 786.2 Substituted benzene class
746.9 - -CH,-

1 542.3 540.6 -S-S-
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3.2. Thermogravimetric Characteristics

3.2.1. Combustion Characteristics of Anthracite and Coke

In order to better characterize the combustion process of anthracite and coke powder for sintering,
this study conducted a TG-DTG analysis on the two fuels by means of thermogravimetric experiments
at the same heating rate. It can be seen from Figure 4 that the combustion interval of anthracite
and coke powder is concentrated in a certain region, and there is only one section of weightlessness.
Because the volatile content of anthracite and coke powder is low, most of the reaction weight loss can
be considered as the result of fixed carbon combustion. However, the volatile content of anthracite is
6.94%, which is significantly higher than that of coke powder. Therefore, the combustion interval of
anthracite is obviously smaller than that of coke powder.
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Figure 4. Thermogravimetric curves of anthracite and coke.

Combined with Equations (2) and (3), the combustion characteristic parameters of anthracite and
coke powder for sintering can be obtained. As shown in Table 4, the average combustion rate, ignition
stability C value and combustion characteristic index S value of anthracite were higher than that of
coke powder, while the combustion time was lower than that of coke powder. Therefore, anthracite
has a better combustion performance than coke powder. This is because the volatile content of coke
powder and the strength of hydroxyl absorption peak are low, which directly leads to the ignition
temperature of anthracite being lower than that of coke powder, resulting in significant differences in
the combustion performance of the two. Therefore, the coal coke mixed fuel used in sintering raw
materials will have multi-stage weightless reactions during the combustion process.

Table 4. Combustion characteristics of anthracite and coke powder.

Cx Sx
e ° in-1 1 in-1 .
Samples  T;/(°C) Tp/(°C) vp/(min~1) T]/( Q) Um/(min~1) 10-6/(min-1-°C-2)  10-9/(min-2°C-3) t/(min)
Anthracite 353.7 516.6 1.0529 619.3 0.0974 8.4562 1.3237 10.27
Coke 443.5 708.7 0.5672 846.4 0.0726 2.8837 0.2473 13.77

3.2.2. Combustion Characteristics of MBF and QPF

Figure 5 shows the conversion (@) and the reaction rate (da/dt) of MBF and QPF at different
heating rates. The improving trend of the reaction rates gradually slows down as the heating rate
increases and all the reaction curves have a common feature that the weight loss reaction of the two
samples is divided into two parts, which is because that the different combustion characteristics of
anthracite and coke divide the whole combustion process into two reaction zones. The first reaction
zone is mainly the combustion reaction of anthracite, which occurs in the temperature range of about
400-600 °C. The second reaction zone is the combustion of coke breeze, and the temperature range
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of this reaction is about 550-950 °C. Because of the difference in the amount of anthracite and coke
powder added, the rate of change peak of the latter is significantly higher than that of the former.

As shown in Table 5, when the heating rate (B) is increased from 5 °C/min to 20 °C/min, Tj,
Tj, Tp1 and Ty all increase, and the conversion rate and reaction rate curves are shifted to the
high-temperature region, which indicates that the amount of heat transferred from the surrounding
environment to the inside of the sample per unit time increases. The increase of the heat will greatly
improve the combustion rate of the fuel but also shortens the reaction time (t) of samples at the same
temperature, so the phenomenon of the curve’s movement to the high-temperature area will occur.
By comparing the T},.» and Tj values of MBF in Table 5 at 5 °C/min with the T, and Tj values in Table 4,
it can be seen that the maximum reaction rate and the corresponding temperature at the end reaction
of the coke powder in the mixed fuel are significantly lower than the corresponding temperature
when the coke powder is burned alone. This indicates that the combustion of anthracite before coke
powder provides heat for the latter’s oxidation, thus speeding up the reaction process of coke powder.
Therefore, when the sintering site adopts anthracite to partially replace coke powder, the migration
speed of combustion zone will be accelerated and the sintering efficiency will be improved.
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Figure 5. Fractional conversion and reaction rate-conversion curves of MBF and QPF at different

heating rates.
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Table 5. Combustion characteristic parameters of MBF and QPF at different heating rates.

Sample ﬁ/!og 1;‘ Ep'l op1 Tp2 op2 ) Ym ¢ x 1_077 _ S X 19712 _ ¢ .
min~1)  (°C) “O (min~1)  (°CQ) (min~1)  (°O) (min~1)  (min~1.°C2) (Min~2°C-%)  (min)
5 399.2 501.2 0.020 676.1 0.029 802.8 0.012 1.63 252 60.32
MBF 10 423.1 523.2 0.034 698.6 0.054 856.1 0.023 2.62 7.07 33.29
15 419.4 536.3 0.045 717.3 0.078 876.9 0.033 3.79 14.18 22.71
20 436.0 543.3 0.057 717.3 0.094 895.1 0.044 4.32 20.05 17.59
5 414.3  509.0 0.018 681.9 0.038 826.1 0.012 1.86 273 63.42
QPF 10 432.6 531.5 0.031 7074 0.068 838.6 0.025 3.06 8.99 30.71
15 447.8 549.9 0.044 719.9 0.092 901.1 0.033 3.89 14.29 2341
20 456.8 561.4 0.055 732.2 0.116 917.5 0.043 5.29 24.81 17.81

It can be seen that the QPF flammability index, combustion characteristic index and combustion
reaction time are significantly higher than MBF, while the average burning rate of both is about the
same. This indicates that the quasi-particle structure extends the reaction time of fuel combustion, but
it does not inhibit the burning rate and in fact, improves the combustion performance. It is probable
that the inert particles around the fuel reduce the loss of heat generated by the combustion reaction.
At the same time, as the combustion reaction progresses, the particle size of the fuel gradually shrinks,
so that a “regenerator” is formed around the wrapped fuel. The specific schematic diagram is shown
in Figure 6. This is also the reason for the heat storage in the combustion zone during sintering.

Less heat

Regenerative effect

O: ALO: O: Fuel

Figure 6. Thermal storage of quasi-particle sintering.

3.3. Combustion Kinetic Parameters

The relationship between the conversion rates and reaction rates of the two kinds of fuel at
different heating rates is shown in Figure 7. The whole combustion reaction process is divided into two
stages. The earlier stage is mainly anthracite combustion, while the latter stage is mainly composed of
coke-powder combustion. The trend of the curves describing the two combustion stages is roughly the
same. The rate in the initial stage of the reaction increases rapidly with an increase in the conversion rate
and then decreases rapidly after reaching a certain peak value. The combustion reaction of anthracite
and coke breeze follow the law of non-uniform reaction. Therefore, the combustion reaction of the fuel
in the low-temperature condition is in the “chemical-controlled zone”, where the combustion rate is
greatly affected by the temperature, and the reaction rate increases with an increase of temperature;
As the reaction proceeds, the ash content on the fuel surface gradually increases and adheres to the
particle surface, which limits the diffusion of gas to the solid boundary layer and the desorption of
gaseous reaction products from the solid surface to a certain extent, then greatly slows down the rate of
late combustion reactions. After the peak, the reaction enters the “diffusion-controlled zone”. Because
of the dependence of reaction rate on the diffusion rate of the gas, the burning rate of the fuel decreases
as the conversion rate increases.
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Figure 7. Combustion rates of MBF, QPF and fitting curves of double parallel reaction volume model
(DVM) and double parallel random pore model (DRPM).

Table 6 lists the kinetic parameters and correlation coefficient R? of MBF and QPF calculated
according to Equations (14) and (15). It can be seen from the data that the correlation coefficients of the
two samples calculated by the DVM model are all < 0.9993, and the correlation coefficients calculated
by DRPM are all > 0.9994. Whether it is MBF or QPF, the correlation coefficient of the data calculated by
the latter is slightly higher than by the former. Table 7 lists the RMSEs of conversion and combustion
rates calculated according to Equations (16) and (17). The results show that the RMSEs of conversion
and combustion rate calculated by DRPM model at different heating rates are less than 0.8 and 0.01,
respectively, which are far less than the RMSEs of the conversion rate and combustion rate calculated
by the DVM model. Therefore, the combustion behavior of the MBF and QPF follows the combustion
law of the double parallel reaction random pore model.

To further verify the reliability of the data calculated by the DRPM model, the corresponding
kinetic parameters in Table 6 were brought into Equation (15), and the resulting conversion curves
were compared with the experimental curves. As shown in Figure 8, a; and a, increase with
temperature at different heating rates, representing the conversion curves of anthracite and coke
powder. The remaining curves are experimental and calculated results of MBF and QPF. It can be seen
from the figure that they have a high degree of fit. The experimental results are equivalent to the sum
of the anthracite combustion conversion rate and the coke powder combustion conversion rate.

It can be seen from Table 6 that the activation energy of the MBF calculated by DRPM is slightly
lower than that of QPFE. In order to better reflect the height of barriers, Equation (18) was introduced to
calculate the apparent activation energy of samples,

Ey = c1E1 + c2Ep (18)

where E,, is the apparent activation energy of samples in k]-mol~!, ¢; is the proportion of the anthracite
combustion reaction to the total response, E; is the activation energy of the anthracite combustion
reaction in kJ-mol~!, ¢, is the proportion of the coke combustion reaction to the total response, and E,
is the activation energy of the coke combustion reaction in kJ-mol~".

The calculation results are shown in Figure 9.
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Table 7. Deviation between the experimental and calculated curves.

RMSE (a)/(%) RMSE (da/dt)/(%)
Sample  B/(°C:min~1)
DVM  DRPM DVM DRPM
5 1.12 0.72 33%x1073 229 x 1073
MEE 10 1.04 0.66 6.72 x 1073 462 %1073
15 1.12 0.74 9.37 x 1073 6.57 x 1073
20 1.19 0.77 1.25 x 1072 8.68 x 1073
5 1.07 0.68 3.66 x 1073 252 %1073
10 1.17 0.68 7.65x 1073 494 %1073
QPF -2 -3
15 1.14 0.74 1.02 x 10 7.09 x 10
20 1.13 0.74 1.33 x 1072 9.24 x 1073
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Figure 8. Comparison the correlation between experimental data and calculation results of MBF and
QPF at different heating rates.
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Figure 9. Comparison the apparent activation energy of MBF and QPF calculated by DRPM.

At different heating rates, the apparent activation energy of QPF is significantly higher than that of
MBE and the difference between them is maintained between 13.62 and 14.53 kJ-mol~!, which does not
change with the increase of the heating rate. This indicates that the difference in apparent activation
energy between QPF and MPF is the reaction energy barrier provided by the diffusion resistance during
the combustion reaction. The inert particles in the quasi-particle structure hinder the contact of the
active part on the fuel particles with the air, thereby improving the reaction energy barrier of internal
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fuel. Compared with the conventional simple fuel particle structure, an increased number of particles
in the quasi-particle structure increase the tortuosity of the internal pores, which greatly reduces the
diffusion coefficient of the gas in the heterogeneous reaction and then increases the diffusion resistance
of anthracite and coke powder combustion and the activation degree of the diffusion control reaction.
However, by comparing the combustion performance parameters of QPF and MBE, it can be seen that
the quasi-granular structure can produce a certain heat storage effect on the fuel during the combustion
reaction process, which not only improves the combustion performance of the fuel but also increases
its combustion rate, thus reducing the adverse effect of diffusion on fuel combustion.

3.4. Kinetic Analysis of Quasi-Particle Fuel Combustion

In order to clarify the coupling effect between the redox reaction of iron oxide and the combustion
of fuel in the sintering mixture, we carried out SDM in the thermal analysis experiments at different
heating rates, as shown in Figure 10. The increase of heating rate accelerates the reaction speed of each
reaction in the sintering process and the weight variation of SDM increases with the increase of heating
rate. Since the reaction is complicated in the sintering process, a reaction overlap is highly likely to
occur. In order to better distinguish the redox reaction and explore the reasons for the change of sample
weight, we carried out experiments using a DTA analysis under different heating rates and found that
the second derivative of the DTA curve obtained the hidden information of the peak structure in the
overlapping region. The results of the analysis are shown in Figure 11.
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Figure 10. Fractional conversion and reaction rate-conversion curves of the sintered mixture at different
heating rates.

As can be seen from the figure, SDM exhibits a small change in exothermic — endotherm —
exothermic below 500 °C. The volatile first undergoes combustion and exothermic reaction, which
provides a reducing atmosphere for Fe,O3 in the sample and a small amount of CO is sufficient to
completely reduce Fe;O3 to Fe304. Due to the continuous renewal of the reaction gas, the reducing
atmosphere is replaced by an oxidizing atmosphere. The Fe3O4 produced by the reduction is oxidized
and the experimental curve shows a slight exothermic weight gain,

Volatile + (x/2 4 y +2/2)Oy — xCO + yCO;, + zH,O (19)
3Fe;O03 + CO = 2Fe304 + CO» (20)
2Fe304 + 1/20, =3Fe;O3 (21)

The reactions can be regarded as a series of reactions at this stage. Among them, CO and FezO4
are both the product of the former reaction and the reactant of the latter reaction. This indicates that the
increase of the latter reaction rate will promote the previous reaction, and the slowing of the previous
reaction rate will inhibit the latter reaction, thus forming a significant coupling relationship.
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Figure 11. Differential thermal analysis curves of the sintered mixture at different heating rates.
(a) 5 °C/min, (b) 10 °C/min, (c) 15 °C/min, (d) 20 °C/min.

Above 500 °C, anthracite and coke breeze burn, and the exothermic is intense, which may mask the
reduction reaction of Fe;O3. However, the DTA curve shows a significant reduction of the endothermic
peak in the 550-630 °C range. This is because this stage is the combustion interval between anthracite
and coke breeze and the oxidative exothermic is replaced by the reduced endotherm. However, due to
the large weight loss caused by the combustion and reduction reactions, a weight gain phenomenon is
not obvious at this stage. The coupling phenomenon of each reaction in the sintering mixture is very
obvious and is complicated.

4. Conclusions

There are many —CH groups and hydroxyl groups in anthracite, which makes the combustion
performance of anthracite significantly better than that of coke powder. When the coke powder is
partially replaced by anthracite, the whole combustion process will be accelerated. DVM and DRPM
models were used to calculate the dynamics of MBF and QPF at different heating rates. Through
comparative analysis of the relevant kinetic parameters and root mean square error, it was found that
the DRPM model was more suitable for describing the combustion process of MBF and QPE. Although
quasi-particles increase the apparent activation energy of fuel combustion, they also produce a heat
storage effect on fuel particles, improve their combustion performance, and reduce the adverse effect
of diffusion effect on the combustion reaction process. According to the differential thermal analysis of
SDM samples, the coupling between volatiles combustion and redox reaction of iron oxides is obvious
in the early combustion period and the oxidation of iron oxides will occur again when the combustion
reaction of fuel is weakened.
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Abstract: The coke combustion rate in an iron ore sintering process is one of the most important
determining factors of quality and productivity. Biomass carbon material is considered to be a coke
substitute with a lower CO, emission in the sintering process. The purpose of this study was to
investigate the combustion rate of a biomass carbon material and to use a sintering simulation model
to calculate its temperature profile. The samples were prepared using alumina powder and woody
biomass powder. To simplify the experimental conditions, alumina powder, which cannot be reduced,
was prepared as a substitute of iron ore. Combustion experiments were carried out in the open at
1073 K~1523 K. The results show that the combustion rates of the biomass carbon material were
higher than that of coke. The results were analyzed using an unreacted core model with one reaction
interface. The kinetic analysis found that the k. of charcoal was higher than that of coke. It is believed
that the larger surface area of charcoal may affect its combustion rate. The analysis of the sintering
simulation results shows that the high temperature range of charcoal was smaller than that of coke
because of charcoal’s low fixed carbon content and density.

Keywords: coke combustion rate; charcoal combustion rate; iron ore sintering process; temperature
distribution; biomass; quasi-particle

1. Introduction

CO, emission from Japan’s industrial sector is much higher than that from other sectors. In 2017,
it accounted for approximately 37.2% of the total emission. In the industrial sector, the iron and
steel-making industry accounts for approximately 39.4% of energy consumption. The steel industry
emits approximately 13% of the CO, in Japan [1]. The demands of global environmental conservation
require a greenhouse gas reduction. Currently, approximately 80 million tons of pig iron are produced
by blast furnace annually in Japan. Coal and coke are used as reducing materials and heat sources,
respectively, and a large amount of CO; is emitted in the iron-making process. Therefore, the development
of innovative technologies is required to reduce the CO, emission.

Trees absorb carbon dioxide during photosynthesis. When wood from forests is burned as fuel,
carbon dioxide is generated. If the forest is renewed after tree cutting, the carbon dioxide will be
absorbed by the trees again during the growth process. Thus, the use of wood for energy is carbon
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neutral. Therefore, using wood instead of fossil fuels makes it possible to reduce carbon dioxide
emissions and contribute to the prevention of global warming [2].

It is increasingly difficult to prepare a sintering iron ore due to the high price of raw materials,
environmental regulations and inferior quality raw materials. Limited work [3-6] has been conducted
to investigate the application of biomass in the sintering process to replace coke breeze, with this work
mainly focused on its environmental impacts and low substitution rates. Therefore, it is necessary to
improve the sintering iron ore method. In the sintering process, the coke combustion rate is one of the
most important determining factors of quality and productivity.

However, little research has been conducted on the combustion behavior of biomass carbon
material quasi-particles during the sintering process. The purpose of this study was to investigate the
combustion rate of a biomass carbon material and use a sintering simulation model to calculate its
temperature profile.

2. Experimental Sample and Procedure

To simulate the test particles, the samples were prepared using alumina powder and woody
biomass powder. The woody biomass powder used in this study was commercial mangrove charcoal,
which is normally used for barbecues. To simplify the experimental conditions, alumina powder was
prepared as a substitute for iron ore. Alumina eliminated the effects of melt formation, reduction
and re-oxidation of iron ore during coke combustion. Charcoal powder with a particle diameter of
—125 um and 125~250 pm was used in this experiment. The particle size of iron ore was to simulate
the adhere powder layer, but not the coke particle. Coke powder with the same particle diameter was
used to compare the results. Alumina powder with a particle diameter of —250 um was prepared to
match the particle size of the iron ore. The analysis of the results of prepared carbon material are listed
in Table 1. Compared with coke, charcoal has a lower ash ratio and higher volatile matter content
and therefore charcoal has a lower fixed carbon. The surface area of charcoal is higher than that of
coke. This was also observed by an SEM, as shown in Figure 1. Figure 2 shows the overall view of
raw materials and samples. After the alumina and coke powders were mixed, 0.5 mass % flour was
mixed as a binder. The flour was just used to enable keeping the tablet shape until it was inserted
to the platinum basket. It was thought that the effect of the flour could be negligible, because flour
evaporates at a lower temperature—600 K—than the experimental temperature in this study. Then,
the mixture was pressed into 10 mm diameter tablets by stainless dies. The height of the tablet was
10 mm with a void ratio of 35%. The void ratio was decided from the information on the tablet volume
and the true density of the sample mixture. Each true density of the sample materials was measured
by pycnometer. The weight ratio of coke in each sample was fixed at 20 mass %. To ensure that the
volume ratio of the samples was the same as the hematite and alumina samples, 22.1 mass % coke with
77.9 mass % alumina and 20.8 mass % charcoal with 79.2 mass % alumina was also prepared.

Table 1. Properties of carbon materials.

Ash V.M. Fix.C. o )
(mass %) (mass %) (mass %) Specific Surface Area (m?/g)
Charcoal (=125 um) 184 292 69.0 61.0
Charcoal (125~250 pm) 28.5
Coke (7125 pm) 10.1 1.71 88.2 259
Coke (125~250 pm) 0.92
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-125um(Coke) —-125um(Char Coal)

Alumina

Figure 2. Overall view of the raw materials and the sample.

The measurement of the sample weight loss during coke combustion was done by the thermobalance
shown in Figure 3. The sample was placed in a platinum basket. A vertical electric resistance furnace
was used to do isothermal heating. The isothermal zone was heated up to 1073 K, 1223 K, 1373 K and
1523 K. Before the combustion experiment, heat treatment of the samples was carried out at each of
the given temperatures in a N, atmosphere for 30 mins to remove water, Volatile matter (V.M.) and
the binder from the samples. Then, air was passed through the reaction tube. The air flow rate was
4 NL/min. When a weight change in the sample was not observed, the experiment was terminated. It
was hypothesized that coke ash did not influence the weight loss of the sample because the amount of
coke in every sample stayed the same.
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Figure 3. Schematic of the device used in the experiment.

3. Results

The reaction ratio in the study was defined as the removal ratio of fixed carbon from the sample.
A carbon combustion reaction can be described using the following chemical reaction, if CO gas
formation is ignored:

C(s) + 02(g) = CO(g) 1

In the combustion experiment, the sample weight loss was attributed to the decrease in the amount
of fixed carbon. Therefore, the reaction ratio (F) at a reaction time can be described by Equation (2):

Awy
F=— 2
W @

Fractional reaction curves at 1073 K are shown in Figure 4. The figure shows that combustion
rates of charcoal were quicker than those of coke. This tendency was also observed at 1223 K, 1373 K
and 1523 K.
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Figure 4. Fractional reaction curves of coke and charcoal combustion at 1073 K.
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To verify the reaction mechanism of the combustion reaction, samples with a reaction ratio of 50%
were also prepared under 1073 K and 1523 K and cross-sectional and microscopic observations were
made. Figures 5 and 6 show the cross-sectional observation and the microstructure at the reaction
interfaces of each sample. It was clear that the combustion reaction was a topochemical reaction.

1073K =125um Char Coal 1073K 125~250um Char Coal

g

Alumina layer after co

Unreacted layer

A

Alumina layer after comk
ombustion

Unreagted layer Unreacted layer

Figure 5. Cross-sectional view of the samples.
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” 7

1523K 125~250pm Char Coal

Alumina layer, Unreacted layer

Aluminalayer Unreacted layer
after combustion

after combustion

o

/

Char, Coal CRar (?”,11

N

250pm
]

Figure 6. Microstructure of the samples at the reaction interface.

4. Kinetic Analysis

4.1. Unreacted Core Model for Coke

From the fractional reaction curves obtained from the combustion experiment, the combustion
reaction rate constant was determined using the unreacted core model [7]. The combustion reaction
has five processes [8].
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1. O, transport from the gas phase to the particle surface through the gas film:
—itg0, = 4nr¥ks (Co, — Coys) 3)

2. Oy transport from the particle surface to the reaction interface through the alumina powder layer

after coke combustion: s
. Il
— nd-Oz = (DOZ)Eff 7o 0%i (C02 g Cozj) (4)

3. The combustion reaction at the reaction interface:

©)

-R = dnr?k (coﬂ- - == 1)

K

4. COj, transport from the reaction interface to the particle surface through the alumina powder
layer after coke combustion:

. 4mror,
4.0, = (Dcoz)effr : '(Ccozz Cco,s) (6)

5. CO, transport from the particle surface to the gas phase through the gas film:
hg'COZ = 471Tgkf (CC02~S - Ccoz) (7)

The overall rate equation can be described by the quasi-steady state analysis method below:

e 4mr? (HLK) (C02 — CCOZ) ®

1 Dp _ro(ro=ri)

+1.L('_0)2
f i ke  1+K\r1;

1 K Lo, 1
De  1+K((Do,)y;  K(Dcoy,) sy

Equation (8) can be expressed by the following equation, assuming that the combustion reaction
of coke was an irreversible reaction and the equilibrium constant K infinite:

©

4nr2C
—h= 0: (10)

1 1 rolro=ri) 2
R A A (%)

1 can be replaced by the following equation:

. d(4 dr;
—-n= dt(3m PCm) 47'[7’ iPCm - dtl (11)

The reaction ratio F is expressed by Equation (12):

3
F=1- (ﬁ) (12)
ro
When Equations (10)-(12) are combined and integrated under boundary conditions; r = rg at t = 0
and r = r; at t = t, Equation(13) is obtained:
}] (13)

i

oo [F Frarfs Lhoa-
t= Cor [3kf+16Dg3 3(1-F)3 4+2F +kC1 (1-F)
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The gas film mass transfer coefficient, kf, can be calculated from Ranz-Marshall’s Equation [9].
The value of the effective diffusion coefficient in the alumina layer, D,, and the interfacial reaction rate
coefficient of coke, k¢, was obtained by parameter-fitting using the nonlinear least-squares method to
the fractional reaction curves.

D,, and k¢ can be expressed by substituting the coefficients in Arrhenius’ equation as shown:

ke = A<kc)exp (—%) (14)
D, = Ap,yexp (—%) (15)
Equations (13) and (14) can be transformed into the following equations:
Inke = —E”gd : % +InA g (16)
InD, _E"g’f) . % +InAp,) 17)

Figure 7 shows the Arrhenius plot of k.. The values of k. are at the same level in all samples.
The temperature dependence of k. is expressed as

Coke (~125 um) ke = 6.02 x 1072 exp(=9.32 x 103/RT) (m/s)
(125~250 pm) ke = 4.51 x 1072 exp(=5.12 x 103/RT) (m/s)

-2 : T T T J T !

/[

5L e -—125um(Coke) -
* 125~250um(Coke)

0.0008 0.0009 0.001
1T (K")

Figure 7. Temperature dependence of the reaction rate constants k.

0.9006 0.0007

Figure 8 shows the Arrhenius plot of D,. The temperature dependence of D, can be expressed as

Coke (~125 um) D, =1.79 x 1073 exp(—36.4 x 103/RT) (m/s)
(125~250 pm) D, =3.06 x 1073 exp(—36.6 x 10%/RT) (m/s)
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Figure 8. Temperature dependence of the effective diffusivities D,.

4.2. Chemical Reaction Control Step for Charcoal

Because the surface area of charcoal is larger than that of coke, when a combustion reaction takes
place, the reaction area of charcoal will also be larger. Moreover, due to the low ash ratio in the charcoal,
the O, transportation rate in the alumina layer will be large. Therefore, the reaction is based on the
chemical reaction control step.

For the charcoal samples, the chemical reaction control step can be used in the analysis method
shown below:

The combustion reaction at the reaction interface can be expressed by Equation (5).

The combustion rate can be expressed as

—n= 18)

Under boundary conditions, r = rg att = 0 and r = r; at t = t, and this gives Equation (19):

|1—(1—p)%] _ Loy, (19)
PCmTo

Based on the reaction curves obtained by the experiments, k. was determined using the unreacted
core model [3].

kc can be substituted in Arrhenius’ equation as shown by Equation (14) which also can be
transformed as Equation (16).

Figure 9 shows the Arrhenius plot of k.

The temperature dependence of k. can be expressed as

Coke (=125 pum) ke =8.24x 10" exp(~10.6 x 10°/RT) (m/s)
(125~250 pm) ke =8.54x 10 exp(-10.3 x 103/RT) (m/s)
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Figure 9. Temperature dependence of the reaction rate constants k.
5. Sintering Simulation Model

5.1. Simulation Method

The simulation condition was based on the study results using Ohno’s model [10]. The model
has S’-type, C-type and P-type quasi-particles as shown in Figure 10. The S’ type was calculated
using Hottel’s equation [11-13], while the C and P types were calculated based the results obtained in
this study.

S'-type C-type P-type

Carbonaceous material only Core hematite Hematite fines
+ +
Hematite fines. Carbonaceous
Carbonaceous material material fines
fines @ : Hematite

© : Coke. Char Coal

Figure 10. Classification of the quasi-particles.

Our mathematical model is based on the Dwight-Lloyd sinter machine and the calculation range
is from the ignition point on the pallet to the discharge of the sinter ore.

The numerical analysis was based on the control volume method shown in Figure 11. The control
volume method is obtained by dividing the analysis target region into equal minute portions. Various
basic equations, representing phenomena, such as the continuous and energy conservation equations,
govern the inside of the analysis target area and are relational equations to be established in each
control volume. Assuming that these control volumes are in a sufficiently small area, there would not
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be a large error even if the changes in various quantities inside the control volumes were linear or
approximated to be constant values. In other words, changes in various quantities in a certain control
volume can be represented using values at a representative point in the control volume adjacent to the
representative point. In our mathematical model, the sintering material layer was divided into minute
control volumes in one dimension, the basic governing equations were discretized, and each difference
approximation equation was solved using an explicit method.

4 TS
| ! !

4 4 4 — Definition position of I

[ [ [
-+ O 4+ 0 —4» O —» T Definition position of J

? t t
| ! !

-+ O —7T"0—4 00—

(O Representative point

1

Figure 11. Pattern diagram of the control volume.

In the model used, the temperature distribution was estimated considering the combustion of
carbonaceous materials, the decomposition reaction of CaCOj3, the evaporation and condensation of
water, and the formation and solidification of calcium ferrite melt according to Ohno’s model [10].

D, depends on coke distribution.

The combustion reaction rate of the quasi-particles is expressed by Equations (20) and (21):

* _ 2
rQuasi—particle - 4nrQuasi—particlek/C02 (20)
2
1 roro=ri) | o
=1/ — + ————= 21
o o (21)

In this equation, D, has a value of 108 because the resistance of the diffusion can be ignored.
The material balance is calculated using Equation (22):
Piclyyns = Pil; B (pzrazui)|,, np = (Pzic1)],

At T AZ Hix @2)

The material balance equations of Ny, O, CO; and Hj respectively, can be expressed as follows:

a(pNZ u) _ apNz

9z~ ot (23)

8(’;(;14) = ‘agfz ~TCoke (24)
@ = ‘ap;OZ + eoke T Teaco, (25)
9(9;;014) - _8p;20 +7H0 (26)

50



Processes 2020, 8, 406

Because convection did not occur in the solid phase, the thermal budget of the phase considering
heat transfer and reaction heat can be represented as

ITs  6(1-¢,)
psCps T = il - h(Tg - Ts) + HCoke(rEoke”ane + fQuusi—paritclenQ““Si_p‘”“de)
. . . o _ 0T
+Hcacos"coc0,1Caco; + Hipoviy 0.y + Hercrop.g + Herstops = ko7

27)

The thermal budget of the gas phase factoring the heat transfer and combustion reaction heat can
be expressed as
Ty 6(1-¢,) dpguT. P T
8 a 878 8
ngp.SW - Th(T,, - Tg) + Cp.gT = —azz
The particles were charged in the control volume. Therefore, the pressure loss of the fluid also

needed to be considered. The pressure loss of a laminar-turbulent transition area can be represented
by Ergun’s equation as shown:

(28)

150(1 — &) -
AP = ¥ . ‘ugu+ 1.751_5’;1_12 (29)
AZ (pd)%e®  Pg pdeg

5.2. Calculation Conditions

Table 2 lists the common calculation conditions for the sintering process. The composition of raw
materials was set to simplify the calculation condition. The influence of MgO was not considered
in this study. The particle size of hematite was set to 2.5 mm and 0.25 mm. It was assumed that
2.5 mm and 0.25 mm were the sizes of the nuclear particle and the adhering fine ores, respectively,
in the quasi-particle. The 5.1 mass % charcoal calculation was compared with the 4 mass % coke
calculation when the fixed carbon content is the same which means that the combustion heat of coke
and charcoal during this process is the same. However, in this study, the effect of V.M. was not
discussed. As a thought, the gas generated when V.M. is heated may improve the permeability and
affect the temperature profile in the same way as a gas fuel injection, mentioned by Oyama [14]. Further
research is needed to clarify this factor.

Table 2. Common calculation conditions.

= Sinter Bed

Bed depth 450 mm
Porosity of sinter bed 35%
= Composition of Raw materials
Hematite 85.0 mass %
Lime (CaO) 10.0 mass %
Moisture 5.0 mass %
Coke, Charcoal 4.0 mass % (additionally)
Charcoal 5.1 mass % (additionally)
= Diameter of Raw Materials
Hematite 2.5 mm:0.25 mm ~ 88.6:11.4
Lime (CaO) 2.0 mm
= Others
Initial temperature 298 K
Ignition temperature 1573 K
Ignition time 90 s
Gas flow rate (outlet) 0.6 m/s
Calculation cell 5mm
Time step 0.001s
Courant number 0.2
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Table 3 lists the state of the coke quasi-particles in the sinter bed for calculation using the date of
the sinter pot test based on Hida’s study [15].

Table 3. Existing state of the coke quasi-particles in the sinter bed.

Existing State of Coke (%) Total Amount of Coke and Charcoal
S’-Type C-Type P-Type in Sinter Bed (%)
40.0 30.0 30.0 100 4.0,5.1

5.3. Calculation Results

Figures 12 and 13 show the temperature profiles of the cases of coke and charcoal at a depth of
20 cm and 40 cm, respectively. The basic case was 4 mass% coke mixing condition. It was compared
with cases of 4 mass % and 5.1 mass % charcoal mixing conditions. The influence of particle size is not
apparent. Compared with the results for coke, charcoal has a lower temperature profile and a shorter
holding time at a high temperature. This is thought to be due to the low fixed carbon content and the
density of charcoal which leads to the presence of unreacted charcoal. As a result, the temperature of
charcoal in all the sinter cakes was lower than that of coke.

1773 — T T —T—T—T— T T T
[ 200m -------- Char Coal(~125pm, 4.0%)
Y 2. U ELLLELLE Char Coal(125~250pm, 4.0%),
— r = = : Coke(125~250pm, 4.0%)
e F Char Coal(~125pm, 5.1%)
E/ 1273 | Char Coal(125~250pm, 5.1%)|
—_ L 4
)]
b= + i
©
it L p
@ A _
o
€ 773 .
o L i
= L _
0 L PR B S R S T 1
0 600 1200 1800
Time (s)

Figure 12. Calculation results of the temperature profile (20cm).
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gy [ 7
X F J
T 1273 .
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) L 4
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b L 4
o L o
Q.
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& Char Coal(125~250pm, 4.0%) “
M= = * Coke(125~250pm, 4.0%) >
H Char Coal(~125pm, 5.1%)
H Char Coal(125~250pm, 5.1%) >
0 1 I R L
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Time (s)

Figure 13. Calculation results of the temperature profile (40cm).
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However, when the amount of charcoal was 5.1 mass %, the holding times at a high temperature
of both kinds of carbon material were at the same level. The highest temperature of charcoal was
higher than that of coke. The rate of the temperature increase of charcoal was also faster than that
of coke. This is because the combustion rate of charcoal is higher than that of coke, i.e., if the fixed
carbon content of charcoal is equivalent to that of coke, the temperature profile of the same level can be
obtained. Therefore, the sintering simulation results of this study show that there are probabilities that
charcoal can replace coke in the sintering process.

6. Conclusions

The study aimed to understand the combustion rate of a biomass carbon material using a sintering
model to calculate its temperature profile. The following conclusions were made:

e  Compared with coke, the reaction curves of charcoal combustion show that the combustion
reaction of charcoal is faster.

e  The interfacial chemical reaction rate coefficient of charcoal for the experimental data was
calculated as follows:

Coke (=125 pm) ke =824x%1073 exp(—10.6 x 103/RT (m/s)
(125~250 pm) ke =8.54x1073 exp(—10.3 x 10%/RT (m/s)

e  Calculations using the rate equation obtained in the sintering simulation model found that the
high temperature range of charcoal is smaller than that of coke due to charcoal’s low fixed carbon
content and density.

e If the fixed carbon content of charcoal is the same as that of coke, which means that the combustion
heat of carbon materials is the same, a temperature profile of the same level can be obtained.

e  The sintering simulation results suggest that there are probabilities that biomass carbon materials
can replace coke in the sintering process.
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Nomenclature

Alke,De) Frequency factor (m/s)

C02,co2) O, or CO, concentration in the gas phase (mol/m?)

Co2, coz)-i 0, or CO, concentration at the reaction interface (mol/m?)
C(02, co2)s O, or CO, concentration at the particle surface (mol/m3)

Cp Specific heat (J/kg/K)

d Particle size (m)

D, Effective diffusion coefficient in the Al,O3 powder layer (m?/s)
(Do, con)ef Effective diffusion coefficient of O, or CO, in the Al,O3 powder layer (m?/s)
E(ke,De) Activation energy (J/mol)

F Reaction ratio (-)

H Reaction heat of each reaction (J/mol)

h Convection heat transfer coefficient (J/m?/s/K)

K Equilibrium constant (-)
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ke Interfacial chemical reaction rate coefficient (m/s)
ke Mass transfer coefficient in the gas film (m/s)

k Heat conductivity (J/m/s/K)

K Opverall reaction rate (m/s)

N(Coke, Quasi-particle, Lime, Ore)
AP

The amount of coke, quasi-particle, lime and ore among unit volume (-)
Pressure loss (atm)

0 Initial radius (m)

T Radius of the non-reaction nucleus (m)

Tix* Generation rate of the component x in the number i cell (kg/s/m3)

T Quasi-particle Distance from the left of the particle to the reaction interface of the quasi-particle (m)
r¥ Reaction ratio of the component in the sample (-)

o
T "Quasi-particle

Reaction rate per one particle of the quasi-particle (mol/s)

Tg Temperature of gas in the control volume (K)

Ts Temperature of solid in the control volume (K)

Awy Sample weight change (kg)

u Superficial velocity (m/s)

u Gas flow rate (m/s)

w Weight change of the sample during the experiment (kg)

AVA Length of the control volume (m)

Py Density of component x (kg/m?)

pcm Carbon concentration in the sample (mol/m?)

PN2, 02,C02, H20 Density of gas in the sample(kg/m3)

&a Porosity (-)

@ (Surface area of a ball which has the same volume with the particle)/(Surface area

of the particle) (-)

g Viscosity of gas (Pa-s)
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Abstract: In most cases, arsenic is an unfavorable element in metallurgical processes. The mechanism
of arsenic removal was investigated through roasting experiments performed on arsenopyrite-bearing
iron ore. Thermodynamic calculation of arsenic recovery was carried out by FactSage 7.0 software
(Thermfact/CRCT, Montreal, Canada; GTT-Technologies, Ahern, Germany). Moreover, the arsenic
residues in dust ash were recovered by roasting dust ash in a reducing atmosphere. Furthermore, the
corresponding chemical properties of the roasted ore and dust ash were determined by X-ray diffraction,
inductively coupled plasma atomic emission spectrometry, and scanning electron microscopy, coupled
with energy-dispersive X-ray spectroscopy. The experimental results revealed that the arsenic in
arsenopyrite-bearing iron ore can be removed in the form of As;O3(g) in an air or nitrogen atmosphere
by a roasting method. The efficiency of arsenic removal through roasting in air was found to be less
than that in nitrogen atmosphere. The method of roasting in a reducing atmosphere is feasible for
arsenic recovery from dust ash. When the carbon mass ratio in dust ash is 1.83%, the arsenic removal
products is almost volatilized and recovered in the form of As,O3(g).

Keywords: arsenopyrite; arsenic removal; mechanism; roasting; arsenate; dust ash; arsenic recovery

1. Introduction

Arsenic content in the earth’s crust is up to 5 mg-kg ™!, and more than 300 arsenic species occur in
nature. Arsenic is mainly associated with minerals such as pyrite, arsenopyrite, or enargite [1,2]. In
most cases, arsenic is an unfavorable element in metallurgical processes. For example, arsenic reduces
the quality of raw materials, affects the extraction of metal, interferes with the purity of the product,
and poses serious environmental hazards [1]. Arsenic has an adverse effect on steel; for instance, the
surface hot shortness increases, and the reduction of area and impact toughness decrease with the
increase of arsenic content in steel [3-6]. Under the hot rolling or welding conditions, the arsenic in the
steel leads to the increase in the content of arsenic at grain boundaries and the expansion of welding
cracks [4,7-9]. Moreover, as the oxidability of arsenic is less than that of iron, it is difficult to remove
arsenic by oxidation in the ironmaking or steelmaking process. It is theoretically possible to remove
arsenic from molten iron by using excessive Al and Ca-Fe alloys or rare earth elements, but it also needs
deep deoxidation and desulfurization before arsenic removal can be achieved, so the cost of arsenic
removal is too high to be feasible in realistic production [10]. However, the price of arsenic-bearing iron
ore is cheaper than that of high-grade iron ore. Moreover, the total amount of high-grade iron ore is
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decreasing greatly in the earth, and arsenic-bearing ore needs to be comprehensively utilized through
ore blending. Some metallurgical enterprises at home and abroad, such as Peru, Chile, Philippines,
France, Mexico, and China, have adopted some arsenic-bearing ore in the metallurgical industry [11].
When these arsenic-bearing ores are used, they are faced with the problem of arsenic removal from ores
and the problem of arsenic-bearing dust treatment from the point of view of environmental protection.

Arsenic can be removed from arsenic-bearing ore by a roasting or sintering method due to the
volatile nature of arsenic and its compounds [12]; thus, some scholars have explored the appropriate
arsenic removal conditions by performing roasting or sintering experiments. Yin et al. and Lu et
al. studied arsenic removal from copper-silver ore using a roasting method [13,14], and the impact
of different parameters (e.g., temperature, atmosphere, and roasting time) on the arsenic removal
ratio was also evaluated. Lu et al. investigated arsenic removal from arsenic-bearing iron ore
during the sintering process [15,16]. The effects of temperature, bed depth, gas pressure, and coal
ratio on arsenic removal during the sintering process were studied, and the reasonable technical
parameters were obtained. In addition to the arsenic removal tests by roasting and sintering methods,
a number of scholars also carried out thermodynamic calculations on arsenic removal, and discussed
the arsenic-bearing products and suitable conditions for arsenic removal. Chakraborti and Lynch
analyzed the As-5-O vapor system [17] and further identified the importance of bed depth in the
rapid release of arsenic from arsenical materials under an oxidizing atmosphere. Contreras et al.
evaluated the impact of various factors, such as trace element concentration, flue gas composition,
temperature, and pressure, on the equilibrium composition based on the arsenic interactions in the
co-combustion processes [18]. Nakazawa et al. and Zhang et al. studied the thermodynamics of
arsenic removal from arsenic-containing copper ore during roasting [19] and arsenic-bearing iron ores
during sintering [20-23], respectively, and obtained the equilibrium components containing arsenic
and the arsenic removal rate.

The arsenic removed by roasting is mixed in the dust ash. For arsenic existing in dust, chemical
adsorption of gaseous arsenic by CaO or CaCOj; can effectively control arsenic content in flue gas and
prevent arsenic pollution [24-26], but arsenate is easy to remain in dust, which is not conducive to the
use of dust ash as raw material for sintering or roasting ore. Therefore, recovery of As;Oj is another
feasible method.

Although arsenic removal experiments and thermodynamic calculations have been carried out by
many scholars [12-23], and the volatilization behavior of arsenic in the process of roasting has also been
explored [13,22], the mechanism of arsenic removal by roasting has never been reported. Exploration
of the mechanism of arsenic removal by a roasting process and investigation of the residual form of
arsenic in the roasted ore are important for controlling the arsenic removal efficiency and the arsenic
component. Moreover, it is important to recover arsenic from dust ash to prevent further mobilization
of arsenic and arsenic contamination. Therefore, these problems were attempted in this research.

2. Materials and Methods

2.1. Experiment on Arsenic Removal from Roasting Iron Ore
The composition of mixed ore used in the test is listed in Table 1.

Table 1. Composition and proportion of roasting ore.

Component/wt %

Ore Name Proportion/%
Fe;O3 SiO, CaO AL, O3 MgO FeAsS S
Iron ore 71.36  10.64 0.40 7.39 0.31 0.05 0.06 90
Arsenopyrite / / / / / 92.71 / 10
Mixed ore 64.22 9.58 0.36 6.65 0.28 9.37 0.05 100

Note: “/” Represents “the chemical composition is not determined”.
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The mixed ore can be obtained by mixing 90% iron ore with 10% arsenopyrite. Mixed ore was
crushed by an F77-1 sealed sample grinder for 1 min, then screened by a 75 mesh sieve. The ore powder
larger than 75 mesh was crushed again until all powders were less than 75 mesh, and then the crushed
powder was mixed. Mixed ore was blended with water to make iron ore balls with a diameter of 10
+ 2 mm. Furthermore, the iron ore balls were heated in an oven at 110 °C for 3 h, until they were
completely dry. Then, the balls were taken out and reserved for further experiments.

The roasting test was carried out in a horizontal resistance furnace with 60 mm i.d. quartz tube,
and the constant temperature zone of the resistance furnace was controlled using a thermocouple.
The experiments were carried out in an air atmosphere and nitrogen atmosphere (1 L-min~!, STP),
respectively. The roasting temperature was 700, 800, 900, and 1000 °C, respectively, and the roasting
time was 60 min. The porcelain boat loaded with the ore ball was put into the constant temperature
zone of the tube furnace. When the roasting time was over, the power was turned off, and the sample
was cooled down to room temperature and analyzed by various techniques. The schematic illustration
of the roasting method is shown in Figure 1.

Quartz tube Oreball Porcelain boat

Gas inlet Resistance furnace Thermocouple Beaker
Figure 1. Schematic illustration of roasting test.
2.2. Experiment on Recovery of Arsenic by Roasting Dust Ash

The composition of dust ash of roasting iron ore from an iron plant is shown in Table 2. After
adding 10% AsyO3 chemically pure powder to the dust ash, the XRD pattern of the mixed dust ash
powder is shown in Figure 2.

Table 2. Composition of dust ash from roasted iron ore.

Fe CaO MgO SiO; Alb,O3 TiOy S K,O Na,O CI-
4234 7.08 0.82 4.80 3.04 072 065 116 015 1.06

The arsenic recovery experiment by roasting was carried out in two different atmospheres with
10% AsyO3 powder in the dust ash. The experiment was carried out in a horizontal resistance furnace
with a 60 mm i.d. quartz tube. The dust ash was first placed in the constant temperature zone of the
quartz tube. When the roasting experiment was carried out under an anaerobic atmosphere, the quartz
tube was evacuated and washed with high-purity nitrogen 3 times before heating up the furnace. The
test process was protected by 100 mL/min of high-purity nitrogen. The dust ash was heated to 600
°C and then cooled to room temperature after an hour of constant temperature. The experimental
steps of roasting in a reducing atmosphere with 2% graphite powder as raw material are the same for
the anaerobic atmosphere. When the roasting time was over, the sample was cooled down to room
temperature and analyzed by the following various tests.
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Figure 2. XRD spectra of the mixed dust ash powder.
2.3. Sample Analysis and Testing

The phase composition of iron ore was evaluated by PANalytical XPert PRO MPD XRD (Panaco,
Almelo, Netherlands)with Cu target, K radiation, and 40 kV operating voltage. The chemical component
of roasted ore was determined by IRIS Advantage Radial inductively coupled plasma atomic emission
spectrometry (ICP-AES, Thermo Elemental, Massachusetts, America), and the physicochemical
properties of the roasted ore were analyzed by FEI Nova NanoSEM400 (FEI, Hillsboro, America)
scanning electron microscopy (SEM), coupled with energy-dispersive X-ray spectroscopy (EDS, FEI,
Hillsboro, America).

3. Results

The white volatile that condensed in the cold beaker at the end of the quartz tube during the
roasting process is shown in Figure 3a, b, and its XRD pattern is presented in Figure 3c. The XRD
pattern and ICP-AES analysis indicated that the white volatiles corresponded to As,O3 powder with
89.12% purity, which confirms that the arsenic removal in an oxygen atmosphere is mainly carried
out via Equation (1). The arsenic content in the ore after roasting at different temperatures is listed
in Table 3.

2FeAsS +50,(g) = Fe,03 + AsyO3(g) + 250,(g) 1)

© As203

0 P U Pl 18] Pefoog
10 20 30 40 50 60 70 80 90
26 (°)

Figure 3. (a) Arsenic removal from mixed ore by roasting in resistance furnace with quartz tube under
air atmosphere and 1000 °C; (b) Collected As,O3 powers condensed in cold beaker; (¢) XRD spectra of
collected As,O3 powers condensed in cold beaker.
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Table 3. Arsenic removal rate of ore subjected to roasting.

Arsenic Removal Rate in Air
Atmosphere/wt %

Arsenic Removal Rate in Nitrogen
Atmosphere/wt %

Temperature/°C
Before After Arsenic Before After Arsenic
Roasting Roasting Removal Rate Roasting Roasting Removal Rate
700 4.31 3.78 12.30 4.31 1.000 76.80
800 4.31 3.86 10.44 4.31 0.186 95.68
900 4.31 0.88 79.58 4.31 0.051 98.82
1000 4.31 0.57 86.77 4.31 0.027 99.37

Table 3 summarizes how arsenic can be removed from arsenopyrite-bearing iron ore by roasting
in an air atmosphere or nitrogen atmosphere. The arsenic removal rate increases with the increase of
temperature from 700 to 1000 °C. The arsenic removal rate by roasting method in an air atmosphere
is less than that in the nitrogen atmosphere. The arsenic removal rate in the air atmosphere is
poor at 700-800 °C, and the arsenic removal rate is about 12%, while the rate is 76.8-95.68% in the
nitrogen atmosphere.

4. Discussion

4.1. Thermodynamic Calculation of Mixed Ore Subjected to Roasting

In order to explain the reason for the increase in arsenic removal rate with increasing temperature
during roasting, the thermodynamic calculations of the roasting mixed ore in the air atmosphere were
carried out by FactSage 7.0 (version 7.0, Thermfact/CRCT, Montreal, Canada, GTT-Technologies, Ahern,
Germany) thermodynamic software. The effect of partial pressure of oxygen on the residual arsenic
rate at different temperatures was calculated as shown in Figure 4. The results show that arsenate is the
residual product in air roasting of arsenic-bearing ores at 700-1000 °C. Figure 4 shows that excessive
partial pressure of oxygen is not beneficial to arsenic removal. Moreover, with the decrease of roasting
temperature from 1000 to 700 °C, arsenic removal requires lower partial pressure of oxygen, which is
the reason why the arsenic removal rate at 700 °C is lower than that at 1000 °C.
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Figure 4. Effect of partial pressure of oxygen on residual rate at different temperatures.

The arsenic removal rate by roasting method in the air atmosphere is poor, which is probably
attributed to the reaction between As;O3 and oxygen to generate As,Os, and then the As,Os reacts
with other oxides (Fe;O3, Al,O3, CaO) via Equations (2) to (4) to generate arsenate. Thus, the roasting
product contains a variety of arsenic residues. The arsenic removal rate at 900-1000 °C increases to
79.58-86.77% in air; the formation rate of As,Oj is accelerated at high temperature, and a large amount
of gas escapes rapidly.

As;05(g) +O,(g) + Fe,03 = 2FeAsO, )
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A:05(g) +O,(g) + ALOs = 2A1AsO, 3)
As;03(g) +0,(g) +3Ca0 = Cay(AsOy), 4)

4.2. X-Ray Diffraction Analysis of the Roasted Ore and Dust in Different Atmospheres

The XRD spectra of the roasted ore in air and nitrogen atmospheres are shown in Figure 5a,b,
respectively. In the raw material ore, arsenic exists in the form of FeAsS (Figure 5a, bottom). Figure 5a
shows the disappearance of peaks of FeAsS due to its decomposition when the ore was roasted at
700-1000 °C, and a small amount of peaks of AlAsOy at 800 °C and As;O3 at 1000 °C appear for the
roasted ore, indicating that FeAsS underwent decomposition via Equation (1) and As,O5(g) underwent
reaction via Equation (3). Figure 5b demonstrates that the arsenic removal by roasting in the nitrogen
atmosphere is more thorough, and the peaks of arsenates and As;Oj3(s) are not found in XRD spectra of
roasted ore. The reaction of arsenic removal is mainly carried out via Equation (1). The investigation
of the mechanism on arsenic removal by roasting method proves that arsenic is mainly removed in
the form of gaseous As;O3(g) in the oxidation or nitrogen atmosphere, while the residual arsenic is
mostly arsenate.
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Figure 5. XRD spectra of the roasted ore and dust in: (a) Air and (b) nitrogen atmosphere.

4.3. Mechanism Research on Arsenic Removal by Roasting Method and Scanning Electron Microscopy and
Energy-Dispersive X-Ray Spectroscopy Analysis

Arsenic removal efficiency in the air atmosphere was found to be poor. Therefore, the arsenic
residual form in the roasted sample under an air atmosphere was further studied by SEM coupled with
EDS. Figure 6 shows the SEM images of the roasted ore under an air atmosphere at different roasting
temperatures. Chemical composition of the raw ore and roasted ore is shown in Table 4. Figure 6a
demonstrates that arsenic and sulfur occur simultaneously in the raw material, and arsenic is present

62



Processes 2019, 7, 754

in the form of FeAsS. Figure 6b shows that arsenic is found in the samples roasted at 700 °C; however,
sulfur is not found, which indicates the decomposition of FeAsS, where arsenic is present in FeAsO,
and Ca3z(AsOy),. Figures 5 and 6¢ show that the arsenic in the roasted ore is present as A1AsO, and
FeAsOy at 800 °C, respectively. The results exhibited in Figure 6d,e are similar to those shown in
Figure 6¢. The abovementioned SEM and EDS results further confirm that arsenic is removed in the
form of As,O3(g) by roasting in the air atmosphere, and the residual arsenic reacts with oxide in the
ore to generate arsenates.

Table 4. Chemical composition of the raw ore and roasted ore.

Atomic Ratio of Elements/at %

Mg Al Ca Cr Si S Mn Fe Ni As Nb o

Figure No.  Point No.

A - - - - 5.40 - - 33.53 - - - 61.08
B 597 - - - 10.86 - - 22.20 - - - 60.98
6a C - 918 - - 6.73 - - 22.75 - - - 61.35
(raw ore) D - - - - 750 026 043 28.61 - 1.64 - 61.57
E - - - - - - - 40 - - - 60
F - - - - - 591 - 32.42 - 0.48 - 61.18
G - - - - 723 214 - 22.82 - 5.08 - 62.73
A - - - - 7.30 - - 2431 - 0.082 4.36 63.21
B - - - - 11.16 - 115 2435 0.80 0.70 - 61.84
6b C - - - - 3.12 - - 35.84 - 0.42 - 60.62
(700 °C) D - - 046 - 10.45 - - 2506 042 1.70 - 61.92
E - - 0.64 - 8.38 - - 28.03 - 0.81 - 61.65
F - - - 036 7.73 - - 29.08 - 1.28 - 61.55
G - - - - 2.10 - - 37.48 - - - 60.42
A - - - 0.36  10.00 - 038 27.33 - - - 61.92
B - - - 034 842 - - 29.56 - - - 61.68
C - - - - 22.59 - - 12.55 - 0.34 - 64.52
6¢ D - - - - 11.86 - - 25.76 - - - 62.37
(800 °C) E - - - - 8.02 - 349 27.58 - - - 60.91
F 259 - - - 19.04 - - 15.08 - - - 63.29
G - - - - 24.37 - 040 9.85 - 0.58 - 64.79
H - - - - 12.95 - - 19.00 - 025 372 64.08
A - - - - 9.79 - - 28.25 - - - 61.96
B - - - - 7.12 - - 23.55 - 2.00 422 63.11
6d C - - - - 9.72 - - 25.08 - 3.25 - 61.94
(900 °C) D - 701 - 039 3.87 - - 27.95 - - - 60.77
E - - - 046 6.49 - - 31.75 - - - 60.30
F - - - 034 544 - - 32.65 - 0.49 - 61.09
A - - - 096 7.34 - - 30.23 - - - 61.47
B - 116 - - 1.75 - - 36.74 - - - 60.35
o S A
(1000°C) E - - - - 245 - - 3338 - 168 - 6049
F - 089 - 049 16.73 - - 18.54 - - - 63.35
G - - - 1.02  8.67 - - 26.13 - 244 - 61.73
Note: “-” Represents “below the detection limit”.
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Figure 6. SEM images of the roasted ore in air atmosphere and at different roasting temperatures: (a)
Raw material; (b) 700 °C; (c) 800 °C; (d) 900 °C; (e) 1000 °C.

4.4. Route for the Recovery of Arsenic from Arsenic-Bearing Dust Ash

The arsenic recovery experiment by roasting in the atmosphere of air, anaerobic and reducing,
was carried out with the dust ash containing 10% As,O3 powder [20]. The experiment confirms that
arsenic recovery from dust ash by roasting in the atmosphere of air or an anaerobic atmosphere is
difficult, and that arsenate easily remains in the dust ash. Figure 7 shows the effect of temperature on
arsenic-containing products in dust ash by reduction roasting. Thermodynamic calculation of arsenic
recovery by roasting under a reduction environment shows that arsenic is not easy to be removed from
dust and that arsenate is easy to be formed when the roasting temperature is below 390 °C. The arsenic
is easily volatilized and recovered when the dust is roasted above 390-890 °C, but it is easy to produce
arsenate when the dust ash is roasted above 890 °C, which affects the recovery of arsenic.
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Figure 7. Effect of temperature on arsenic-containing products in dust ash by reduction roasting.

4.5. Effect of Carbon Mass Ratio on Arsenic Removal Products of Dust Ash by Roasting

According to the dust ash in Table 2, the thermodynamic calculation of the effect of carbon powder
on arsenic removal products was done using FactSage 7.0. Figure 8 shows the results of the effect of
carbon ratio on arsenic removal products of dust ash by roasting using thermodynamic calculations.
When the arsenic-bearing dust ash was roasted with a carbon mass ratio increasing from 0 to 1.83%,
the percentage of residual solid AIAsOy(s) in dust ash gradually decreased from 100% to 0, and the
percentage of gaseous As;O3(g) gradually increased to 100%. When the arsenic-bearing dust ash was
roasted with a carbon mass ratio was below 1.63%, the arsenic removal products were the majority
of AlAsOy(s) and a small amount of As;O3(g). When the carbon mass ratio was 1.83%, the arsenic
removal product was almost volatilized in the form of As;O3(g). Subsequently, with the increase of
carbon mass ratio, the percentage of volatile As,O3(g) gradually decreased, while the percentages
of Asy(g) and Asy(g) gradually increased. When the carbon mass ratio increased to 5%, arsenic was
almost removed by volatilization of Asy(g) and Asy(g).
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Figure 8. Effect of carbon ratio on arsenic removal products of dust ash by roasting.

The arsenic recovery experiment by roasting in the reducing atmosphere was carried out with
dust ash containing 2% carbon powder. Figure 9a shows the recovered products condensed on the
edge wall of the quartz tube. Figure 9b exhibits the XRD spectrum of the recovered products. The
recovered products are almost As;O3(g). Figure 9c is the XRD spectrum of the roasted dust ash, and
the peak of arsenic is almost invisible in the XRD spectrum. By comparing dust ash before roasting in
Figure 2, it can be seen that almost all arsenic in the dust ash has been volatilized and recovered in the
low-temperature section at the end of the quartz tube. Thermodynamic calculation of Figure 8 shows
that arsenic volatilized in the form of gaseous As;O3(g) when dust ash was roasted with 2% carbon.
The results demonstrate that the thermodynamic calculation results are in good agreement with the
experimental results.
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Figure 9. (a) Volatile compounds photograph, (b) XRD spectrum of volatile compounds collected
during roasting dust ash, and (c) the dust ash after roasting.

5. Conclusions

M

@

©)

Arsenic in arsenopyite-bearing iron ore can be removed by roasting method in an air or
nitrogen atmosphere;

The mechanism of arsenic removal by roasting method indicates that the efficiency of arsenic
removal by roasting in air is less than that in nitrogen atmosphere. The poor arsenic removal
efficiency at low temperature and in an air atmosphere is due to the formation of arsenates by
the reaction of As,O3(g) with other oxides in the strong oxidizing atmosphere. Lower partial
pressure of oxygen is required to ensure an effective arsenic removal rate when arsenic-bearing
ore is roasted at lower temperatures. Arsenic is removed in the form of As;O3(g) by the roasting
method, and residual arsenic reacts with oxides in the ore to generate arsenates.

The arsenic recovery from dust ash by roasting in the atmosphere of an air or anaerobic atmosphere
is difficult, and arsenic easily reacts with oxides to form arsenate and remains in the dust ash. The
method of roasting in a reducing atmosphere is feasible for arsenic recovery from dust ash. When
the arsenic-bearing dust ash is roasted with a carbon mass ratio below 1.63%, the arsenic removal
products are the majority of A1AsO,(s) and a small amount of As;O3(g). When the carbon mass
ratio is 1.83%, the arsenic removal product is almost volatilized and recovered in the form of
A$;05(g).
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Abstract: Carbon solution loss reaction of coke gasification is one of the most important reasons for
coke deterioration and degradation in a blast furnace. It also affects the permeability of gas and fluids,
as well as stable working conditions. In this paper, a three dimensional model is established based
on the operational parameters of blast furnace B in Bayi Steel. The model is then used to calculate
the effects of oxygen enrichment, coke oven gas injection, and steel scrap charging on the carbon
solution loss ratio of coke in the blast furnace. Results show that the carbon solution loss ratio of coke
gasification for blast furnace B is almost 20% since the results of a model are probably only indicative.
The oxygen enrichment and the addition of steel scrap can reduce the carbon solution loss ratio with
little effect on the working condition. However, coke oven gas injection increases the carbon solution
loss ratio. Therefore, coke oven gas should not be injected into the blast furnace unless the quality of
the coke is improved.

Keywords: blast furnace; coke; carbon solution loss; numerical simulation

1. Introduction

CO; emission is a global problem that affects many countries. Ironmaking processes contribute
significantly to CO, emission, and this is the case especially with blast furnace process, which produces
more than 90% of the world’s pig iron. The blast furnace is a chemical reactor involving counter-current
flows of gas and solid [1-3]. Iron-bearing materials and coke are charged in turn at the top of the
furnace. Hot air, enriched oxygen, and pulverized coal are blown into the furnace through the tuyeres.
Iron-bearing materials are reduced by the reducing gas containing CO and Hj, which are generated
from the combustion of coke and coal in the cavity around the exit of a tuyere called the raceway [2—4].
The hot reducing gas flows upward, heats up the iron-bearing materials, and escapes from the top in
the form of CO,, CO, Hy, H,O and Nj. Coke has several functions in a blast furnace: a fuel providing
the heat for chemical reactions and for the melting of iron and slag; a reducing agent in itself and also
providing gases for iron oxide reduction; and a permeable skeleton providing a passage for liquids and
gases [5]. Therefore, it is very important for the efficiency of the blast furnace process and the quality
of the hot metal. The carbon solution loss reaction of coke is a main means of coke gasification for the
coke consumption in the upper part of the blast furnace. The strength and the size of the coke will
deteriorate with the carbon solution loss reaction when the coke moves towards the lower zones of the
blast furnace. This greatly affects the permeability of the bed and the efficiency of the process [1,5].
Therefore, the carbon solution loss of the coke should be restricted.
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By conducting experiments under real blast furnace gas-temperature conditions, Babich et al. [6]
found that the reaction rate of the coke close to the wall of the blast furnace was higher than that in the
center of the furnace. By studying the reactivity of cokes charged in an experimental blast furnace,
Lundgren et al. [7] found that the carbon solution loss reaction in the blast furnace was limited by the
diffusion rate. Hilding et al. [5] found that the reactivity of coke increased when coke moved from the
thermal reserve zone to the cohesive zone of the experimental blast furnace. Having investigated the
transformation of mineral matters of cokes in the blast furnace, Gornostayev et al. [8] reported that this
reduced coke reactivity by covering the pore wall. Loison et al. [9] stated that the carbon solution loss
reaction occurred under a mixed regime in the thermal reserve zone of the blast furnace. When the
temperature was raised, the chemical reaction rate increased exponentially and the diffusion rate was
limited to the amount of CO, gas. Sato et al. [10] stated that the coke pore structure modified the
available carbon surface area for the carbon solution loss. Alkalies have catalytic effects on the solution
loss reaction, and they can decrease the threshold temperature to approximately 760 °C [5,11,12].
Fe, CaO and MgO in coke ash are also shown to have a catalytic effect on solution loss [13,14]. However,
the effects of different operational parameters on the carbon solution loss ratio are seldom studied.
Physical experiments and mathematical modelling are common ways of investigating carbon solution
loss. Several continuum models have been applied to improve practical operations of the ironmaking
process especially in a blast furnace [15-19].

Therefore, in the present work, a three dimensional model of carbon solution loss of coke is
established based on the actual production data of blast furnace B in Bayi Steel. The model is then
used to analyze the effects of oxygen enrichment, coke oven gas injection and steel scrap charging
on the carbon solution loss ratio of coke in the blast furnace. The research provides the theoretical
reference and technical direction for Bayi Steel to control the carbon loss solution of coke.

2. Model Establishment

The geometric model of a blast furnace was established based on blast furnace B in Bayi Steel of
Baowu Group in China, and it was a one-sixth (60 degree section) sector of the blast furnace. The total
height of the model was 27.43 m, as shown in Figure 1, where, for the sake of simplification, the part
below the taphole in the blast furnace hearth is not included.

(a) (b) ()
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8.50x10"
8.00%10"
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5.00x10° )
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Figure 1. Geometric and mesh models and volume fraction distribution of solid phase of blast furnace
B in Bayi Steel of Baowu Group (a) geometric model; (b) mesh model; (c) volume fraction distribution
of solid phase.
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Both gas and solid phases were considered. The gas phases were the same as those in practice,
including CO, CO,, Hy, HyO and Nj. The density of gas phase was calculated by the ideal gas law.
The solid phase was simplified to include Fe,O3, Fe304, FeO, Fe, and C. Other components were not
considered for the sake of simplicity. The density of solid phase was 4190 kg'm~3, the same as the
apparent density of the original solid material. Both gas phase and solid phase were considered as
continuous phases using the Eulerian method. The mass, energy, and species transfer can be described
by Equation (1) under steady state [20,21].

Viap-pp-¢- ﬁn) =V(ay-T-V(§)) + S¢ 1)

where p is the phase. I and S are the effective diffusivity and the source respectively, varying with
respect to the different variables ¢ as listed in Table 1 [21-25].

Table 1. Parameters in Equation (1).

Items. ¢ r So
N
continuity 1 0 Mo - ;1 Ry
V’l—z\l
_MO : Z Ry
n=1
- = — o
momentum ig 0 V-7g tsg(—VP +pg- g)j Fgs
Vs V- Ts+ e (-VP+ps- )
N
energy Hg Ke/Cpg Egs+Mo- Y. (Ry-AHT)
n=1
N
B R e E resD

R, refers to different reactions.

= — - T 2 — =
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g (1—fg)2'Hg Pg'fs'|;s—;g| - -
Fgs = —[150- S T I |- (vs—vg)
6-ke g &
Ege = ————5.(20+0.6-Rel/2 - Pr}/?) - (T, - Ty)

d
The chemical reactions between gas phase and solid phase are as follows, including the indirect
reduction of iron oxide (Reactions 1-6), carbon solution loss reaction (Reactions 7), water gas reaction

(Reaction 8), water gas shift reaction (Reaction 10), combustion reaction of C and Hj (Reaction 9 and 11),
and so on.

3Fe;034+CO — 2Fe304+CO; Reaction 1
Fe304+CO — 3FeO + CO, Reaction 2
FeO + CO — Fe + CO, Reaction 3
3Fe;O3+Hy — 2Fe304,+H,0 Reaction 4
Fe;O4+Hy — 3FeO + H,O Reaction 5
FeO + Hy — Fe + H,O Reaction 6
C+COp «—2CO Reaction 7
C+H;0 «— CO+H, Reaction 8
C+ 0Oy —» COy Reaction 9

CO + H;0 «— COy+H; Reaction 10
H,+0.50, - H,O Reaction 11

The three-interface unreacted core model was used to calculate the chemical reaction rates, and
the physical chemistry data were taken from Perry et al.’s book [26]. The reaction rate constants of the
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indirect reduction of iron ore by CO or Hj, carbon solution loss reaction, water gas reaction, combustion
of carbon and water gas shift reaction were taken from other work [27-30]. The combustion rate of
H; with O, was taken from Kuwabara et al.’s work [31]. The effective diffusion coefficients were
taken from other work [27-30]. The viscosity and thermal conductivity of gas were obtained from the
literature [18,32-34]. The chemical reaction rates are as follows.

Apg Wco,g  WCOyg
Ry= =2V ap (K - =228 2)
w mZ—‘l (Ko Mco  Mco, )
Apg Wco,y  WCO,g
Ro= 8N gy (Ko — 028 3)
w mZ:"l (Ko Mco  Mco, )
Apg Wco,y  WCO,g
Ry =—= ) a3u(Knsr" - 4)
w mZ:"l (Ko Mco  Mco, )
Apg ¥ WHyg  WHOg
Ry = —8 Kpy—28 - 208 5
4 W 7;”4,m( m MHZ MHZO ) 5)
6
60 - €5 Pg WH,,¢ WHO,¢
Rs = Lg K28 — 6
5 ((PS ds )W,;l”&m( m My MHZO ) (6)
Apg ¥ WHyg  WHOg
Ry = —= K - 7
6 W mZ:;;aé’m( m MHZ MHZO (7)
k71 Pco,wcpse
K= »p . ks; ®
720'co +k73Pco,
kg 4 PH,0WC Ps€s
Rs = s84PH,00Cps )
1+ kS,ZPCO + k8,3PCOZ + kS,SPHZO
; -1
1 EgPgWO, Ps 1
Ro = 2400 [ M 2] Tfmb + w (10)
1+ 2500 exp(—wéﬁg) 0, || ADG sh ko
Rip = &s(kioq + K10k10,2)(PCOPHZO - Pco,Ph,/ KlO)PHZO (11)
-1
Pgwi( 1 1 )
Ry = =52 +— 12
UM Ak ki 1)

In the numerical solution of the arising differential equations, a structured grid was applied.
The average mesh size is 40 mm. The sensitivity study of mesh size was carried out with average
size of 100 mm, 80 mm, 60 mm, 40 mm, 30 mm, and 20 mm. The difference of top gas temperature
between 60 mm and 40 mm is 4.9% while that between 40 mm and 30 mm is within 0.5%. This suggests
that the mesh size of 40 mm is reasonable and confirms the mesh independence. The model contains
261,131 nodes and 248,496 hexahedral cells.

The assumptions for this model were as follows: (1) The powder phase was not considered;
(2) Other chemical reactions such as flux decomposition and reduction of non-ferrous compounds were
ignored; (3) The melting of solids was ignored.

The main operational parameters of the blast furnace in 2018 are listed in Table 2, where HM is
the abbreviation of hot metal.
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Table 2. Main operational parameters of the blast furnace.

Parameters Value Unit
Coke rate 455 kg-ton HM™!
PCI rate 101 kg-ton HM ™!
Production 4456 ton HM-d~!
Blast flowrate 4198 Nm?3-min~!
Blast temperature 1122 °C
Oxygen enrichment ratio 0 %
Blast pressure 339 kPa
Blast humidity 5.00 g~m’3
Burden feed amount 7508 ton-d~!

The total Fe content in the mixed iron-bearing materials was 56.20%, and the total C contents
in the coke and coal were 87.38% and 62.46%. Based on the material and energy balances, Fe in the
mixed iron-bearing materials was converted to Fe;O3 and only C in the coke was considered. The coal
injection and the oxygen of the blast at the tuyere were converted to CO. Therefore, the mass fraction of
Fe;O3 and C were 77.05% and 22.95% at the top of blast furnace, respectively. The volume fraction of
the solid phase was fixed, as shown in Figure 1c. The burden velocity distribution was firstly calculated
with a simple model without taking into account heat and energy transfer. The results of burden
velocity were then loaded to the present complex model taking into consideration all the transfers and
reactions. The top gas pressure in the blast furnace was 194 kPa. The gas compositions at the tuyere
were N»-74.92 vol%, 0,-15.34 vol%, CO-9.15 vol%, H,O-0.59 vol%. The conservation equations were
solved numerically by the finite volume method with commercial software ANSYS FLUENT (release
17.0) [35]. The Eulerian multiphase module was used in this model. The first order upwind scheme
was used for discretization of density, momentum, volume fraction, energy, gas and solid species, and
so on. The Phase Coupled SIMPLE method was applied [21,30]. The simulation was considered to
have converged when the residuals for each variable were less than 107, The solution flow chart is
shown in Figure 2.

’ Pre-calculate initial conditions ‘
|
1

’ Calculate fluid flow fields ‘

’ Calculate temperature fields ‘

’ Calculate concentration fields ‘

Rough
convergence
without chemical
reactions

Re-calculate fluid flow. temperature and
concentration fields taking into account
chemical reactions

Convergence?

Figure 2. Solution flow chart of the simulation.
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3. Results and Discussion

3.1. Base Model

The gas compositions at the top of the blast furnace calculated from this model were verified
against some measured results of practical production as shown in Table 3, where H,O is not listed
since it was not measured in the practice. The maximum relative error between the measured and
calculated results is 6.3%. Therefore, the present model is considered to be applicable to carry out the
further simulation.

Table 3. Comparison between practical values and simulated values.

Parameters Practical Value Simulated Value Relative Error

top gas composition in mole fraction

CO 22.8% 24.0% 5.3%

CO, 18.6% 18.9% 1.6%

H, 2.45% 2.38% 2.9%

top gas temperature 229.6 °C 244.0°C 6.3%
top gas pressure 194.7 kPa 200.6 kPa 3.0%

Figure 3 shows the mass fraction distribution of carbon in the blast furnace under base

operational condition.
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Figure 3. Coke mass fraction distribution in the blast furnace under base operational condition.

It can be seen from Figure 3 that the carbon mass fraction in the blast furnace firstly increases, then
decreases after reaching a maximum in the middle. The reason for the increase is that the reduction
reactions take place in the middle-upper part of blast furnace, and this leads to the decrease of the
ferrite oxide mass fraction. The reason for the decrease of the carbon mass fraction is that carbon
solution loss takes place in the lower part of the blast furnace.

The absolute consumption amount of carbon at a certain height of the blast furnace can be
calculated based on the material balance. The carbon solution loss ratio of coke can be calculated by

_ Mmc—c

% 100% (13)
mc-rt

where mc_c and mc_r are the amounts of carbon consumed by the carbon solution loss reaction and
the total carbon input from the blast furnace top, kg.
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The carbon solution loss reaction taking place in the middle-upper part of blast furnace further
reduces the quality of the coke and results in the poor performance of the blast furnace. Therefore the
mean temperature of the cohesive zone is adopted as the boundary of the carbon solution between the
middle-upper part and the lower part of the blast furnace. The average temperature of the boundary is
1300 °C. The yc at this boundary is 18.61%.

3.2. Oxygen Enrichment Ratio

The oxygen enrichment mode in the present work is that the flowrate of the hot blast is constant.
Oxygen is added to the blast and forms a mixture of air and oxygen. The amount of coal changes
with the oxygen enrichment ratio. Based on the practical data, the coke rate decreases by 5 kg-t~! and
produced hot metal increases by 3.3% when the oxygen enrichment ratio increases by 1%. As a result,
the amounts of gas, coal, coke, and production can be determined, and the compositions of injected
gas and top gas are then calculated based on the balances of Fe, C, H and O. Table 4 presents the
typical parameters when the oxygen enrichment ratio varies from 1% to 5% at a step of 1%, where the
production, coke rate and coal rate at 1-5% are calculated based on the above balance calculations.
The temperature profiles at different oxygen enrichment ratios are shown in Figure 4. The carbon
solution loss ratio is also calculated after simulation, as shown in Figure 5.
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2.45x10°
2.37x10°
2.26x10°
2.14x108
2.03x10°
1.91x10°
1.80x10¢
1.68x10°
1.57x10°
1.45%10°
1.34x10°
1.22x10°
L1lx10°8
9.90x10?
8.75x10%
7.60<10
6.45%x10%
5.30x10%
4.15x%10?
3.00x10?

0% 1% 2% 3% 4% 5%
oxygen enrichment ratio

Figure 4. Temperature profiles at different oxygen enrichment ratios.

It can be seen from Figure 4 that the temperature increases in the lower zone of the blast furnace
with the increase of oxygen enrichment ratio while decreases a little in the upper zone of the blast
furnace. At 5% oxygen enrichment ratio, the facet average temperature at 4 m height (the average
temperature of the horizontal plane at 4 m height) increases by 85 °C from the base model. This indicates
that the cohesive zone narrows with the increase of oxygen enrichment ratio.

Table 4. Typical parameters when the oxygen enrichment ratio changes.

Oxygen Enrichment Ratio (%) 0 (Base) 1 2 3 4 5
Production (ton HM-day ") 4431 4577 4723 4869 5015 5161
Coke rate (kg-ton HM™) 462 457 452 447 442 437
Coal rate (kg-ton HM™1) 97 105 113 121 129 137
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Figure 5. Carbon solution loss ratio at different oxygen enrichment ratio.

It can be seen from Figure 5 that the carbon solution loss ratio decreases gradually as the oxygen
enrichment ratio increases. For each 1% increase of the oxygen enrichment ratio, the carbon solution
loss ratio decreases by about 0.47%. The reason may be as follows. Firstly, productivity increases
while the coke feed rate is kept constant after the oxygen enrichment, which reduces the proportion
of coke in the solid. This results in less contact between the gas and the coke. Secondly, the increase
of coal injected after the oxygen enrichment leads to an increase of CO content in the lower part of
the blast furnace, which limits the carbon solution loss reaction. Thirdly, the burden descending
velocity increases after the oxygen enrichment, which causes the residence time of burden to decrease.
This makes the carbon loss solution less sufficient.

The carbon consumption decreases and blast furnace productivity increases with the increase
of oxygen enrichment. Therefore a higher oxygen enrichment ratio is better for preserving carbon
saving and increasing production. However, oxygen enrichment has a great impact on the temperature
distribution of the blast furnace, and especially increases the theoretical combustion temperature around
the raceway. In the present study, when the oxygen enrichment rate increases by 5%, the theoretical
combustion temperature increases by 200 °C, which is still within the normal range of the blast furnace
of Bayi Steel. The gas temperature in the top decreases by 44 °C, but is still higher than the 150 °C,
which is acceptable for normal production. The actual average oxygen enrichment rate in Bayi Steel is
about 3%, so it can be increased to 5% based on the above analysis.

3.3. Coke Oven Gas Injection

In order to decrease the CO, emissions of the blast furnace, coke oven gas was mixed with hot
blast and injected from tuyeres. Table 5 shows the composition of the coke oven gas in Bayi Steel.
The total amount of coke oven gas and blast gas was kept constant when injecting the coke oven gas.
The proportion of coke oven gas in the gas mixture was from 3% to 15% at a step of 3%.

Table 5. Composition of coke oven gas.

Element CHy H, CO, co (0] N,
Volume fraction(vol%) 26.0 58.0 2.0 8.0 0.5 55

The CH,4 and O in coke oven gas were converted to CO and H; for simplicity. The replacement
ratio of coke oven gas to coke was 0.4 kg~Nm‘3. Therefore, for each 3% increase of coke oven gas, the
oxygen enrichment rate increased by 0.55%. The production increased by 246 ton HM and the coke
ratio decreases by 16kg-ton HM~1. The temperature profiles at different coke oven gas injection ratios
are shown in Figure 6. The carbon solution loss ratio under different coke oven gas injection ratios was
also calculated after simulation, as shown in Figure 7.
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Figure 6. Temperature profiles at different proportions of coke oven gas injected.

It can be seen from Figure 6 that the temperature decreases with the increase of the proportion of
coke oven gas injected, and the temperature in the middle zone increase relatively more. When the
proportion of coke oven gas injected is 15%, the facet average temperature at 14 m height decreases
by 210 °C than the base model. This suggests that the cohesive zone widens with the increase of
proportion of coke oven gas injected.
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Figure 7. Carbon solution loss ratio at different amount of coke oven gas injected.

It can be seen from Figure 7 that the carbon solution loss ratio of the coke increases gradually as
the coke oven gas injection increases. For each 3% increase in the coke oven gas injection ratio, the
carbon solution loss ratio of coke increases by an average of 0.83%. The carbon solution loss ratio of
the coke increases by 4.15% when the coke oven gas injection is 15%.

The reason may be that the replacement of hot blast with coke oven gas leads to an increase of Hj
in the gas mixture due to the high H; content of the coke oven gas. This results in a higher H,O content
in the blast furnace due to the reduction reaction of the H; and iron ore. The higher H,O content may be
part in a water gas reaction, which increases the reaction of the carbon solution loss. The temperature
of the strong reaction between the coke and the H,O is from 800 to 1300 °C. The average H,O content
in the gas in the blast furnace increases from 2.45% to 8.67% when the coke oven gas ratio increases
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from 0% to 15%. Moreover, the high temperature zone shrinks after the injection of the coke oven gas,
which leads to the expansion of the zone for the reaction of the carbon solution loss.

Therefore, on the one hand, coke oven gas can reduce the coke rate and CO; emission of the
blast furnace as a hydrogen-rich gas. On the other hand, the injection of coke oven gas causes the
temperature in the lower part of the blast furnace to decrease and the carbon solution loss to increase,
which impairs the operation of blast furnace. Therefore, coke oven gas should not be injected into the
blast furnace in Bayi Steel in its present condition. Coke oven gas should only be injected only if the
carbon solution loss is low enough, and it should be done a higher gas temperature and with better
coke quality of a high M40 and a high CSR (coke strength after reaction).

3.4. Steel Scrap Charging

Since the steel market has been strong in China recently, steel scraps are charged so as to increase
production. The metallic iron (MFe) of steel scrap is 52.29% and the FeO is 9.07%. The steel scrap is
added when the total amount of iron-bearing materials is kept constant. The proportion of steel scrap
is from 0% to 10% at a step of 2%, as shown in Table 6, where the absolute amount is also illustrated.
For each 2% increase of steel scrap, the oxygen enrichment ratio increases 0.06%, the coke rate decreases
4 kgton HM™, and production increases 70 ton HM while the coal rate and the amount of hot blast
remain unchanged. The temperature profiles at different proportions of steel scrap added are shown in
Figure 8. The carbon solution loss ratio is calculated after simulation, as shown in Figure 9.

Table 6. Amount of steel scrap added.

Proportion of Steel Scrap Added (%) 2 4 6 8 10
Absolute value(ton-day’l) 149.7 299.3 448.9 598.6 748.3
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Figure 8. Temperature profiles at different proportions of steel scrap added.

It can be seen from Figure 8 that the temperature increases a little in the lower zone of the blast
furnace with the increase of the proportion of steel scrap added, but the degree is very small. When the
proportion of steel scrap added is 10%, the facet average temperature at 4 m height increases by 22 °C
than the base model. Hardly any difference of temperature in the upper zone of the blast furnace can
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be found. This indicates that the cohesive zone only narrows a little with the increase of the proportion
of steel scrap added.
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Figure 9. Carbon solution loss ratio at different amounts of steel scrap added.

The carbon solution loss ratio decreases gradually as the proportion of steel scraps added increases;
when 10% steel scrap is added, it decreases by 2.6%. The reason may be that the amount of iron ore
that needs to be reduced decreases when steel scraps are added in the top of blast furnace since steel
scrap provides iron content that does not need reduction. However, this leads the utilization ratio of
the gas to decrease. The ratio decreases by 1.32% when the proportion of steel scraps increases to 10%.
As a result, the CO content in the gas increases while the CO, content decreases. This also leads to
a decrease of the carbon solution loss ratio.

It should be noticed that the addition of steel scrap reduces the gas utilization ratio, and also the
temperature in the upper part of the blast furnace. But the reduction in the gas utilization ratio and the
temperature of the upper part of the blast furnace is small and within acceptable limits. Therefore,
the addition of steel scrap is beneficial for the operation of blast furnace in the aspect of carbon solution
loss. Steel scrap can be added to the blast furnace in appropriate amounts.

4. Conclusions

A three dimensional model was established to analyze the carbon solution loss of coke based
on the practical operational parameters of blast furnace B in Bayi Steel. The model was then used to
investigate the effects of the oxygen enrichment ratio, the injection of coke oven gas, and the addition
of steel scraps on the carbon solution loss ratio of the coke. The conclusions are as follows.

(1) The carbon solution loss ratio of the blast furnace studied is 18.61% when the coke reaches
1300 °C.

(2) The carbon solution loss ratio decreases with the increase of the oxygen enrichment ratio or
when a certain proportion of steel scraps is added, while it increases with an increase in the amount of
coke oven gas injected.

(3) The oxygen enrichment ratio and the proportion of steel scraps added can be increased to 5%
and 10%, respectively in order to reduce the carbon solution loss without affecting the operation of the
blast furnace.

(4) The injection of coke oven gas is not recommended given the current condition of blast furnace
B of Bayi Steel.
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Nomenclature

A specific surface area/m™"

D binary diffusivity for specie i and j/m-s~>
Cpp specific heat capacity of phase p/J-kg™1-K™!
ds solid particle diameter/m

Eqgs volumetric heat flux/]-m=3

?gs gas-solid drag force/N

g gravitational acceleration/m-s~>

H, specific enthalpy of reaction n/J-kg~!

Hp specific enthalpy of phase p/J-kg™!

I identity tensor/-

k kinetic constant for reaction/-

k¢ film mass transfer resistance/m-s~!

kp thermal conductivity of p phase/W-m~1.K!
Kp equilibrium constant of reaction n/-

M; molecular weight of specie i/kg-kmol ™
me.c amount of carbon consumed by carbon solution loss reaction/kg
me.r total carbon input from the blast furnace top/kg
P pressure/Pa

Pr Prandtl number/-

Re Reynolds number/-

R, rate of reduction reaction n/kmol-m3-s7!
Sh Sherwood number/-

So source term for variable ¢ in Equation (1)
Ty temperature of phase p/K

;p physical velocity of phase p/m-s™!

Ve carbon solution loss ratio of coke/%

Greek Symbols

&p volume fraction of phase p/-

Pp density of phase p/kg-m~3

¢ general dependent variable in Equation (1)
Ty diffusion coefficient for variable ¢ in Equation (1)
tip viscosity of phase p/kg-m 1571

%p stress tensor of phase p/Pa

@ mass fraction/-

Subscripts

8 gas

s solid

4 phase
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Abstract: It is of critical importance to keep a steady operation in the blast furnace to facilitate
the production of high quality hot metal. In order to monitor the state of blast furnace, this article
proposes a fault detection and identification method based on the multidimensional Gated Recurrent
Unit (GRU) network, which is a kind of recurrent neural network and is highly effective in handling
process dynamics. Comparing to conventional recurrent neural networks, GRU has a simpler
structure and involves fewer parameters. In fault detection, a moving window approach is applied
and a GRU model is constructed for each process variable to generate a series of residuals,
which is further monitored using the support vector data description (SVDD) method. Once a fault
is detected, fault identification is performed using the contribution analysis. Application to a real
blast furnace fault shows that the proposed method is effective.

Keywords: gated recurrent unit; support vector data description; time sequence prediction;
fault detection and identification

1. Introduction

Maintaining the blast furnace system at a stable status is critical to ensure efficient production
of high-quality blast furnace hot metal [1]. Therefore, condition monitoring of the blast furnace
ironmaking process becomes a significant issue. During the operation of blast furnace ironmaking
process, different kinds of faults may happen, such as hanging, low stockline and abnormal gas flow.
If the faults cannot be detected and identified in time and accurately, it may lead to loss in production
rate or even a significant accident.

The problem of fault detection and diagnosis for blast furnace ironmaking process is a long
lasting and well research topic. Traditional methods like expert knowledge and fuzzy logic have been
well developed in different kinds of expert systems [2]. However, constructing and maintaining an
up-to-date knowledge base is difficult. Alternatively, classification-based algorithms like support
vector machine have been applied to diagnose faults in blast furnaces [3]. Liu et al. [4] proposed
a novel strategy based on cost-conscious least squares support vector machine (LS-SVM) to achieve
rapid diagnosis of blast furnace faults. An et al. [5] proposed a support vector machine for multiple
classification to diagnose blast furnace faults. The main assumption of classification-based methods
is that sufficient faulty samples can be collected, which is often not true in a real blast furnace.
More recently, multivariate statistical methods became popular in the monitoring of blast furnaces.
For example, Vanhatalo applied the principal component analysis (PCA) to monitor the status of an
experimental blast furnace [6]. A two-stage PCA is considered to deal with multi-modal distribution
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in blast furnace data [7]. Shang et al. [8] developed a recursive transformed component statistical
analysis (RTCSA)-based algorithms to monitor incipiently happened faults in the iron-making process.
In addition, other kinds of PCA-based approaches have been introduced to monitor process faults,
such as robust PCA [9] and convex hull-based PCA [10].

In order to deal with process dynamics, Zeng et al. applied a state space model to extract
residuals from the process data and used the support vector data description (SVDD) to detect blast
furnace faults [11]. Also, Vanhatalo and Kulahci [12] considered the impact of autocorrelation to
statistical methods like PCA. Dynamic principal component analysis (DPCA) [13,14] and dynamic
linear discriminant analysis (DLDA) [15] are also used to handle dynamic processes. From the above
analysis, it can be seen that how to handle process dynamics has become an important task in fault
detection and diagnosis of blast furnace.

In this paper, a new process monitoring method based on the GRU network [16] is considered
to detect and identify process faults in blast furnace. The GRU network is a new type of recurrent
neural network (RNN). Comparing to conventional RNN methods like long-short term memory
network, it has comparable capability to handle process dynamics, however with a simpler structure
and fewer parameters. In fault detection, a GRU neural network is used to make prediction for each
process variable, so that the process dynamics can be filtered and a series of residuals can be generated.
The generated residuals are then monitored using the support vector data description (SVDD)
method [11]. Faulty variables are then identified by inspecting the deviation of the residuals from
normal operation condition (NOC). The benefits of the proposed method can be summarized as:
(i) the introduction of GRU network can fully capture the dynamic characteristics of the blast furnace
data; (ii) faulty variables can be identified by investigating the residual of each variable, which greatly
simplifies subsequent fault diagnosis task.

2. Methodologies

This section describes the methodologies applied in fault detection and identification of blast
furnace system. Section 2.1 briefly introduces the GRU network, which is an extension of the LSTM
network. Section 2.2 describes the SVDD classifer.

2.1. GRU Neural Network

GRU is a type of recurrent neural network. The main difference between RNN and feed-forward
artificial neural network is in their structure. In a feed-forward artificial neural network, signals travel
from the inputs to outputs and the flow of information is in the forward direction only. Since there
is no backward/feedback flow, the name of “feed-forward” is justified. In contrast, an RNN
allows feedback from output to input and hence it is called “recurrent”. In addition, the output
of the previous time step/state in RNN will be used as the input of the next time step, which is different
from feed-forward neural network that considers fixed length input and fixed length output only.
With this kind of recurrent structure, RNN can be used to learn the characteristics of the time series
and make predictions. A widely used RNN is the LSTM network, which is very suitable to capture
long-term dependencies and also able to avoid the vanishing gradient problem. As an improvement
of LSTM, GRU network inherits its advantages, whilst having an optimized structure and fewer
parameters, resulting in lower computation load and better generalization ability.

2.1.1. The Structure of LSTM Cell

LSTM [17] was originally proposed in 1997, in order to solve the vanishing gradient
problem faced by RNN [18]. The main difference between LSTM and standard RNN network
is the handling of long-term dependencies. In the RNN network, each cycle involves only the last state
and the current input. Because each prediction only involves the state at the last moment, the RNN
can only establish a dependency relationship between states in a short time. In contrast, LSTM can
establish dependencies between states at arbitrary long intervals, so they are called “Long-Short Term
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Memory network”. In addition, the LSTM has a cell state update process similar to the conveyor
belt structure. The old cell state will remain on the conveyor belt until it needs to be forgotten by
structure called “gate”. Through this conveyor belt structure, LSTM can take long-term memory from
the conveyor belt at any time for learning the characteristics of time series and make predictions.
An LSTM unit consists of a cell, an input gate, a forget gate and an output gate. The cell is used
to record state values at different time intervals and the three gates are used to control the flow
of the information. The introduction of three gates enables LSTM to keep, utilize, or discard a state
when necessary.

Let x; denote a data sample at the ¢th time instance, C;_; denote the cell value and h;_; the hidden
state of each cell at the t — 1th time instance. The information of previous time is stored in C;_; and h;_;.
The input gate regulates to what extent a new value x; is transferred into the cell, the forget gate
controls to what extent C;_; remains in the cell and the output gate regulates to what extent C;_;
is used to calculate the output activation. The structure of a standard LSTM cell is shown in Figure 1.

LSTM Cell
C. 7 C

> b,
h,,

]

Figure 1. Structure diagram of LSTM cell.

In Figure 1, the green box, blue box and red box correspond to the input gate, the output gate
and the forget gate respectively. The mathematic formulation of the forget gate is described as:

fi =0 (Wy- [y 1%+ by) (1)

where Wy is the weight matrix of the forget gate; o is the sigmoid activation function; b is the bias
vector for the forget gate; [h;_1, x;] is a vector that merge the previous cell state vector h;_; and the input
vector x; at the current moment. The input gate is used to decide what information will be saved
in the cell value. On the other hand, the input gate can be described mathematically as follows.

ir =0 (W;- [he_1,x] +b;) ®

C; = tanh (W, - [hy_1, %] +b;) ©)

Here, W; is the weight matrix in the input gate, b; is the bias vector. The input gate adds new
information generated by the current input to the cell value, and creates new memories: i; and C;.
The current state C; is updated based on the previous cell value C;_1, the new memories i; and G
as follows.

C=f -C_1+i-C 4)
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Finally, the hidden state /; is updated in the output gate as:
o; =0 (Wo - [hy—1,%] +bo) ©)

ht = Ot * tanh (Ct) (6)

where W, is the weight matrix in the output gate. In this way, the cell value C; and hidden state h can
be updated whenever a new sample x; is available.

2.1.2. The Structure of GRU Cell

The GRU is a refined version of LSTM with a simpler structure [19]. The main difference between
GRU and LSTM is in the process of forgetting and updating cell values. In the LSTM network,
update of cell values are controlled by two gates, the forget gate and the input gate. Since two gate
structures are required, the structure of LSTM is relatively complex. Compared to LSTM, GRU controls
both the forgetting coefficient and the update coefficient for the output with one single update gate,
so it involves fewer matrix multiplication calculations. Through this simplification, the GRU can
retain the functions of the LSTM and reduce network training time. More specifically, it consists of an
update gate and a reset gate, which reduces the number of parameters to only one fourth of the LSTM.
The reset gate determines how much previous memory is retained and the update gate determines
how much new information needs to be combined with the previous memory. The structure of GRU
cell is shown in Figure 2.

GRU Cell

.

Figure 2. Structure diagram of Gated Recurrent Unit (GRU) cell.

In contrast to LSTM, GRU has only 2 gate functions. The update gate is shown in the blue box
in Figure 2 and the reset gate is shown in the red box. The forward transfer formulations of GRU can
be calculated as follows.

rp =0 (Wr- [he_1,xt]) @
2t =0 (W;- [hy1,x]) ®
h; = tanh (Wj, - [1r - hy g, xe]) ©)
h=(1-z) hi+2z R (10)

where 1; is the reset gate determining how much information in the previous state cell should be
forgotten; z; is the update gate determining how much information should be brought to the next cell;
by is the intermediate state; h; is hidden state. For the update gate, a greater value of z; means that
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more new information is brought to the next cell. For the reset gate, a greater value means that more
information from the former cell may be ignored [16].

2.2. Support Vector Data Description

SVDD is a kernel method, which maps the data samples into the high-dimensional feature space
through a non-linear mapping. In the high-dimensional feature space, a compact hypersphere with
the minimum radium while covering the maximum number of data samples is obtained by solution
of an optimization problem. The SVDD is generally used in anomaly detection. If a new sample
is mapped inside the hypersphere, it is regarded as a normal sample, otherwise it is faulty.

Given a data set {xi eR4i=1,---,N} and assume a € RY the center of the hypersphere,
R is the radius of the hypersphere, the following objective function can be obtained for SVDD.

11)
[xi —al? < R?+¢;

{ F(Ra) =R+ CLN, g
Here, ¢; is the relaxation factor, and C is the penalty parameter. In Equation (11), ; satisfies ¢; >
0, Vi. The above optimization problem can be transformed as follows using the Lagrangian multipliers.

N

N N
L(Raa,7,8) = RR+CY & — Y midi— Yo [R+& - (Ixl? —2ax+ Ja]?)]  (12)
i=1 i=1 i=1

where ; and «; is the Lagrange multiplier and they satisfy «; > 0,; > 0. Differentiate Equation (12)
with respect to R,a and ¢; and make it equal to 0, the following holds:

gf%:o YN =1
(a?aLZO — a:ZfL oX; (13)
agi:O C—Déi—’}'j:()

Combining Equation (13) to Equation (12) one can obtain:

I
M=
gk
M=

a; (X X;) — ajej (x; - X;) 14

Il
pA
Il
—-

1

]

where «; is the support vector and 0 < a; < C. Generally, kernel function K is used to calculate
whether the distance between the new sample y € R? and the center of the hypersphere is less than
the radius R?:
N N
DX (y) = K{y-y) =2 L ik (y - xi) + } wieK (xi-x)) < R? (15)
i=1 ij=1
The kernel term K (x; - xj) is commonly used to replace the inner product (x;- xj),
which is the Gaussian kernel here:

2
K(x;- x]-) = exp (Xl)(]) (16)

o2

3. Fault Detection and Identification Strategy

In order to detect and identify a process fault, it is essential to characterize the normal
operating condition (NOC). Hence, a training dataset collected under normal operational condition
is used to construct the GRU neural network. The GRU neural network generates model residuals,
which is further used to construct monitoring statistics using SVDD. As described earlier, the GRU
model is capable of extracting the spatial and temporal signatures in the data that are important
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for characterizing complex ironmaking process. The general framework for fault detection
and identification based on GRU-SVDD is described in detail in the following subsections.

3.1. Fault Detection

In order to detect a process fault, it is required to train a model based on the NOC data. In the
ironmaking process, this involves training a GRU with multiple time series to model temporal
dynamics and correlations between process variables.

The GRU model is trained on historical normal data. Specifically, the GRU model uses the past
information captured by its cell value and current observation to predict the next observation.
Assume a training set { x; € R4 i=1,---, N+ is collected under NOC, a moving window approach
can be applied, with the window length being n,n < N. Take the first window as an example,
the structure of a two-layer GRU is shown in Figure 3.

| The first layer of the model

G I GOl
I Cell | | Cell | n-1

L ht -
1T cen [ -

Dense
Layer

Figure 3. Structure of two layers GRU.

Here, h; € R4 denotes the hidden state of the first layer at the ith time, h; S Rd;x denotes

the hidden state of the second layer and %, 1 € R is the predicted value. The hidden state h;

of the first layer becomes the input to the second layer of GRU model. The final output is then obtained
using the dense layer as follows.

%1 =Wh, +b (17)

Here X,,+1 is the prediction of x at the n + 1th time instance, W' is the weight matrix of the dense
layer, b is the bias term. A GRU model with more layers can also be used, for the sake of simplicity,
however two-layer GRU is considered here.

The model parameters can be trained based on the N — n + 1 windows. Once the model
parameters are estimated, estimation of model output X, ; can be predicted from the past n samples.
A series of residuals can be obtained as e; = |%; — x| ,i =n+1,-- -, N. The residual series obtained
from GRU under NOC is then fed into the SVDD to estimate the parameters, namely the center a
and the radius R of the hypersphere. Whenever a new sample is available, the residuals obtained from
the GRU can be fed into the SVDD to calculate the the squared distance D? according to Equation (15).
If D? is greater than R?, it is faulty, otherwise it is normal.
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3.2. Fault Identification

Once a fault is detected, the next goal is to identify which variables are the most affected
and contribute most to the monitoring statistics. Assume a fault was detected between time f;
and tp, let e; = (eil,eiz, S ,ef) denote the residual vector for the [ process variables, i = t1,- -, t2.
The normalized residuals E! can be used to evaluate the impact of the fault on each variable as:

1l
G —H

| _
E ="

(18)
where # is the mean value and ¢’ is the standard deviation of the GRU residuals of the NOC
training data.

For a clearer exhibition, the deviation E! of each variable is accumulated to get the total
contribution rate CR! = YN, Ell.. With the contribution rate obtained, operators can know which
variables are most sensitive to the process fault. Also, operators can use the contribution plots to
identify which kind of fault has occurred.

For completeness, the overall flowchart is summarized in Figure 4, including both the offline
training stage (left) and the online monitoring stage (right).

Online
Detection

Data preprocessing
GRU model

Calculate D2 by
SVDD model
I
I
I
s
Alarmand | |

identification

No R
Model valid?
Yes
Train SVDD model
for threshold R?

Figure 4. Flowchart of the GRU-support vector data description (SVDD)-based fault detection
and identification methodology.

The offline monitoring stage can be summarized as follows:

Obtain historical NOC data;
Remove extreme values and normalize the training data to have a zero mean and unit variance.
Set initial parameters of GRU model and train the model;

If the GRU model is valid, the GRU residuals will be fed into the SVDD model, and the threshold
R? of D? statistic is obtained.

Ll

The online detection stage can be summarized as follows:

Collect online samples;

Normalize the online samples;

Use the GRU model trained in the offline process to make prediction and get the residuals;
Calculate the D? statistic using SVDD;

L
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5. Determine whether to alarm by comparing the D? statistic and the threshold R2. If D? is greater
than R?, the process is faulty, otherwise it is normal.
6.  If the process is faulty, isolate and identify which variables are most severely affected.

4. Application Studies

This section presents the application results of the proposed GRU-based fault detection
and identification method to the datasets collected from a blast furnace (with the inner volume
of 2500 m®) in China. Two case studies are studied, with Section 4.1 introduces the application
of GRU-based fault detection and identification method to a hanging fault and Section 4.2 presents
the application results to a fault involving fluctuation in molten iron temperature.

4.1. Case 1: Hanging Fault

The hanging fault happens in the upper part of the blast furnace, the fault caused a severe drop
in the quantity of blast 11 and pressure of blast 13, which subsequently resulted in an abnormal change
in the composition of flue gas us, ug, t17. For the purpose of model training, 2000 samples are collected
under the normal operation condition and a faulty dataset containing 400 samples is considered.
The sampling interval of the data is 20 min. A total of 7 process variables are considered and listed
in Table 1. For comparison, the LSTM-SVDD and PCA-SVDD [20] methods are considered.

Table 1. The input variables for Case 1.

No. Variable

1y quantity of blast

1) temperature of blast

us pressure of blast

uy  the quantity of oxygen blasted
us CO concentration in top gas
ug  CO; concentration in top gas
uz H» concentration in top gas

4.1.1. Residual Generation Using the GRU Network

In order to reduce the impact of extreme values in the process data, the Hampel filter [21] is used
to process the training set before feeding into the GRU network. During the training of GRU network,
the mean square error loss function and "Adam’ optimizer are used [22]. The length of moving window
n is set as 99 by trial and error. The number of hidden states in the first layer dj, and the second layer
d’h are determined in a similar way. Figure 5 shows the modelling errors of the GRU network for u;
under different combinations of dj, and d;.

Considering both the modelling error and structure complexity, the fourth combination in Figure 5
is used so that d;, = 32 and d; = 200. Also, to prevent overfitting, a dropout process is used
in the training process by randomly discarding a part of units. Here, the dropout rate of p; = 0.2
is selected. The GRU network uses the past values to predict current values. The predicted values
obtained by this model not only contains the past information, but also affected by other related
variables. Therefore, when a fault happens, the predictions will deviate from the actual values.
The modeling results of the GRU model are shown in Figure 6.

Figure 6 shows that there are some clear changes occurring in several variables (e.g.,
CO concentration, CO, concentration and H, concentration). the obtained residuals are then fed into
the SVDD model to perform fault detection.
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Figure 5. Prediction results for u; using models with different parameter settings (the red line
corresponding to predictions, the blue line corresponding to true values). (a) Prediction results for
u1 with dj, = 64 and d;l = 100; (b) Prediction results for 17 with d;, = 64 and d; = 200; (c) Prediction
results for 1y with dj, = 32 and d; = 100; (d) Prediction results for u; with dj, = 32 and d;[ = 100.
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Figure 6. The prediction results of the GRU model in Case 1 (the red lines represent prediction
and the blue lines represent actual values).
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4.1.2. Fault Detection and Identification

From the previous subsection, the GRU model can be used to generate residuals. As is shown
in the Figure 6, there is an obvious change after the 2000th sample. In order to detect this change,
SVDD is used here. The parameters of SVDD are set as o = 10, C = 0.01. With 99% of confidence limit,
the monitoring results using SVDD are shown in Figure 7a.

1.02 1.02 !“ [
o 1
N
~
0.98 -0498
0.96 0.96 ’,W
500 1000 1500 2000 1800 2000 2200 2400
Observation number Observation number
(a)
T ] us ‘ I
1.02 1.02 ‘
o 1 1
Q
0.98 ' 0.98 ‘ |
I
096 oo A 1|

500 1000 1500 2000 1800 2000 2200 2400
Observation number Observation number

(b)

1.04
1.02

1
-0.98

0.96

D2

0.94
1800 2000 2200 2400

Observation number Observation number

(9

Figure 7. Monitoring results for the hanging fault. (a) Monitoring results of GRU-SVDD, (b) Monitoring
results of LSTM-SVDD, (c) Monitoring results of principal component analysis (PCA)-SVDD.

From Figure 7a it can be seen that significant violation of the confidence limit can be observed,
indicating that there is a fault happening in the blast furnace system. This is in accordance with
the fact that the last 400 samples correspond to a hanging fault. For comparison, the monitoring
results using LSTM-SVDD and PCA-SVDD are shown in Figure 7b,c. The LSTM network has the same
structure and parameters as GRU-SVDD. For PCA-SVDD, PCA is first performed on the training data
and SVDD is used to detect the residual subspace. The number of principal components retained
for PCA is 3. Comparing Figure 7a—c, it can be seen that GRU-SVDD and LSTM-SVDD has higher
sensitivity than PCA-SVDD. The detection rates of the three methods are shown in Table 2.
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Table 2. Comparison of detection rate for different methods.

Methods Detection Rate

DZGRU — SVDD 93.52%
2

Disrm—svpp 92.27%

DIZ’CA — SVDD 72.82%

Table 2 confirms the finding that GRU-SVDD and LSTM-SVDD have better detection rates.
Considering the simpler structure of GRU, obviously GRU-SVDD is a better method. After the hanging
fault is detected, fault identification is then performed based on the GRU residuals. Figure 8 shows
the sample by sample GRU residuals, with deeper color indicating greater residuals.

[\)
o -
Ln .
of each variable

Variable Number
[« S

E

i { :MH‘“ :

1600 1800 2000 2200 2400
Observation Number

Figure 8. The sample by sample normalized GRU residuals in Case 1.

For a clearer inspection, Figure 9 presents the accumulated normalized GRU residuals. Figure 9
shows that the hanging fault has significant impact on the concentration of flue gas, with the most
significant change happening in the CO,, CO, H, concentration. This will lead experienced operators
to inspect the gas flow and see whether there is any kind of hanging fault happening in the system.

1

Contribution
o @ <o
= N ee]

©
[}

1 2 3 4 5 6 7
Variable Number

Figure 9. The fault contribution rate for each variable in Case 1.

4.2. Case 2: Abnormal Molten Iron Temperature

In this subsection, a faulty condition from the same blast furnace is considered. The fault
involves an abnormal fluctuation of the molten iron temperature, which caused the operators to adjust
the quantity of blast 11 as well as the temperature of blast u5, resulting in change in a series of variables.
In the later stage, the fault was corrected, however the temperature of blast was kept at a relatively low
level for the sake of safety. Similar to the hanging fault, 2000 samples were collected under the normal
operating conditions for model training, and a faulty dataset containing 1000 samples is considered.
The fault involves an abnormal molten iron temperature, which caused reduction in blast quantity,
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blast temperature and fluctuation in a series of variables related to the gas flow. This time, 10 process
variables are considered and listed in Table 3.

Table 3. The input variables for Case 2.

No. Variable
Uy quantity of blast
1o temperature of blast
3 pressure of blast
Uy quantity of oxygen blasted
us temperature of cold blast
Ug top pressure

uy  CO concentration in top gas
ug  CO, concentration in top gas
ug9  Hp concentration in top gas
Uy pressure of cold blast

Comparing to Table 1, it can be seen that three additional variables, the temperature of cold blast
(u5), the top pressure (14) and the pressure of cold blast (1119) are also included. it should be noted some
of them are redundant variables (15 and u1¢) that are highly related with other variables. The purpose
for introducing these variables is to show the capability of the proposed method in dealing with
variable redundancy.

Similar to Section 4.1, the proposed GRU method is applied, with the same parameter values.
And the prediction results for the 10 variables are shown in Figure 10. For a clearer exhibition,
only the 1000 faulty samples are presented. It can be seen that for the first 200 samples, the prediction
accuracy is acceptable. After that, an obvious fluctuation can be observed and the prediction
accuracy deteriorated. After the 2450th sample, the prediction accuracy for all variables except
Uy return normal.

After the predictions are obtained, SVDD is applied and the monitoring results are shown
in Figure 10b. It can be seen that the fault was successfully detected since significant number
of violations can be observed after the 2250th sample. This again indicates the good capability
for the proposed method in fault detection. It should be noted that violations can still be observed
even after the fault was corrected after 2450th sample. This can be explained, as to avoid further fault,
the operators decided to reduce the temperature of blast(i), which caused the violations. This can be
confirmed by the subsequent fault identification results in Figure 11.

In Figure 11, the first plot involves the fault identification results from samples from 2250 to 2450,
while the second plot involves the identification results for samples from 2450 till 3000. As can be
seen from the first plot of Figure 11, it can be clearly seen all variables except 14 have significant
contribution to the fault, indicating a significant anomaly arises. This is expected, as to correct
the fault, both the quantity of blast and the temperature of blast are reduced, resulting in changes
in other variables. From the second plot, it can be seen that after the fault was corrected, the contribution
of other variables reduced significantly while that of #, remains. This is in accordance with our previous
analysis that the operators reduced the temperature of blast to avoid further fault. The application
results of the second faulty case also confirmed the performance of the proposed method.
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Figure 10. Prediction results using GRU and monitoring results using SVDD for Case 2. (a) Prediction
results using GRU, (b) Monitoring results using SVDD.
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Figure 11. The fault contribution rate for each variable in Case 2. (a) The Contribution of different
variables in observations 2250 to 2450, (b) The Contribution of different variables in observations 2450

to 3000.
5. Conclusions
This paper introduces a fault detection and identification method for blast furnace ironmaking

process based on the GRU network and SVDD. The GRU model is capable of handling
multi-dimensional inputs to make predictions for future inputs. The residuals between the actual
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inputs and predictions are then monitored using SVDD. A fault identification method is further
developed by inspecting the accumulated normalized residuals. The proposed method is tested on
a hanging fault observed in a real blast furnace in China. Application results show that the proposed
GRU-SVDD model can successfully detect the hanging fault. Compared with the PCA-SVDD model,
GRU-SVDD has a higher detection rate. The method proposed in this article is very suitable
for monitoring systems with strong dynamics and non-Gaussianity.
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Abstract: The lumpy zone in a blast furnace is composed of piles formed naturally during burden
charging. The properties of this zone have significant effects on the blast furnace operation, including
heat and mass transfer, chemical reactions and gas flow. The properties of the layers mainly include
the angle of repose and porosity distribution. This paper introduces two methods, the Discharging
Method and the Lifting Method, to study the influence of the packing method on the angle of repose
of the pile. The relationships of the angle of repose and porosity with physical parameters are
also investigated. The porosity distribution in the bottom of a pile shows a decreasing trend from
the region below the apex to the center. The coordination number of the particles is employed to
explain this change. The maximum of the frequency distribution of it was found to show a negative
correlation to the static friction coefficient, but becomes insensitive to the parameter as the static
friction coefficient increases above 0.6.

Keywords: pellet pile; Discrete Element Method; porosity distribution; angle of repose;
coordination number

1. Introduction

The lumpy zone of the blast furnace (BF) is composed of layers of piled burden formed naturally
during charging. Two significant variables characterize the properties of the layers: The angle of
repose and porosity distribution, which reflect the external shape and internal structure, respectively.
The former reflects the stability and surface profile of the piles. The latter is a direct reflection of the
permeability of the burden, which is closely connected to the gas flow resistance and heat exchange
efficiency between the burden and gas in the blast furnace. Therefore, an improved understanding
of the formation mechanism and internal state of a pile is important when measures are to be taken
to improve the efficiency of the conditions in the upper part of the blast furnace. The coordination
number (CN) is an important parameter reflecting the internal structure of the granular pile, which
is closely related to porosity. However, it is difficult to gain a deep understanding of the flow and
packing of granular materials by experimental methods, due to the complex behavior of granular
materials in bulk systems [1,2]. Therefore, numerical simulation has become an interesting and viable
option, and, in particular, the discrete element method (DEM). This method can provide estimates of
the position, velocity and stress information of each particle in a granular system.

The angle of repose is a fundamental property of a pile, which usually reflects the liquidity
potential of it. By simulation, it has been found that the angle of repose is related to DEM parameters,
such as the rolling and static friction coefficient [3]. Elperin et al. [4] and Coetzee et al. [5] revealed that
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the angle of repose is positively correlated with the friction coefficient, but when the friction coefficient
increases to a certain value, the angle of repose does not any longer increase or instead even decreases,
due to the collapse of the pile. Alizadeh et al. [6] also found that the angle of repose is strongly affected
by the particle shape. Furthermore, the particle size [7,8] and packing method [9] also influence the
angle of repose.

Porosity is closely related to the permeability of the packed bed. Thus, by adjusting the porosity in
the BF can help control the gas distribution, and thus, the heat transfer and reactions in the lumpy zone.
It has been observed that the gas permeability of the stock column will deteriorate rapidly when the
porosity is reduced to or below 0.3. It is easier to measure the porosity of particles in a container either
in an experiment or in simulation than in the real process. Zou and Yu [10] presented experimental
research on porosity by using a cylindrical container and found that the initial porosity of a pile is
strongly dependent on both particle shape and packing method. Another simulation work by the same
authors [11] concluded that particle size also influenced the porosity. However, there are only a few
publications on the porosity distribution in a three-dimensional particle pile, which is of interest for
the distribution of gas flow in industrial applications, such as in reactors, moving and fluidized beds.

Iron oxide particles are used as the main raw material in the blast furnace. Still, many papers
on the simulation of gas-solid two-phase flow in the blast furnace have not considered the radial
distribution of porosity, even though the porosity distribution is known to be non-uniform. Therefore,
it is an important aspect to consider. The present work studied the effects of DEM parameters and
packing method on the properties of pellet piles, with the aim to provide insights that can be used in
modeling and further research on the porosity distribution of burden in the blast furnace.

Packing density, as the opposite of porosity, has also been studied by many investigators. Most
studies focus on packing density of spherical [12-14] and non-spherical particles [15-20] in a container
by dense or loose packing [15]. However, as it is hard to measure the porosity distribution of a conical
pellet heap, there are still few publications in this field, due to the anisotropic properties of granular
materials, the complexity of pile structure and the opaque mechanism by which the packing evolves in
three dimensions [1]. DEM has become a viable choice for studies on the properties of granular piles,
and therefore this modeling method has become popular in blast furnace investigations [21-24].

The present work introduces several novel aspects, including the treatment of the porosity
distribution in the pile and the fact that industrial-scale pellets are studied, as well as the 1:10
scale-charging system used. The paper studies the angle of repose and porosity distribution of a pile
of iron oxide pellet by experimental and numerical methods. Section 2 introduces the experimental
work, including the methods and apparatus. The simulation theories and conditions are presented
in Section 3. In Section 4, the angle of repose and porosity distribution of a pellet pile are studied to
validate the DEM physical parameters determined by the discharging method. The effects of packing
method on the angle of repose are also discussed. Finally, the conclusions of the work are proposed.

2. Experimental Work

The experimental study is based on iron oxide pellets. As the shape of the pellet is close to that of
a sphere, spherical particles were used in the simulations to be presented. In fact, particle shape affects
the porosity of the pile, but since we focus of pellets, particle shape was not considered. The reader is
referred to Reference [25] for more information about this matter.

Pellets used in the experiments come from a steel plant in China. About 10,000 pellets were
selected after applying sieves with aperture size in the range 13-15 mm. The experimental apparatus
is illustrated in Figure 1a, which is a 1:10 scale charging system of a BF. A stable pellet pile was
formed on a table by the discharging method. In order to study the profiles of the arising pile, a
camera with the lens level along with the desktop was used to take photographs from four different
directions of the pile. The angle of repose was obtained by analyzing the profile of the heap using
photograph-processing technology.

100



Processes 2019, 7, 561

The same method was used to form a pile for measuring the porosity distribution. Seven 25 mL
(plexiglass) breakers placed beforehand to be buried in the pellet pile were slowly removed afterwards
to be able to measure the porosity (P), expressed b y

_Wn 0
P = o1 X 100%, )

where V7 and V denote the void volume (mL) of beakers full of particles and the volume of the empty
beaker, respectively. In order to reduce the errors, the experiment was repeated nine times, and the
average result was reported.
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Figure 1. (a) Experimental apparatus and schematic of the measurement of pellet pile and (b) the
geometric models of different packing method in simulation.

3. Simulation Method and Conditions

3.1. Discrete Element Method (DEM)

The simulation part of this research is based on DEM, which was firstly proposed by Cundall
and Strack [26]. This method considers two types of motion of a particle, translation and rotation,
which are governed by Newton'’s second law of motion. The elastic contact force expression used in
this work is the non-linear Hertz-Mindlin no-slip model [27], which is illustrated in Figure 2. The
basic expressions are given in Equations (2) and (3). The former is the translational equation, which is
composed of gravitational force, m;g, contact force and viscous contact damping force, where K;;, K¢, v,
and y; express the normal elastic constant, tangential elastic constant, normal damping constant and
tangential damping constant, respectively. A particle with the mass of m; contacts with K particles, and
the contact force between them depends on the deformation between particles, 6,,. In the equation, u;,
v, and v; represent the translational velocity, and the component of relatively velocity for the normal
and tangential directions.

K
mi% = Z(Knéﬂij - anm'j) + (Kt5ﬂij - )/tvtij) +mig )
=i

Equation (3) represents the rotational movement of particles, where M’r‘ and Mf are two torques,
which are caused by a tangential force and rolling friction. A Coulomb-type friction law is used to
express the friction between the two particles. I; and w; denote the moment of inertia and rotational

velocity, respectively.
K
dw;
et = ) (M + M) ©)

dwi
e
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Table 1 presents the formulas used to calculate the forces and torques between the particles. In
this work, we use the open-source software LIGGGHTS 3.5.0 [28] implementation of DEM.

\
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A

Figure 2. Depiction of forces acting particle i in contact with particle j.

Table 1. Detailed description of the parameter expressions in discrete element method (DEM).
Equations

Parameters
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In the expressions, G, Y, e and v represent the Shear modulus, Young’s modulus, coefficient of restitution and
Poisson’s ratio, respectively, while i, and p; represent the rolling and static friction coefficient, respectively.
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3.2. Simulation Conditions

The apparatus of the Discharging Method in the simulation consists of a hopper, a baffle and a
table, just like the components used in the experiments. In the Lifting Method, the apparatus is only a
column barrel. The geometric models are both shown in Figure 1b. DEM parameters of pellet were
chosen according to the results of previous work by the authors [29] and are presented in Table 2. In
the simulations, we studied the effects of the DEM parameters on the angle of repose and porosity
distribution. Furthermore, the effects of different drop heights of the Discharging Method, as well as
the effects of lift speed and barrel size in the Lifting Method, on the angle of repose of the pile were
also investigated.

Table 2. Physical and contact parameters used in DEM simulation, including pellet particle and walls.

Parameters Values
Particle number 100,000
Particle density 4837 kg/m3
Time step 10™°'s
Young’s modulus 2.5 % 101 Pa (pellet), 2 x 10! Pa (steel plane), 7.2 x 1010 (plexiglass)
Poisson ratio (p-p; p-w; p-g) 0.25,0.3,0.2
Coefficient of restitution (p-p; p-w; p-g) 0.4,0.35,0.2
Coefficient of friction (p-w; p-g) 0.4,0.25
Rolling friction coefficient (p-w; p-g) 0.4,0.15
Size of pellet 8 mm, 14 mm, 20 mm

In the table, p-p, p-w and p-g represent the coefficients for pellet-pellet, pellet-wall and pellet-plexiglass (breaker)
interaction. Some parameter values were from the literature [17,18].

For the simulation of porosity, we used seven boxes (5 cm X 10 cm X 5 cm) placed along the
diameter of the bottom of the pile to measure the bottom porosity distribution (BPD). In determining
whether a particle belongs to the box, its central coordinates were used. The porosity of the bed in each
box can be calculated by

P=|1 i 100% 4
= _TX o, 4)

where V is the volume of the box and V), is the volume of a single pellet, and 7 is the number of
particles in the box.

4. Results and Discussion
4.1. Simulation and Experimental Study of Angle of Repose

4.1.1. Angle of Repose by the Discharging Method

We first studied the influence of DEM parameters on the angle of repose of the pellet pile.
As the effect of a physical parameter is studied, the other parameters were kept unchanged at the
values reported in Table 2. From work reported in the literature [2], it is known that the angle of
repose is sensitive mainly to the rolling and static friction coefficients between the particles. Vertical
cross-sections of the pellet pile with different rolling and static friction coefficients are shown in Figure 3.
It was observed that when the rolling and static friction coefficients increase from low (0.01) to high
(0.99) values, the shape of the pile changed a lot, especially for the latter parameter. The results of
contour extractions of the heap are shown in Figure 4. It is obvious that the height of the pile increases
and then tends to be stable.

Figure 5 shows the angle of repose with different rolling and static friction coefficients, with error
bars indicating the deviation of the angle of repose in different directions of the pile. The angle of
repose shows a positive correlation with the friction coefficients. When the static and rolling friction
coefficients change from 0.01 to 0.99, the angle of repose of the pellet pile changes about 8° and 20°,
respectively, which indicates that static friction coefficient has a stronger impact on the angle of repose.
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In general, high static friction is always accompanied by high rolling friction, and the latter depends
on the physical properties on the particle surface. However, there is a decreasing trend when i, > 0.6
or us > 0.8. A reason may be that the heap has reached the maximum stable angle at this point, and a
further increase in the friction coefficient will cause the heap to collapse.

In addition to the effects of the DEM parameters on the angle of repose, the external conditions,
such as the drop height cannot be ignored. Figure 6a shows the angle of repose for different drop
heights for pellets with different static and rolling friction coefficients. It reveals that when the drop
height increases, the angle of repose decreases and this trend will weaken when the friction coefficients
increase. It was found that with an increase in the drop height, the bottom size of the heap decreased.
Therefore, we define the normalized effective diameter (NED) to express the size, which is the diameter
of the bottom circle of the heap where most particles gather, neglecting the particles scattered around
the heap because there is an obvious boundary of the high-density particle area and the scattered
particle area. Figure 6b shows that for particles with a large coefficient of static friction, the NED of
the pile is small. In addition, the NED decreases sharply initially and then levels out when the drop
height increases. The reason is that particles will have large kinetic energy when dropping from a high
location, and when the particles collide with the packed bed, they more easily bounce and scatter
around the heap.
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#,=0.3 1,=0.4
A . ~

0=0.5 1,=0.6
», .
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Figure 3. Vertical cross-sections of the pellet pile simulated under different (a) rolling and (b) static
friction (b) coefficients.
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Figure 4. Extracted contours of the pellet pile for different (a) rolling and (b) static friction coefficients.
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different coefficient of static and rolling friction for different drop heights in the Discharging Method.

(The numbers in the two figures represent rolling and static friction coefficients, respectively) The
inserted subfigure in (b) is a top view of the simulated pile.

4.1.2. The angle of Repose by the Lifting Method

In the simulation of the Lifting Method, we designed four different cases (Table 3) to study the
influence of the barrel size and lift speed on the angle of repose. Case 1 and Case 2 have the same
coefficient of friction, but different barrel size. All the cases were considered with four different lifting
velocities (0.005 m/s, 0.01 m/s, 0.02 m/s and 0.03 m/s). Figure 7 shows the angle of repose with different
lifting velocities. The angle of repose tends to decrease when the lifting velocity increases, and this
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trend is weakened as the friction coefficient increases because a small lifting velocity makes it easier to
keep the particles in their original positions. Through comparing Cases 1 and 2, it can be seen that the
angle of repose will increase if the barrel size gets smaller. The dotted pink line and solid pink line in
Figure 7 represent the angle of repose with different packing methods, but the same DEM parameters,

which reveals that the angle of repose formed by the Lifting Method is larger than that determined by
the Discharging Method.

Table 3. Different cases studied by the Lifting Method.

Cases Rolling Friction Coefficient Static Friction Coefficient Barrel Size (Diameter: m)
Casel 0.05 0.15 01

Case2

Case3 0.12 0.15 0.15

Case4 0.12 0.45

28 l -
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Figure 7. The angle of repose for different lifting velocities. Pink dotted and solid lines represent the
angle of repose with different packing methods, but the same DEM parameters.

4.1.3. Simulated vs. Experimental Angles of Repose

The average of the experimentally determined angle of repose of the pellet pile is about 25°.
Comparing it with the simulated results in Figure 5, we found that when p, = 0.12 and ps = 0.15, the
experimental and simulated results agree well. Thus, these two values can be used to study the BPD
and average porosity of pellet piles. The profiles of the experimental and simulated heaps seen in
Figure 8 as black and red lines illustrate the agreement. The figure also shows that the Lifting Method
gives a higher heap and a larger angle of repose than the Discharging Method.
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Figure 8. Profile of heap in simulation and experiment.
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4.2. Porosity Distribution of Pellet Pile

4.2.1. Simulated vs. Experimental BPD

The BPD of the pile is used to specifically and quantitatively describe the pile porosity. Figure 9
shows the simulated and experimental BPD of the pellet pile measured by the containers. The simulated
results include porosity distribution in containers and in-unit boxes. The coordinate 0.00 on the abscissa
represents the center position of the pile, and +0.15 represent the edges. The trends of the curves are
seen to be the same in the experiments and simulations. The porosity distribution shows a V-shaped
appearance, where the central value is lower than that at the edge. In fact, the experimental and
simulated values measured by the containers are all larger than the real ones (without containers)
because of the so-called wall effect. The difference of the simulated results (equal value of BPD) with
containers and without containers can be used to quantify this effect. We found that the wall effect
would result in an error of 3.3 percent points compared with direct measurement without a container.
In Figure 9, the experimental porosities are a little larger than the simulated ones because a drainage
method was used to measure the porosity in the experiments, and the operation loss of water leads to a
larger porosity. In order to further study the distribution of the porosity, the coordination number (CN)
was employed, where CN expresses the number of particles in contact with one particle. Figure 10,
where different colors represent different values, indicates that CN increases from the edge to the
center of the pile, because of the compact packing of particles in the center. These results coincide with
the findings on the porosity distribution. The central position of the heap is formed by the vertical
falling particles, which have greater kinetic energy, causing a more compact structure of the pile. After
the formation of the initial heap, the pile with the continuous falling particles will collapse, and the
edges form.
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Figure 9. Comparisons of simulated (with and without containers) and experimental bottom porosity
distribution (BPD) of the pellet pile.
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Figure 10. Coordination number of a vertical cross-section of the simulated pellet pile.
4.2.2. Effects of Rolling and Static Friction on BPD

Figure 11 shows the BPD of the heap when the rolling and static friction coefficients change, where
the inserted graphs show the average value of BPD. When the static and rolling friction coefficient
change from 0.01 to 0.99, the average porosities change by 7 and 3 percent points, respectively, which
means that the static friction coefficient has a greater impact on porosity. This conclusion is also
supported by findings reported in the literature [3,6,30-33].
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Figure 11. BPD of the pellet pile and the inserted graph is the average porosity (the average value of
seven points on a curve) with different (a) static and (b) rolling friction coefficients.

Figure 12 depicts the frequency distribution of CN for different static and rolling friction coefficients,
showing a maximum value of the frequency at CN =~ 4. Thus, most particles are in contact with four
neighboring particles. The static friction coefficient affects the frequency distribution, but mainly for
s < 0.6, and the rolling friction seems to have no effect. As seen in Figure 13, when the static friction
coefficient increases, the CN of the heap decreases, but the decrease is small for ys > 0.6. The reason
may be that if the CN is small, the porosity is large. The average CN of the heap is only affected by the
rolling friction when the coefficient is very small.

40 ( ) 35
a —a—11=0.01 (b) —e—p=0.01
B ;
35 —e—p=0.15 301
30 —A—p =03 25
g25] —v—u=0.5 g
= ——1=06 | 201
8 201 / . s-o 9 g
5 K09 g 154
3151 0.09 T
E 10 (& 104
54 54
04 0d
S M S A SN S
0 2 4 6 8 10
Coordination number Coordination number

Figure 12. Frequency distribution of coordination number with different (a) static and (b) rolling
friction coefficients.
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Figure 13. The average coordination number of the whole heap for different static (1, = 0.12) and
rolling friction (us = 0.15) coefficients.
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5. Conclusions

The angle of repose, coordination number (CN) and bottom porosity distribution (BPD) of pellet
piles were studied by DEM simulation and experimental methods. A charging system mimicking
that of a blast furnace, but in 1:10 scale was designed to simulate the pile formation of iron oxide
pellets. The effects of DEM parameters and packing method on the angle of repose were also studied,
including the drop height in the Discharging Method and properties (lifting velocity, barrel size) of the
Lifting Method. Some of the results are highlighted in the following.

The angle of repose shows a positive correlation with static and rolling friction coefficients. The
angle of repose formed by the Lifting Method is bigger than that obtained by the Discharging Method.
When the drop height increases, the angle of repose decreases, but this trend will weaken when the
static friction coefficient becomes large. In the Lifting Method, the angle of repose tends to decrease
with an increase in the lifting velocity or in the barrel size, but the trend is less clear for pellets with
large friction coefficients. The size of the bottom circle of the heap is significantly reduced with an
increase in the friction coefficient. Appropriate values of the rolling and static friction coefficients for
the pellets were found to be 0.12 and 0.15, respectively.

The porosity distribution in the bottom of the heap (BDP) along the heap diagonal shows a V-type
behavior, where the value in the center is smaller than those at the edges. The BPD shows an increasing
trend with the increase of the friction coefficient. CN is an important parameter reflecting the internal
structure of the pile, and expectedly, it shows a negative correlation with porosity. The maximum of
the frequency distribution of CN, which occurs at CN = 4, exhibits a negative correlation with the static
friction coefficient and eventually remains unchanged when the coefficient grows larger than 0.6. CN
is not significantly affected by the rolling friction coefficient.
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Abstract: The objective of this paper was to develop a prediction tool for the burden distribution
in a charging process of a bell-less-type blast furnace using the discrete element method (DEM).
The particle behavior on the rotating chute and on the burden surface was modeled, and the burden
distribution was analyzed. Furthermore, the measurements of the burden distribution in a 1/3-scale
experimental blast furnace were performed to validate the simulated results. Particle size segregation
occurred during conveying to the experimental blast furnace. The smaller particles were initially
discharged followed by the larger ones later. This result was used as an input in the simulation.
The burden profile simulated using DEM was similar to the experimental one. The terrace was found
at the burden surface subsequent to ore-charging, and its simulated position simulated agreed with
that of the experimental result. The surface angle of the ore layer was mostly similar. The simulated
ore to coke mass ratio (O/C) distribution in the radial direction and the mean particle diameter
distribution correlated with the experimental results very well. It can be concluded that this method
of particle simulation of the bell-less charging process is highly reliable in the prediction of the burden
distribution in a blast furnace.

Keywords: DEM; blast furnace; burden distribution; particle flow; validation

1. Introduction

A blast furnace is a reactor with approximately 5000 m3 of volume to produce pig iron from ore
particles. Iron ore (sinter, lump, and pellet) and coke particles are alternately stacked at the topmost
layer of the blast furnace, and the hot gas is blown from tuyeres at the bottom of the furnace. Iron
ore particles are reduced during the descent, and numerous physical changes and chemical reactions
occur between each phase over this period. Thus, it is an extremely complicated system, resulting in
the possibility of unfavorable phenomena or serious problems occurring. To avoid these problems,
controlling and stabilizing the gas flow in the furnace is of utmost importance because the gas plays a
key role for the reduction and the heat source. Thus, keeping the gas flow in the steady state leads
to an efficient and low RAR (reducing agent ratio) operations. Therefore, controlling a void fraction
in the stacked layer, i.e., the burden distribution at the top of the blast furnace, is the most effective
operation for stabilizing the gas flow. Much research has been experimentally conducted and some
mathematical models have been proposed to estimate and control the burden distribution [1-5]. These
models can give useful information in the daily operation. However, many kinds of particles are
usually mixed in ore charging to help the reduction; therefore, it is necessary to analyze the individual
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solid particles” behavior in the blast furnace for an in-depth analysis of several phenomena that were
previously mentioned. The discrete element method (DEM) [6] is one of the most reliable simulation
methods for analysis of the solid particle behavior, and an approach using the computational simulation
based on DEM is extremely useful to grasp the phenomena found in the charging process of the blast
furnace. Some studies on the modeling of solid flow in a blast furnace have been previously reported,
for example, the raceway [7,8], solid flow in the blast furnace [9-11], gas—solid flow [12], hopper
flow [13,14], and particle trajectory from the rotating chute [15], and authors have developed burden
distribution simulators using DEM [16-20]. Validations of the particle trajectory discharged from the
rotating chute were studied, and they showed good correlations [19,20]. This simulator still remains a
key issue to validate the simulated burden distribution with experimental results in detail.

In this paper, charging tests were performed using a 1/3-scale experimental burden distribution
simulator of the blast furnace to validate the simulated results, and the particle size segregation and
ore to coke mass ratio (O/C) were investigated. Furthermore, the particle flow during charging into
the experimental blast furnace was modeled using DEM, and the results were compared with the
experimental ones.

2. Experimental

A 1/3-scale experimental burden distribution simulator, which is shown in Figure 1, was used
herein. It is a bell-less-type blast furnace and it has approximately a 3.7-m throat diameter and
approximately a 10-m height. Furthermore, it has a surge hopper, parallel hoppers, and a discharging
funnel. A horseshoe-shaped rotating chute with a length of 1.7 m is installed at the top of the furnace.
A blower and a discharging unit are installed at the bottom of the furnace to assess the effects of
the gas flow and the burden descending. Figure 2 shows the detailed schematic illustration of the
experimental apparatus.

Figure 1. Picture of the 1/3-scale experimental burden distribution simulator.
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Figure 2. Schematic illustration of the 1/3-scele experimental burden distribution simulator.

Sinter particles were conveyed to the top of the experimental blast furnace via a surge hopper, one
of the parallel hoppers, and a discharging funnel, as shown in Figure 2. The sinter, which were sieved
in the range 5-20 mm (dsp = 11.4 mm), were used in this charging test. The particle size distribution is
shown in Figure 3. In total, 5500 kg of sinter was charged into the experimental blast furnace during
15 rotations at 13.4 rpm. Table 1 shows a charging pattern of coke and ore dumps. The gas was not

blown in this experiment to simplify the phenomena.
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Figure 3. Distribution of the particle diameter of the sinter.
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Table 1. Charging conditions for the rotating chute.

Chute Angle [°’] 52 505 49 475 46 445 43 41 39 37 35 33 Masslkgl

Coke 2 2 1 1 1 1 1 1 1250
Ore 2 2 1 1 1 1 1 1 1 1 1 2 5500

Subsequent to charging, a burden surface profile was measured with a laser distance meter.
Moreover, the burden was dug up using a vacuum cleaner to obtain the ore to coke mass ratio (O/C)
and the particle size distribution. The area that was dug up was rectangular (200 mm X 262 mm) from
the furnace wall to its center for seven divisions, and the digging-up depth was every 50 mm, as shown
in Figure 4. This was carefully performed to avoid breaking the particle-packing structure. The burden
was removed by a large vacuum cleaner, except for the sampling area, before digging up. That is to
say, the sampling area became the highest in the burden. The digging up was carried out from the
highest position, thus collapse did not occur. Subsequently, the particles were sieved and weighed.
The sinter particles, which were discharged from the funnel, were also sampled to check the particle
size segregation during conveying to the top of the furnace. This gave the time evolution of the particle
size distribution that was used as input of the DEM calculation.
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Figure 4. Schematic illustration of the digging-up operation.

3. Simulation

3.1. Discrete Element Method

DEM is one of the most popular and reliable simulation methods for the numerical analysis of
particle behavior. This simulation method comprises an idea for determining the kinematic force to
each finite-sized particle. The key calculation of DEM comprises three steps; i.e., (1) contact detection,
(2) calculation of forces, and (3) updating the trajectories, and these processes are looped until t = tax.
The contact between two particles is given using Voigt model, which consists of a spring dashpot and a
slider for the friction in the tangential component. The contact forces, F,;, and F;, are calculated using:

Aun,,-]-
Fn,ij = KnAun,ij + UnT n;j, 1)
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) Auyji + Agjj
Ft,ij = mln{‘ll|Fnjj|tij, [Kt(Aut,ij + A(f),‘j) + m(#)]tlj}, )

where K and 7 are the spring and damping coefficients, Au and A are the relative translational
displacement of the gravitational center between two particles and the relative displacement at the
contact point caused by the particle rotation, p is the frictional coefficient, and n;; and t;; denote the unit
vector from i-th particle to the j-th one in the normal and the tangential components. The subscript “n”
and “t” denote the normal and the tangential components. The translational and rotational motions of
each particle are updated using:

v=LF, @)

where v is the vector of a particle velocity, F is the contact force acting on a particle, m and g are the
mass of a particle and the gravitational acceleration, w is the vector of the angular velocity, and M and
I are the moment caused by the tangential force and the moment of inertia.

The shape of granular material in DEM is usually assumed to be spherical to simplify the contact
detection and the calculation of the contact force, although the shape of the sinter particle is not
spherical. The best solution for considering the particle shape in DEM is to model the exact particle
shape using polyhedra. However, this calculation is extremely laborious, and it is unsuitable for the
simulation of particle flow in the ironmaking process where the number of particles could be in the
billions. Thus, the effect of the particle shape on the motion was considered by setting a proper rolling
friction for the particle, and it is given by:

M,; = —gaibanllch—;l, (5)
where b is the radius of the contact area and a; is the coefficient of the rolling friction. Every particle
has different o;, because the shapes of the sinter are totally different from each other. Its distribution
is related with the rollability of the particle [16], and it is shown in Figure 5. The method of having
different rolling friction provides a significant agreement with the experimental results [16]; therefore,
this method was applied here.
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Figure 5. Distribution of the coefficient of the rolling friction [16].
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3.2. Simulation Conditions

The particle behavior during charging into the experimental blast furnace was simulated using
DEM, and the burden distribution was compared with the experimental results to validate the
simulation results. The geometry of the rotating chute and the throat of the furnace were identical to
those of the experimental results, and 5500 kg of sinter particles, with a particle density of 3300 kg/m?,
were charged into the furnace. The size of sinter particle was 6 to 20 mm, and its particle size
distribution corresponded to Figure 3. The total number of sinter particles was 2,545,086, and the
detailed particle condition is tabulated in Table 2. Young’s modulus and Poisson’s ratio were assumed
to be 3.5 GPa and 0.25, respectively. Only the ore-charging process was executed in the simulation,
i.e., the coke layer prior to ore charging was arranged at the top of the furnace corresponding to the
surface profile subsequent to coke charging in the experimental test. The particle diameter of coke is
7.5 to 30 mm; its density, Young’s modulus, and Poisson’s ratio are 1050 kg/m3, 0.54 GPa, and 0.22,
respectively; and the number of coke particles is 1,049,686. Table 3 shows the detailed conditions for
the coke particles. The input sinter particles were generated at the outlet of the discharging funnel,
i.e., the particle behavior from the parallel hopper and the discharging funnel was not simulated to
reduce the computing time. The time changes in the mass ratio for each particle of the input sinter
corresponded to the sampled results in the experimental work, which was described above, to consider
the particle size segregation during conveying to the furnace. The input particles have 5.5 m/s of
vertical velocity, which was also measured using high speed video camera [20]. Every particle has
a different rolling friction coefficient, which was obtained by generating a random number at the
beginning of the simulation. The distribution of the rolling friction coefficient is shown in Figure 5.
The charging pattern of the chute tilting angle was the same as that of the experimental one, as shown
in Table 1, and the rotational speed was 13.4 rpm. The discrete time was 1.5 us and the total number of
calculation steps was 50 million. The calculation was parallelized using OpenMP.

Table 2. Condition for sinter particle in DEM.

Particle Diameter [mm] Number of Particle [[] Mass Fraction [-]

6 414,382 0.028
8 539,490 0.087
10 809,088 0.254
12 349,403 0.190
14 315,434 0.272
16 87,722 0.113
18 26,239 0.048
20 3328 0.008

Table 3. Condition for coke particle in DEM.

Particle Diameter [mm] Number of Particle [[] Mass Fraction [-]

7.5 695,453 0.151
125 216,471 0.218
17.5 90,753 0.251
22.5 34,048 0.200

30 12,961 0.180

4. Results and Discussions

Figure 6 shows the relation between the normalized discharging time and the mass fraction of each
size range of the sinter particles that were discharged from the funnel. It is confirmed that the smaller
particles were discharged during the initial period, whereas the larger ones were discharged later.
The particle size segregation occurred during charging and discharging at the storages (the surge hopper
and the parallel hoppers); therefore, the larger particles tend to be discharged later. This phenomenon
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affects the radial particle size distribution of the burden. This result of the time change of the particle
size during discharging was used as the input particle condition of DEM.
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1 1
0.0 02 0.4 06 0.8 1.0

Normalized time [-]

Figure 6. Relation between the mass fraction of each size range of the sinter particles and the normalized
discharging time.

Figure 7 shows pictures during ore charging in the experimental test. The black particles in the
furnace are coke, and the dark brown ones, which are charged from the rotating chute, are sinter.
The sinter particles are stacked near the wall at the beginning of charging, and subsequently, the particles
flow toward the center. The sinter covers the coke layer after the 11 rotations. Figure 8 shows the
surface profile of the burden after charging. The surface angle of the ore layer is approximately 32.1°.
A terrace is found around 1185 mm from the center, and the angle of the terrace is 13.7°. The surface
angle of the coke layer is also found to be 36.7°. This value is larger than that of the sinter layer because
of the particle shape and the size distribution.

(b)

(9 (d)

Figure 7. Pictures during ore-charging in the experimental work. (a) 1st rotation; (b) 4th rotation;
(c) 7th rotation; (d) 11th rotation.
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Figure 8. Surface profile of the burden after the charging test.

Figure 9 shows the contour map for the sinter volume fraction in the burden, which was obtained
by digging up the burden. The surface profiles subsequent to charging are also drawn in the contour.
Most coke particles are situated near the wall, and the thickness of the coke layer around the center is
extremely thin. Therefore, it is suggested that a collapse of the coke layer during ore-charging was not
significant in this charging condition.

Figure 9. Contour map for the sinter volume fraction in the burden.

Figure 10 shows snapshots of the charging behavior simulated by DEM. The brown particles
denote sinter and the blue ones are coke. The sinter particles are charged around the wall toward
the center, and they reach the center in approximately 11 chute rotations. Their behavior is found
to be very similar to that of the experimental ones, which are shown in Figure 7. Figure 11 shows a
cross-section of the burden simulated using DEM. The surface angle is 33.6°, and the position of the
terrace is approximately 1250 mm from the center. The terrace angle is approximately 14.2°. Although
the profile and the thickness near the center are slightly different, the simulated burden layer is quite
similar to the experimental one, especially the shape of the terrace.
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()

Figure 10. Snapshots of ore charging simulated by DEM. (a) 1st rotation; (b) 4th rotation; (c) 7th rotation;
(d) 11th rotation.

Figure 11. Cross-section of the burden simulated by DEM.

Figure 12 shows the relation between the ore to coke mass ratio (O/C) and the radial distance.
The experimental results were obtained by digging up the burden. The value of O/C around the center
is enormous because the thickness of the coke layer is thin, and it decreases with the increase in the
radial distance because the coke layer becomes thicker. Trends of the O/C for both the experiment
and the simulation are excellently correlated. Figure 13 shows the relation between the normalized
mean particle diameter of the sinter and the radial distance. The particle diameter at each position was
normalized using the mean value of all particles because the mean particle diameter in the experimental
work became smaller than that of the initial condition. Some sinter particles had fragmented during the
continuous charging into hoppers and discharging. The particle diameter at the terrace is smaller, and
it increases while approaching the center due to the particle size segregation during the flow toward
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the center. A good agreement between the experimental results and the simulated ones was obtained.
Therefore, the burden distribution simulated in this work was validated, and it has a high potential
to predict the particle behavior during charging. In the simulation, the burden layer formation can
be clarified. Figure 14 shows the cross-section of the ore layer, which is color-coded by the chute
tilting angle. It is found that the thickness of each layer is thin, and it reaches the center. This is
good information for considering the mixing particles in the ore layer. The vertical layer structure for
each ring is clarified. Therefore, the discussion of the vertical position of mixed particles is possible.
For example, if some particles should be mixed in the purple layer, they should be charged in the blast
furnace during the rotation of 39°. It should be noted that this simulation did not consider the effect of
the mixing particle and gas flow, but they will be investigated in the future work.
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Figure 12. Relation between the ore-coke mass ratio (O/C) and the radial distance.
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Figure 13. Relation between the normalized mean particle diameter of sinter and the radial distance.
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Chute tilting angle

Coke layer

Figure 14. Cross section of the ore layer, which is color-coded by the chute tilting angle.

5. Conclusions

A particle simulation model of the charging process of the bell-less-type blast furnace was

developed using DEM. The ore to coke mass ratio (O/C) and the mean particle diameter of the
radial direction were compared with the experimental results, which were obtained in the 1/3-scale
experimental burden distribution simulator. The following is a summary of this study:

)

@)

©)

)

The particle size segregation occurred during conveying to the experimental blast furnace.
The smaller particles were initially discharged, whereas the larger ones were discharged later.
The burden profile, which was simulated using DEM, was similar to the experimental one.
A terrace was found at the burden surface subsequent to ore charging, and its simulated position
agreed with that of the experimental result. The surface angle was mostly similar between them.
The simulated O/C distribution in the radial direction and the mean particle diameter distribution
showed excellent correlation with the experimental results.

It can be concluded that this method of particle simulation of the bell-less charging process is
highly reliable in the prediction of the burden distribution in the blast furnace.
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Abstract: Charging directly affects the burden distribution of a blast furnace, which determines the
gas distribution in the shaft of the furnace. Adjusting the charging can improve the distribution
of the gas flow, increase the gas utilization efficiency of the furnace, reduce energy consumption,
and prolong the life of the blast furnace. In this paper, a mathematical model of blast furnace charging
was developed and applied on a steel plant in China, which includes the display of the burden profile,
burden layers, descent speed of the layers, and ore/coke ratio. Furthermore, the mathematical model
is developed to combine the radar data of the burden profile. The above model is currently used in
Nanjing Steel as a reference for operators to adjust the charging. The model is being tested with a
radar system on the blast furnace.

Keywords: blast furnace; charging system; mathematical model; radar data; burden distribution

1. Introduction

The raw material used in the production of a blast furnace is called burden. It is mainly composed
of coke, sinter, and pellet. The prepared burden is loaded into a hopper. After a series of transportation
steps on the top of the furnace, it falls onto a rotating chute, when the exit of the hopper opens. Then,
the material enters the blast furnace and forms burden layers in the throat. At the bottom, hot air
is blown into the furnace to burn the coke, producing carbon monoxide and hydrogen that act as
reductants. The rising reductants react chemically with iron oxide in burden and the iron oxide
becomes hot metal after the reduction and melting. In the reduction, impurities in iron ore combine
with the added flux to form molten slag. Hot metal and slag are discharged from tapholes at the
bottom of the furnace. After treatment, molten slag is used as a raw material for cement and hot metal
is transported to basic oxygen furnace by torpedo.

Some studies have shown that the charging affects the chemical reaction between the layers and
reducing gas in the shaft of the furnace. The layers influence the shape of the cohesive zone and energy
utilization efficiency of the furnace [1]. Therefore, the charging system is of great significance for the
operation of the blast furnace. Due to the high temperature, high pressure, and dusty environment
of the blast furnace, the internal state of the furnace cannot be measured. Even though furnace top
temperature detection equipment, cross temperature measurement, and furnace top infrared cameras
are already applied in the furnace, they still cannot accurately provide information about the burden
layers in the furnace. Simulation technology is a powerful method combining computer, mathematics,
physical engineering, and chemical engineering. It is helpful to observe the phenomena that are difficult
to be directly measured in practice. Meanwhile, it saves costs, time, and materials in experiments [2].

Many studies have used mathematical models to study the charging system of the blast furnace.
Yoshimasa et al. [3] developed a simulation model for the burden distribution of blast furnace charging
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and studied the trajectory of the raw material, burden descent, and mixing layer, providing important
information for the subsequent model development. Pohang Iron and Steel Company proposed a radial
distribution function of the burden and applied it in an actual blast furnace to study the distribution
characteristics of the burden and to improve the distribution of the gas flow [4]. Krishman et al. [5]
developed a mathematical model for the optimization of bell-less charging, and the calculation results
were consistent with the actual data. Saxén and Hinnel4 [6] developed a bell-less burden distribution
model on the basis radar measurement, and the dependence between the layer thickness and charging
variables was modeled by neural networks [7]. Nag [8] proposed a mathematical model of the bell-less
top to calculate the trajectory of the burden in charging. Park et al. [9] analyzed the blast furnace
charging system by developing a burden descent model and a gas flow model, and compared the
results with those from a 1/12-scaled model experiment. Samik et al. [10] proposed a general target
methodology to estimate the stock profile in the blast furnace, where the burden distribution is based
on experiments in different scaled models of a blast furnace with various materials. Shi et al. [11]
proposed a new model of stockline profile formation in which equations were developed for the inner
and the outer repose angles by considering the influence of the burden’s vertical and horizontal flow.

The above mathematical models were developed based on some assumptions and different
operating conditions. Therefore, it is quite difficult to apply them to get accurate results of the burden
layer for other furnaces. If a charging model can be combined with a reliable burden surface detection
method, the reliability of the calculated burden profile information can be increased. For example,
rotating radar detection technology can more accurately measure the height of each point of the
burden surface even under severe conditions, such as complete darkness and high-dust atmosphere,
than a mechanical stock rod [12]. Therefore, in a black-box environment, vibration, and strong airflow,
burden distribution online measurement should be stable and accurate. Considering the limits of
the radar method, radar data also includes noise and can only reflect the surface shape of the object.
Through the combination of radar, data processing, and the charging mathematical model, the error
and noise of radar data can be reduced a lot. Furthermore, the shape of the burden surface and the
structure of the burden layers can be better estimated [13].

Some scholars have studied the application of radar in blast furnaces, and some achievements
have been made. Liu et al. [14] used radar data containing information of the burden surface situation
and cross thermometer data reflecting the trend change of the burden surface with time as the training
data for a fuzzy neural network to classify and predict the burden surface. Gao et al. [15] suggested
that visualization and simulation is a new technology to monitor the charging system and to help the
operation of blast furnaces. Based on the real multi-radar data, Zhu et al. [16] estimated the burden
profile by a cubic-curve equation at the end of a multi-loop charging. Furthermore, the burden profile
before the next multi-loop charging was calculated by considering the impact of the burden descent.
Li et al. [17] used fuzzy c-means clustering to classify a large amount of burden surface radar data and
proposed a multiple-model set of the burden surface. The real-time burden surface data were matched
with the model to produce the expected burden surface. A reconstruction algorithm based on phased
array radar data was proposed by Zhang [13] to extract the data of the blast furnace charging line and it
was shown to have high efficiency and high accuracy. Tian et al. [18] developed a radar detection-based
model for the prediction of the burden surface shape to develop a charging strategy and the results
showed that the proposed model had the advantages of higher prediction accuracy for both local details
and global shape than mechanical stock rods. In another publication [19], they proposed an innovative
data-driven model for predicting the distribution of the burden descent speed. This model has the
ability to better characterize the variability in the radial distribution of the burden descent speed than a
pure mathematical model based on Newton’s second law. Miao et al. [20] proposed a new calculation
method of shape fusion of the material line based on a stacking method, which can directly calculate
the shape of the material surface and improve the measurement accuracy by 4.8%, compared to the
first principle mathematical model. Li et al. [21] recently presented a similar model to improve the
measurement accuracy of the burden profile and to use this in modeling of the burden distribution.
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From the above literature and statements, there are no publications presenting a combination of
radar data and a mathematical model to test, modify, and improve the model. Therefore, this paper
will concentrate on this issue.

2. Mathematical Model and Radar Data Treatment

2.1. Mathematical Model Structure

Locations of raw material trajectories, shape of the burden profile, and ratio of ore to coke on the
top of the blast furnace are gained by calculating the charging process. This is important for predicting
the reducing gas distribution and chemical reactions between layers and the gas in the shaft of the
blast furnace. Therefore, combining the mathematical model of the charging with the experience of the
production and radar data, the operation of the blast furnace can be optimized to become more stable
and efficient.

From the raw material in the hopper to the formation of burden layers in the throat of the furnace,
the charging process is decomposed into the trajectory of the burden flow, burden profile, burden layer
structure, and burden distribution evaluation. The four steps are calculated by four models: Burden
flow trajectory model, burden profile model, burden distribution model, and burden evaluation model,
and are shown in Figure 1.

Particle size of raw Raw
material, Parameters Original Stockline -

of inclined chute , material
Throttle valve opening burden profile data properties

Burden
distribution

Material Burden

Ore/Coke ratio

movement profile

Burden flow Burden Burden Burden
trajectory profile distribution evaluation
model model model model

Figure 1. Mathematical model structure.

In Figure 1, after the calculation of the material movement by Newton’s second law, the velocity
of the burden at the hopper exit, velocity of the burden into the chute, and velocity of the burden
leaving the chute tip are obtained successively. Then, based on the inclination angle and rotation speed
of the chute, the trajectories of the raw material after leaving the chute tip are calculated. From the
trajectories and burden profile model, the coordinates of a new burden profile can be calculated based
on the original one. Then, the descent speed of the burden is used to modify the new burden profile
and the modified one is saved in the database. In the next calculation, the modified one is considered
as an original profile and the procedure is repeated. Finally, the ratio of ore to coke in the last two
profiles is obtained and is used as a criterion of evaluation.

2.1.1. Burden Flow Trajectory Model

This part studies the movement of raw material particles and velocities of the material from the
hopper to the trajectory of the burden flow. This part is divided into four sections and is shown in
Figure 2. It includes the velocity of the burden at the hopper exit, velocity of the burden into the chute,
velocity of the burden leaving the chute tip, and trajectory of the burden after leaving the chute tip.
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Figure 2. Trajectory of the burden flow passing through the bell-less top.

The raw material flows out from the exit of the hopper in a funnel form, and its velocity (V) can
be described by the hydraulic formula [22]:

Vo = Q/m(2S/C—d;/2)%, 1)

where S, C, d;, and Q express the projection area of the throttle valve (m?2), circumference of the
throttle (m), average particle size of the burden (m), and flow rate of the burden out the throttle valve
(t/s), respectively.
According to the literature [23], the relationship between Q and A (throttle valve opening) is
as follows:
Ore:
Q=1x10"2A%-7x107*A% 4 0.0366A — 0.5; 2)

Coke:
Q=3x10A%-27x1073A% +0.103A — 1.29. ©)

Before reaching the chute, raw material particles free fall with an initial velocity Vj and collide
with the wall of the downcomer (see Figure 2), causing a loss of energy (velocity), which can be
calculated by the velocity attenuation factor k. Therefore, the velocity of the particles entering the
chute is calculated by:

Vi = ykeosa(Ve? +2g(1 + b/ sina)), @)

where a, h, b, g, and A define the inclination angle of the chute in the vertical direction (°) (see Figure 3),
height of the downcomer (m), distance from the chute suspension point to the bottom of the chute (m),
acceleration due to gravity (9.81m/s?), and throttle valve opening of the hopper’s exit (°), respectively.

The particles fall into the chute at the velocity (V1) and are mainly subjected to gravitational
force (F1), supportive force (Fy), frictional force (F3), and centrifugal force (F4) as shown in Figure 3.
The applied forces on particles along the chute can be expressed by:

Fy=mg (@)

F, = mgsina—wzlm sina cosa 6)
F3=uph 7)

Fy = w’mlsina ®)

Y F=Fi+F+Fs+Fy, )
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where w, m, [, and p express the rotation speed of the chute (r-571), mass of the burden (kg), length of
the chute (m), and coefficient of dynamic friction (-), respectively.

Figure 3. Schematic diagrams of the applied forces on the particle flow along the chute.

According to Newton’s second law, the velocity V, of particles leaving the chute end can be
calculated and it is decomposed into the horizontal velocity V), vertical velocity V5, and tangential
velocity V; as follows:

Vy = \/a)2 sina(sina + pcosa)l2 4 2g(cos a — usina)l + (V cosa)?, (10)
Vh = Vz sina (11)

Vy = Vacosa (12)

Vi=rw (13)

After leaving the chute end, the burden moves with the velocity of V; in the throat until it falls
onto the burden surface. In the movement, burden particles are subjected to gravitational force,
buoyancy force, and the drag force of gas. The influence of the latter two forces on the movement of
the burden is very small and is ignored [22]. Therefore, the movement of the burden is treated as a
slant throw movement with gravity, as is shown in Figure 4.

The slant throw movement of particles can be decomposed into two directions: The radius of the
throat (S;) and the tangential direction of the radius (St). Therefore, the distance of particles from the
center line of the furnace (S) to the falling point of particles with the burden profile can be calculated
by:

Sy =r+ (Vysina)t (14)
St = wrt (15)

S=+S2+52 (16)

where r and t are the radial distance from the chute tip to the center line of the blast furnace (m) and
the movement time of particles between leaving the chute tip and reaching the burden profile (S).

When the burden moves below the zero value of the stock line, the vertical distance between
material particles and the zero value of the stock line can be expressed by:

H=hy— (hg - h1), 17)

where hg, hy, hy, and H define the distance from the chute suspension point to the zero stock line (m),
distance from the chute suspension point to the end of the chute (m), vertical distance of the material
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after leaving the chute tip (m), and distance between the material and zero value of the stock line
(m), respectively.

A Centerline
hy \
hg i
i ;" I RN S »
h,—! \\ T Zero stock line
H 2N V!
1 _‘
\
\

Figure 4. The trajectory of the material in the cavity, where hj is the distance from the chute suspension
point to the zero value stock of the line (m), /; is the distance from the chute suspension point to the
end of the chute (m), /i, is the vertical distance of the material after leaving the chute tip (m), and H is
distance between the material and zero value of the stock line (m).

2.1.2. Burden Profile Model

After the raw material moves from the chute tip, it is uniformly dumped to the burden surface of
the furnace and forms a new one. For multi-ring charging programs, the material forms a new shape
of the burden surface with several concentric piles. There is a certain width of the burden mass flow,
after the material leaves the chute tip. Therefore, we describe the mass flow by two trajectories: The
main trajectory of the material flow (mass trajectory) and the lower material flow, as shown in Figure 5.
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Figure 5. Schematic diagram of a new surface formation on an original one, where & is the repose
angle of the burden. (a) the location of the inner foot B is the intersection of the lower trajectory with
the previous burden profile; (b) the material keeps the repose angle slipping on the inner surface of
the profile.
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Along the radial direction of the furnace, the surface of a new burden profile can be described
by three points as shown in Figure 5: Inner foot B of the pile, outer foot C of the pile, and apex A of
the pile.

When the material settles down on the inner surface of a new pile, the angle of the new pile is
less than the repose angle of the raw material, and the location of the inner foot B is the intersection
of the lower trajectory with the previous burden profile as shown in Figure 5a. When the material
slips on the inner surface of the pile, the inner surface reaches the repose angle of the material and will
keep the repose angle, as shown in Figure 5b. Therefore, more material moves towards the center of
the furnace and the inner foot B is decided by the volume conservation of the raw material. For the
apex A calculation, it is given by the intersection of the main trajectory with the previous burden
profile. The right-side material of the main trajectory falls to the outer side of the apex A and forms the
outer surface of the pile. Because the particles have a velocity component in the radial direction of the
furnace, they roll along the outer surface of the pile for a while. The rolling distance of the material is
constant for different materials and is 0.7 m for coke and 0.5 m for ore [23].

The new burden profile is described by the A, B, and C points along the radial direction as shown
in Figure 6. It is divided into several regions for integration to obtain the volume. Therefore, the new
burden volume is calculated as follows and is equal to the volume of the material in each batch:

Mit1
V=2n f(fnew(r) - fori(’/))rdr = Zﬂf (fm(r) —fn(r))rdr, (18)
n;
where 7, fuew(7), fori(7), fin(r), and f,(r) are the distance from the center line (m), new burden profile
function, original burden profile function, mth burden profile function, and nth burden profile
function, respectively.

: Centerline Wall!
1

Nl : ! N N3 Stock line

Figure 6. Burden volume partition integral.
2.1.3. Burden Distribution Model

Tapping of hot metal and molten slag from the taphole in the hearth as well as combustion
and gasification of coke give the space for the burden to descend in the furnace. The shape of the
layer distribution changes during the descent. Therefore, it is necessary to modify the burden profile
according to the burden descent. In practice, two to four mechanical stock rods are used to measure
the descent of the burden at fixed locations.

According to the measurement, Nishida et al. [24] proposed a velocity distribution of the burden
descent along the radial direction of the furnace (Vy)), which is measured directly by a profilometer
and is a linear assumption based on the measured data. From the velocity distribution, the rate of the
burden descent is slower in the center and faster near the wall of blast furnace:

V(r) =a+br (19)
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o RaVai — 3RoVio

20

R 2R (20)

b= Vrad _ZVCh (21)
Ry - 2R,

where V;) is the velocity component of the burden descent at the radial position r (mm/s), R is the
throat radius (m), R; is the distance of the profilometer from the center line (m), V, is the average
velocity of the burden descent (mm/s), and V,, is the descent velocity at the profilometer (mm/s).

The descent velocity of the burden is only vertical in the furnace throat (V;), and divides into
vertical (V},) and horizontal (V;) components in the shaft region as follows:

Vh = V(r) sin ‘B, Vy: V(r) COos ﬁ, (22)

where f defines the shaft angle of the furnace (°).

When different kinds of raw materials are charged into the throat of the furnace, the structure of
alternating layers (ore layer and coke layer) forms. The burden still keeps its layer structure in the
descent. Therefore, the layer structure of the burden can be used to study the distribution of the ratio
of ore to coke and the permeability of the burden in the shaft.

2.1.4. Burden Evaluation Model

In order to gain a reasonable material distribution and help the operation of the blast furnace,
it is necessary to evaluate the distribution of the layers. The particle average size and strength of
coke are much larger and higher than those of sinter. Coke remains in a solid state to 1500 °C while
sinter softens and melts below the cohesive zone in the furnace. In the blast furnace, coke has better
permeability than sinter. Therefore, the mass ratio of ore to coke is used to evaluate the burden of the
coke state and is calculated as follows:

AMMo _ [fo(r), = fe(r)alpo
AMc  [fe(r), = fo(r)u-1lpc’
where AM is the mass of the ore layer (kg), AMc is the mass of the coke layer (kg), fo(r),, is the

function of ore in the nth layer, and fc(r),, is the function of coke in the nth layer. pp and pc are the ore
bulk density (kg/m?) and coke bulk density (kg/m?), respectively.

Kosc = (23)

2.2. Radar Detection Measurement

Rotating radar detection measurement is an integration system, including a mechanical radar
device, signal transmission device, and signal processing system. Two rotating radars are installed on
the top of the blast furnace (see Figure 7). One of them only measures half of the burden surface profile
from the centerline of the furnace to the periphery. They are symmetrically distributed in the top of the
furnace and can detect the full material surface together.

The blast furnace top

\‘ Radar

Figure 7. Schematic diagram of the radar installation in the top of the blast furnace.

130



Processes 2020, 8, 239

After a new burden layer has been formed, the two radars are used to get the radar of the full
surface. A combination of the mathematical model and radar data is divided into radar data processing
and mathematical model calculation and is shown in Figure 8. After radar data processing, the burden
profile function is obtained. The burden descent velocity is gained by two methods: The calculation
descent function from the mathematical model and the fitting function of radar data. After the descent
function, the burden profiles will present the layer structure. Then, we can evaluate the burden
distribution through calculation of the ratio of ore to coke.

Radar data Burden
profile
. Data processing ‘
== Burden Ore/coke
distribution radio curve
Evaluate burden
I I I distribution S
Burden L.\
descent
Burden Set parameters function
distribution
model ——

Figure 8. Procedure of the combination of the mathematical model and radar data in a
software implementation.

2.2.1. Radar Data Collection

When a rotating radar works, it rotates around the axis of itself to detect the radial data of
the burden profile. The radial data includes the height and the radius of the burden surface. Dust,
chute shield, and airflow in the throat all interfere with the radar data, producing noise and making
the measurement values deviate from the real ones.

2.2.2. Processing of Radar Data

Radar data were collected from a blast furnace of Nanjing Steel. In order to ensure the accuracy
and authenticity of the data, the K nearest neighbor algorithm was firstly employed to remove the
noise. Then, the Delaunay triangulation algorithm was used to realize the visualization of the 3D
surface. The burden profile takes the average values of multiple coordinates extracted from the data.
After the above processing, 40 group points were selected as the coordinates of the burden profile.
The intersection of the furnace center line and the zero line of the stock line was defined as the origin
of the coordinates. These 40 group points were converted into two-dimensional coordinates of the
burden profiles.

The 40 groups of radar data were treated and stored in a database, which included the radar data
time, burden profile coordinates (X, y), and material type as shown in Figure 9.

Ore/coke mark

Radar data time Material surface radar data 2l ori
coordinates nERE

Il

],
10 2018-04-17 12:18:25 x29y228) (x317y231) (x339y235 (x36y234) (x38y233) (x39y232
11 2018-04-17 12:21:56 (296225 [x318y218) (x336y202) {x356y202) {x377y215) {x39y1.9)
12 2018-04-17 122405 | o o o |{x29y205) {x316y209) {x338y228) (x358y223) (x377y213) {x39y212)
13 2018-04-17 12:28:18 (x296y226) [x317y214) (x339y237) {x36y235) (379y23) {x39y223)
14 2018-04-17 12:31:36 (296y225) (x316y234) {x339y238 (x361y245) (x382y245) {x39y233

|

Figure 9. Radar data structure in the database.

From these 40 group of radar data, burden profiles were extracted and illustrated, as depicted in
Figure 10. The radar data are independent points and discontinuous in the radial direction (red points
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in Figure 10). Therefore, a polyfit regression method was used to find the most consistent curve for
these radar data. This not only retains the characteristics of the radar data but also makes the burden
profile look continuous and smooth.

0 7 T T
=+ original values !
y 1

|| — polyfit values \
1

]

1

|

2| et I L

I 1
i 1
=3} | | g

-4 | 1

Distance from zero stockline,mm/s

5 1, 1 L . 1
-4 -2 0 2 4

Distance from center line,m

Figure 10. Radar data calculation of the burden profile function.

When the burden profile function is known, it is modified by the burden descent function.
There are two methods to obtain the descent function: The one from the mathematical model
(Equations (19)—(21)) and the other from the radar data fitting method.

Considering the difference between these two measurements, the descent velocity function can be

calculated by:
V= f(r)n _f(r)n—l/ (24)
by — b1
where f(r), and f(r),_; are the nth burden distribution and the (n — 1)th one after the

descent, respectively. t, and t,_; define the charging times of the nth and (n — 1)th burden
distribution, respectively.

A polyfit regression method was used to obtain the descent functions show in Figure 11.
The distribution of the descent function is symmetrical at the centerline of the furnace (x = 0). The red
dots in Figure 11 and blue curve express the radar data and the fitted curve, respectively.

= original values
— polyfit values

.

w

[N

Burden descent velocity, mm/s

-

Distance from center line,m

Figure 11. Method of the burden descent velocity from radar data.

2.2.3. Burden Distribution Calculation

From the above, the function of the burden profile and the function of the descent velocity were
obtained. Then, the type of the charging material is identified by comparing the last batch with the
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previous one. If the type is different, radar data are used to calculate the burden profile function.
Otherwise, it is used to calculate the descent velocity and to modify the last material layer. After many
layer calculations, the eburden forms a structure layer by layer as shown in Figure 12. Then, the coke
to ore ratio curve of the burden can be calculated for the last two batches.

— coke
— Ore

m
|
-

» .‘7"\?}

Distance from centerline, m

Distance from zero stock line
|
w

Figure 12. Burden distribution with layer by layer.

2.3. Parameters of Blast Furnace and Assumptions of Calculation

In order to combine the mathematical model with the radar data for a blast furnace, the relevant
parameters of the charging system are listed in Tables 1-3.

Table 1. Parameters of the bell-less top blast furnace.

Property Value
Throat diameter (mm) 8300
Throat height (mm) 2600
Shaft angle (°) 84.15
D! (mm) 4010

Dy 2 (mm) 1030

D, 3 (mm) 4601

! Distance from throttle to chute suspension point. 2 Distance from the chute suspension point to the chute bottom
plate. 3 Distance from the chute suspension point to the zero line.

Table 2. Parameters of rotating chute.

Property Value
The length of the chute (mm) 3890
Chute speed (r-s71) 0.133
Coefficient of coke friction 0.758
Coefficient of ore friction 0.638
Velocity attenuation coefficient of coke 0.70
Velocity attenuation coefficient of ore 0.71

Table 3. Physical parameters of raw material.

Property Ore Coke
Bulk density (kg/m?) 1800 550
Repose angle (°) 31.5 325

Considering the influence of the charging parameters, burden distribution properties, and practical
experience of blast furnace operators, the mathematical model combining the radar data was derived
on the basis of the following assumptions [5,23]:
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(1) Velocity of particles after collision with chute can be described by an attenuation factor without
bouncing of particles in the chute.

(2) The chute rotates around the centerline of the blast furnace at any inclination angles with the
revolution speed of 8 ring/min.

(3) There is no size distribution of particles in the raw material. The drag force of particles in the
air after the chute and Coriolis force can be ignored.

(4) Burden is distributed in three dimensions, is uniform around the circumference, and is
symmetrical around the centerline of the blast furnace.

(5) Burden keeps an alternate layer structure during the descent.

3. Application of the Combined Model and Results

3.1. Mathematical Model Test

The trajectory of the burden flow model was used to calculate the material flow path at different
inclination angles of the chute as shown in Figure 13. With the increase of the inclination angle of the
chute, the trajectory moves to the periphery. The drop point for a large inclination angle of the chute is
farther away from the center line of the blast furnace. When the inclination angle of the chute is less
than 15°, the chute dumps the materials directly to the center of the furnace (called center-charged
burden), which cannot be observed in Figure 13. Figure 14 shows the radial velocity of the burden
descent calculated by the burden decent velocity model (Equations (19)—(21)). The descent velocity
increases with the increase of the distance from the centerline.

31°,34°,37°,39°,41°

om zero stock ling, m

Distance from centerline, m

Figure 13. Main trajectories of coke flow.
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Figure 14. Burden descent velocity from the mathematical model.

Based on the parameters of Tables 1-3 and charge matrix of Table 4, the burden distribution of
a multi-ring charging program was calculated by the burden profile model. The results are shown
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in Figure 15. Blue, green, and red lines express the initial material surface, and the ore and coke
surface, respectively. An ore profile with a single ring is shown in Figure 15a. After the full burden
matrix, the burden distribution of a batch of ore and coke can be calculated as shown in Figure 15b.
The structure of multi-batch burden layers (two coke and two ore layers) was calculated by iterative
calculation, as shown in Figure 15c. From the latter, the same type of material has a similar shape and

the apexes of the burden profile move toward the periphery a little during the descent due to the effect
of the shaft angle of the furnace.

Table 4. Charging matrix of a blast furnace

Chute Angle (°) 46 44 415 39 36.5 15
Coke charging ring number 2 2 2 2 2
Ore charging ring number 3 3 2 2

Centerline

Centerine

Centerline
S 7

w & w @

6 = N w & v o

o = N w & w o

Distance from centerline

H 0 1
Distance from centerline
(@)

Distance from centerline
(®) [C]
Figure 15. Burden distribution by a multi-ring charging program based on Tables 1-4: (a) 1st ring
of ore; (b) a full burden distribution of an ore and a coke layer with multi-ring; (c) 2 coke and 2 ore
layers. Blue line: initial material surface. Blue dash-dotted line: wall. Green line: ore layer. Red line:
coke layer.

In order to test the mathematical model, a number of cases are listed in Table 5. A comparison
of the burden distributions for different charging matrixes is shown in Figure 16. Figure 16a shows
burden profiles with central coke when the inclination angle of the chute is 12° and the number of
coke rings is 5. Figure 16b shows the burden profile with exactly the same parameters as in Figure 16a
but for four coke rings. Comparing Figure 16a,b, only one ring of coke moves to an angle of 27°,

which means the central coke becomes thinner and the thickness of the coke layer at an angle of 27°
becomes bigger. With another ring of coke moving to 27° (Figure 16¢), the thickness of the central coke
becomes much thinner and the layer becomes much thicker than in Figure 16a. Figure 16d shows the
burden distribution without the central coke and three rings moved to an angle of 20°. Compared to
Figure 16¢, the central coke has disappeared and the layer thickness at an angle of 20° becomes bigger
than in Figure 16d. a comparison of Figure 16d,e shows that only a ring of coke moves from an angle of
20° to 27°. Therefore, the only difference between them is that the coke thicknesses at these two angles
are somewhat different. Figure 16f shows the burden distribution with one ring less of coke at an angle
of 27° compared to (e). Comparing Figure 16f,g, the burden distribution without two rings at an angle
of 20° in the latter yields a thin layer at an angle of 20°. In Figure 16h, every inclination angle of the

chute decreased by 1° except 27° for coke. Therefore, the ore layers move toward the center. Figure 17

shows the effect of the ore batch on the burden distribution (a. with ore batch of 63 t and b. with ore

batch of 55 t). When the ore batch decreased from (a) to (b), the ore layer thickness became smaller.
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Table 5. Charging programs with different matrixes to test the mathematical model.

'y
[y
W
=)
w
N
W
Iy

Figure No.  Inclination Angle of the Chute (°) 31 27 20 12

a Ore 2 3 3 2 1

Coke 3 3 3 2 2 5
b Ore 2 3 3 2 1

Coke 3 3 3 2 2 1 4
c Ore 2 3 3 2 1

Coke 3 3 3 2 2 2 3
d Ore 2 3 3 2

Coke 3 3 3 2 2 3
e Ore 2 3 3 2 1

Coke 3 3 3 2 2 3 2
¢ Ore 2 3 3 2 1

Coke 3 3 3 2 2 2 2
g Ore 2 3 3 2 1

Coke 3 3 3 2 2 2

Inclination angle of the Chute (°) 40 38 36 33 30 27

h Ore 2 3 3 2 1

Coke 3 3 3 2 2 2

(2] 3 ©

Figure 16. (a-h) are the comparison of burden distributions corresponding to the charging matrix of
(a-h) in Table 5.

— coke
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I 0 1 2

@ Distance from centerline ©®)

Figure 17. Comparison of the burden distribution with different ore batches: (a) Ore batch of 63 t; (b)
Ore batch of 55 t.

Figures 16 and 17 shows the test of the sensitivity of the mathematical model. When the number of
burden rings increased, the corresponding thickness of the burden layer increased. When the inclination
angle of the chute changed, the structure of the burden layers changed accordingly. According to the
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conservation of volume, the burden distribution changes with the change of the burden batch. In short,
changes in the inclination angle of the chute, ring of charging, and ore batch will cause corresponding
changes of the layers predicted by the mathematical model.

The burden distribution with the charging matrix of Table 5a is shown in Figure 18a. The ratio of
ore to coke (Equation (23)) is defined by the last two layers and is shown in Figure 18b. The ratio is
zero at the center due to the central-coke layers and has a highest value at r = 1.3 m at the inclination
angle of the chute of 31°.

— ke
— ore
— centrecoke

Ore/Coke, kg/kg
N W s ow

°

0 1 2 3 4

Distance from centerline, m Distance from centerline, m

(a) (b)
Figure 18. (a) Burden distribution; (b) ratio of ore to coke from (a) case.
3.2. Combination of the Mathematical Model and Radar Data

Radar data can work together with the mathematical model to support and guide the operation of
blast furnace charging. Therefore, it is necessary to compile them into a visual interface. Based on
the charging parameters and radar data from a plant in East China, a 2D simulation software of blast
furnace charging was developed. The model was programed in Python and the visualization code was
provided by JavaScript to give a friendly web interface.

A cloud map drawn by radar scanning data is shown in Figure 19a. Radar scanning data includes
many points in an interval. After noise removal and feature extraction in the interval, 20 relatively
stable points (green curve) were obtained. These points were used to calculate the burden distribution
by the burden distribution model. The calculated burden layers’ structure is shown in Figure 19b.

()

Figure 19. Burden profile: (a) Burden profile from radar data; (b) Burden profile from the mathematical
model combined with radar data.

In order to display the radar data and the results of the mathematical model, we designed a
user-friendly operator interface. Its main functions are shown in Figure 20. After logging into the
software (Figure 20a), the left column is the function menu of the software. A column is designed
to enter the parameter settings of the furnace in Figure 20b and includes blast furnace parameters,
chute parameters, raw material properties parameters, charging matrix, and so on. The burden
distribution display is the main page of the software and is drawn out by Echarts after radar data
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processing in Figure 20c. After noise removal and feature extraction, the radar data combined with the
mathematical model illustrate the structure of the material layers. The burden descent velocity and
ratio of ore to coke are also drawn in the main interface. In addition, the system parameters of the
radar are also monitored, such as the chip temperature, nitrogen temperature and nitrogen flow rate,
valve pressure in radar system, and liquid flow rate.

=
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Figure 20. Visualization of our software by the combination of the mathematical model and radar data:
(a) Software login interface; (b) Parameter setting interface; (¢) Burden distribution display and radar
data monitor; (d) User management interface.

In order to guarantee the security of the data and analyze the data of different users and different
furnaces, a user management system was designed for user administration, as shown in Figure 20d.

4. Conclusions

The charging of the blast furnace directly affects the burden distribution in the throat,
which influences the gas distribution in the shaft of the furnace. Adjusting the charging can
improve the distribution of gas flow, increase the gas utilization efficiency, reduce energy consumption,
and prolong the life of the furnace.

In this paper, with the help of computer technology, a mathematical model of the charging system
was developed, composed of the trajectory of burden flow, burden profile, burden layer structure,
and burden distribution evaluation. Serial cases were used to test the mathematical model’s sensitivity.
After noise removal and feature extraction, radar data of the burden profile was combined with the
mathematical model to improve the accuracy of the model. A 2D view was obtained by combining
the mathematical model and the radar data to visualize the charging, burden distribution, radar data,
mathematical model, and relative equipment state. Based on the data from a blast furnace, the software
was found to be more consistent than the present state-of-the-art tools used at the plant and ran
smoothly to help the operation of the furnace.
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Abstract: In the bottom region of blast furnaces during the ironmaking process, the liquid iron and
molten slag drip into the coke bed by the action of gravity. In this study, a practical multi-interfacial
smoothed particle hydrodynamics (SPH) simulation is carried out to track the complex liquid
transient dripping behavior involving two immiscible phases in the coke bed. Numerical simulations
were performed for different conditions corresponding to different values of wettability force
between molten slag and cokes. The predicted dripping velocity changes and interfacial shape were
investigated. The relaxation of the surface force of liquid iron plays a significant role in the dripping
rate; i.e., the molten slag on the cokes acts as a lubricant against liquid iron flow. If the attractive force
between the coke and slag is smaller than the gravitational force, the slag then drops together with
the liquid iron. When the attractive force between the coke and slag becomes dominant, the iron-slag
interface will be preferentially detached. These results indicate that transient interface morphology is
formed by the balance between the momentum of the melt and the force acting on each interface.

Keywords: ironmaking blast furnace; coke bed; trickle flow; molten slag; liquid iron; SPH

1. Introduction

An efficient trickle flow of high-temperature melts in coke beds is necessary in ironmaking blast
furnaces, as it ensures a smooth continuous process, which is a prerequisite for high productivity in
operations that use lower amounts of reducing agents. The trickle flow is driven by the gravitational
force that acts on the liquid iron and molten slag (two immiscible liquids), and the dripping behavior
is balanced by viscous and interfacial forces. When the volume of the high-strength coke, which acts as
a spacer in the lower part of the blast furnace, is reduced, the resistance to the melt passage increases,
which can cause instability. It is, therefore, essential to maintain a desired trickle flow through the coke
bed to prevent clogging problems that may occur if the pressure drop in the bed becomes excessive or
shows large variations. This approach emphasizes the need to understand the dripping behavior of
the two liquids in the coke bed.
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Over the years, liquid flow in blast furnaces has been investigated experimentally and
mathematically. Several studies focused on the volume fraction of the liquid in the packed bed, called
“liquid hold-up”, and the effect of various in-furnace conditions, including the physical properties of
the liquid and the wettability of coke. The relationship between hold-up and dimensionless number has
been determined by applying an experimental system using room temperature media [1-3] or actual
melt [4-6]. Since the hold-up of CaO-5i0,-Al,O3-based molten slag (>1773 K) is significantly affected
by the wettability of coke [7], several experimental studies have been conducted on the static contact
angle between molten slag and “carbonaceous material” [8-10]. The molten slag wetting behavior
relatively depends on the carbonaceous material substrate, i.e., not only the equilibrium contact angles
but the periods to reach a stable contact angle vary considerably. If basicity (CaO/SiO, mass %) < 1, the
decrease in the contact angle with time as the basicity decreases is generally attributed to the formation
of interface product SiC [11], but the change in the state of the Fe-Si-C system is still unclear because
this change depends on the Si form (which may exist in a gaseous form). In investigating coke-slag
wettability, the differences in small amounts of components (such as FeO and MgO) in slag and the
differences in the specific properties (such as crystal structure and void structure) of carbonaceous
substrates should be considered.

Computational fluid dynamics (CFD) is useful for understanding this phenomenon. The advantage
of this approach is the precise tracking of time-varying fluid interfaces, which is difficult to observe
experimentally. Most recent CFD studies demonstrate that, with regard to the wettability of the packed
bed, the geometry of the bed has a significant effect on the interface dynamics, leading to the co-existence
of complex interfaces; thus, the change in wettability leads to various interfacial movements that
are unidentified under static conditions. Molten slag flow in a packed coke bed was investigated by
using the three-dimensional combined discrete element method (DEM) and CFD [12-14]. A series of
two-dimensional [15,16] and three-dimensional [17] high-resolution direct numerical simulations were
also conducted with the aim of understanding the pore-scale fluid dynamics. Although the two-liquid
flow in packed beds has received attention but usually focused on room temperature media [18,19],
there is no guarantee that the information available from the water-oil-rock system can be applied to
the slag-iron-coke system in blast furnaces. For example, the density difference between iron and slag
(4000 kg/m3) is considerably higher than that of water and oil (2200 kg/m3) [20]. It is essential to
evaluate the interfacial force in an unsteady condition under the condition where the momentum in the
gravity direction appears. CFD studies have been conducted for such cases. The phase field modeling
for the behavior of molten slag confirmed that the increment of the interfacial tension between liquid
iron and molten slag was the driving force of the molten slag separation from the melt [21]. Using
the volume of fluid simulation, the driving force of the liquid iron penetration into the coke bed was
proposed due to the total energy reduction by extending the area covered with the liquid iron [22]. On
the other hand, the fully Lagrangian approach, which can track moving calculation points, has been
adopted for solving multi-fluid physics problems during high-temperature metallurgical processes
with complicated interfaces [23,24]. The smoothed particle hydrodynamics (SPH) method discretizes
a continuous fluid phase by moving particles and is suitable for analyzing interfacial flow, even for
numerous dispersed phases. This method can track the dripping flow [25], the movement of both
the gas and the liquid phase [26], fluid flow in bed structures having different shapes (coupled with
multi-sphere DEM) [27,28], and solid particle penetration into the liquid iron bath [29,30] directly.
Recently, with the increase in computer capacity, the SPH method has been applied to very complicated
interface problems [31]. For convenience, surface forces are converted into body forces in the SPH
method, but recent expansions in computer capacity have alleviated this weakness. In this study, the
trickle flow of a liquid iron and molten slag was simulated in the lower part of the blast furnace, and
the effect of the wettability of molten slag and coke was investigated.
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2. Methods

2.1. Basic Formulation of SPH

From the basic idea of SPH, it is evident that fluid motion is represented using a set of particle
motion equations. A kernel function is introduced as an integral interpolation to solve a differential
equation. In other words, the formulation is based on an interpolation scheme that allows the
estimation of a vector or scalar function f at position r in terms of the values of the function at the
discretization points.

f= [ Wi )

In Equation (1), r denotes arbitrary coordinates, r’ denotes particle positions, V denotes the volume,
W is the smoothing kernel function, and / is the radius of influence. The summation of function
f can be replaced with a summation over particles only within the distance & from r; owing to the
compactness; thus, W(ri]-, h) = 0 when |r,-]-| > h. The kernel must possess a form symmetrical to |ri]-| =0.
Here, i is the particle index, and j is the index of the neighboring particle around i. The kernel has at
least a continuous first derivative and must satisfy the normalization condition as f W (r,- i h) dr =1.

Within the i — 0 limit, the kernel is required to reduce to a Dirac delta function 6(ri]'). Wendland’s
kernel can be applied to prevent having various kernel artifacts in a multiphase system [32]:

4
Wi ) = ﬁ{ 0-9 A @

where |rij|0 is the interparticle distance corresponding to the initial conditions, g = |rij| /h, and it is
assumed that h = 1.05|r; /"0 [27]. The gradient form of Equation (1) can be represented by using the
divergence theorem as follows:

Vi(r) = - f F(£)VW(x, h)dv ®3)

When applying this approximation to dispersed fluids, the discontinuities in the density
distribution of the fluids become significant, which increases numerical errors. Nonuniform distribution
or insufficiency of particles in the regions near the interface results in a significant fluctuation of
pressure. The moving least squares (MLS) method is useful for approximating the function to solve
this problem [33], which is related to the numerical fluctuations in the pressure at the nearby interface.
The pressure is a function of the local density, and thus, the smooth density field of a bulk phase leads
to a continuous pressure distribution. The MLS method improves the mass-area-density consistency
and filters small-scale pressure oscillations, as described briefly in the following section.

2.2. Density Approximation

The SPH formulation can be transformed into a particle-based format to express the
mass-area-density consistency process. The density of the particles was expressed in terms of
the sum of the kernel functions of the N particles present within the radius of influence as follows:

N
pi = Z m]‘W(r,‘]‘, h) (4)
j=1
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where the subscripts i and j denote the particle indices, m is the mass, and p is the local density around
the particle. Further, m; is the mass of particle j. Therefore, the kernel function around particle i can be
discretized using the following equation, which is derived from Equations (1)-(3):

10 = 3ol 1) g
1 - . ] 1y

=1
The gradient of f; can be represented as expressed in Equation (6):

N

Vi) ==Y ';i]f () VW (i 1) ©6)

=

MLS involves a first-order consistent gradient approximation, which allows pressure smoothing,
and its first derivative values are obtained using the method for the homogenous bulk phase mentioned
above. The method of the least square interplant with constraint condition (CLS) represents an
improved scheme, leading to a more accurate approximation than the MLS method around the
sampling points [33,34]. In the CLS method, the particles can be made to directly represent a physical
quantity by extending the MLS method in the one-dimensional error space for multiple dimensions. In
the three-dimensional space, the CLS method approximates the values of various physical parameters
around the particles based on the following equation: {p); = ag + a1 (x — x;) + a2 (y — ;) + a3(z — z;),
where, x, y, and z are the coordinates of the sampling points and ag, a1, ap, and az are the undetermined
coefficients. If x = x;, y = y;, and z = z;, then (p;) = 4 at particle i. Refer to a previous report for
parameters determining the procedure [26].

2.3. Fluid Motion Equation and Discretization

The governing equations for a weakly compressible viscous flow are based on the relationship
between the velocity of sound and the flow density under adiabatic conditions, as well as the
Navier-Stokes Equations:

D
3l
S
D
pF‘tI = -Vp+uViv+p+F, ®)

where v is the fluid velocity, p is the pressure, c is the velocity of sound, y is the viscosity, and F; is the
interfacial force. Subsequently, Equation (8) can be formulated for each particle as follows:

T
:—Z<p> +<p>v2+n,,vw,]+z Wb (2 y2) B

viiVW;; + mig + (Es);  (9)
#Hr#] |r,j (AR

where IT is the artificial viscosity term, which is usually added to the pressure gradient term to help
in diffusing sharp variations in the flow and dissipate the energy of the high-frequency term [35].
To determine the time derivative of pressure from Equation (7), Tait’s equation of state can generally

be used [28]: CZPO .
=2 -1 10
L Y {(Po) } 10

where y (= 7.0) is the adiabatic exponent and py is the true density value of the material. Considering
the balance of the time step and the incompressible behavior of the artificial compressible fluid, an
optimal value for c must exist.
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2.4. Interfacial Force Model

Considering the interfacial force Fs, the interparticle potential force is defined using the space
derivative of potential E(|r,~j|). F; is localized at the liquid interface by applying it to the liquid elements
in the transition region of the interface. The force per unit area (Fs); is then converted into force per
unit volume using the expression [36]:

N N 9E(|; .
(Fs); = _20i|rij|02 ZE(|rij|) Z #i (11)
=1

j j=1 |rif|

where 0; is the surface tension or interfacial tension of particle i. The Fowkes hypothesis is considered
in calculating the interfacial force on the multiphase boundary [37]. The Fowkes hypothesis explains
that, in a system in which two immiscible liquid phases (liquid iron and molten slag) are in contact, the
elements present at the two-phase interface are subject to forces. At the interface between liquid iron
and molten slag, liquid iron interface elements receive the attractive force o, equivalent to the “surface
tension” of liquid iron and the dispersion force op from molten slag. The force acting on the interface
elements of the molten slag can be described similarly. Hence, the interfacial tension o, is expressed
as follows:

Oms = Om + 05 —20p (12)

This simple hypothesis indicates that the unknown dispersion force and interfacial tension can
be calculated explicitly by applying the surface tension as the input and the interfacial tension of the
two liquid phases in contact as the conditions. An immiscible blend of liquid iron and molten slag
contacting the coke plate is considered, as illustrated in Figure 1. In terms of the tension balance on
the solid-gas-liquid triple line in which liquid iron, coke, and gas are in contact with one another,
the surface tension o, of the liquid iron, surface tension ¢, of the solid phase, and the solid-liquid
interfacial tension o, are assumed to be balanced by the contact angle 0,,. In other words, Young’s
equation reflects a horizontal balance among the interfacial tensions: ¢,, cos 0y; 4+ e = oc. Here, the
unknown solid surface tension and the solid-liquid interfacial tension are eliminated from Young’s
and Fowkes’ equations to obtain the following equation:

08 Oy = ZZ—D -1 (13)

m

gaseous phase

coke (flat solid phase)

Figure 1. Two liquid droplets in contact on a flat, solid surface. These forces balance one another.

Equation (13) indicates that 6, is determined by the surface tension of the liquid phase and the
dispersion force acting between the different phases. The dispersion force is explicitly defined by
this equation, and the static contact angle can be calculated using the potential interparticle model.
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Furthermore, considering other triple lines, such as that existing between the molten slag, the solid,
and the gas, and that between the two liquid phases and the solid, the following equation is obtained:

oS Ops = Im. cos 0, — s cos O, (14)
Oms Oms
In Equation (14), 0s is the contact angle between the molten slag and solid plate, and 0, is the
contact angle between the two liquid phases and the solid plate. This equation indicates that the liquid
iron-molten slag-solid contact angle 0, is represented by the contact angles 6, and 6.

2.5. Physical Properties of Liquid Iron and Molten Slag

The condition of the lower part of the blast furnace was examined to determine the physical
properties of liquid iron (py;, iy, and 0,,;) and molten slag (ps, ps, and o5). Assuming that the molten
iron at the lower part of the blast furnace has a sufficiently low oxygen concentration and is in a
carbon-saturated state, the molten iron can be regarded as chemically stable at 1773 K. Hence, it can
be assumed as follows: p,, = 6800 kg/m3, tm = 0.01 Pa's, and 0, = 1.25 N/m [38]. The contact angle
between carbon-saturated iron and coke is reported to exceed 120°. However, the physical properties
of molten slag vary over a wide range. The typical slag composition in the dripping zone depends on
the CaO-5i0,-Al,03-MgO system at 1773 K; the basicity (CaO/SiO; mass %) ranges from 0.7-2.0 and
decreases as the slag descends in the furnace. When the slag contains MgO, the reduction of MgO may
proceed preferentially over that of SiO,, thereby influencing the wetting behavior of the molten slag on
the coke substrate [8]. In this study, the liquid phase composition was considered as the simplest 40
mol% Ca0O-40 mol% SiO,-20 mol% Al,O3-0 mol% MgO slag, in which the physical property data were
assumed in a single phase at a constant temperature of 1773 K. Since the physical properties of molten
slag exhibit large deviations among the reported values, typical datasets from the same research group
are adopted [39,40]: ps = 2574 kg/m3, us = 0.53 Pa's, and 05 = 0.49 N/m. According to a previous
study, there is no agreement on the contact angle between the CaO-5i0,-Al,O3-based molten slag
and the carbonaceous material. On one hand, the contact angle decreases when CaO/SiO, < 1 [11,41];
on the other hand, the contact angle remains constant at approximately 160° in the case of graphite,
regardless of the basicity [10]. These differences are thought to be due to the different compositions of
the carbonaceous material. The change in these contact angles might be due to the reduction reaction
of S5iO; between the carbonaceous material and molten slag, as well as the formation of SiC as the
interfacial product because an initial contact angle of 45° between SiC and the slag was reported [11].
Therefore, in this study, the contact angle between the molten slag and coke was defined by taking 0,
=160° for low-reactivity interface and 0,, = 30° for high-reactivity interface [8,10].

2.6. Calculation Condition

Detailed packed-bed-structure digital data consisting of multiple coke samples was constructed
to simulate the lower part of the blast furnace. Assuming that the coke distribution was just above
the raceway, representative coke samples with an average equivalent spherical volume diameter
D = 0.0247 m was selected [42]. By using a three-dimensional scanning technique [26], 100 pieces
of representative coke three-dimensional surface shape dataset were numerically obtained. About
300,000 surface points on each coke sample were obtained with a minimum resolution of 0.43 mm.
The obtained coordinates were converted to standard triangulated language, and the surface shape
was polygonal with a triangular mesh. The natural packed structure comprising these particles can
be obtained by a DEM-based scheme. The basic format of the DEM is to track spherical particles.
Multi-sphere (MS) DEM is a method utilizing a DEM contact force model that is expanded to handle
the motion of freely shaped solids. It arrays spherical particles and expresses complex shapes to enable
intuitive mounting. The position and rotation angles of each coke sample were determined by using a
pseudorandom number, and the packed bed structure was determined by the MS-DEM simulation of a
box-type container with 0.12-m sides, similar as a previous report [43]. Next, two immiscible liquids
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with a 0.12-m width and 0.02-m height were placed immediately above the packed bed to simulate
the liquid iron-molten-slag trickle flow in the coke-packed bed. Position of liquid iron and molten
slag was determined by using a pseudorandom number. The volume ratio was set as 8:2 to achieve
the conditions similar to that of the actual operation. In SPH simulations for multi-phase flow that
include a gas, the pressure differential becomes large between liquid and gas, and, consequently, the
pressure gradient becomes excessive, thus making convergent calculation difficult. Therefore, in this
research, a gas phase is assumed to exist in spaces where particles do not exist. The calculation domain
is depicted in Figure 2. The well-known Courant-Friedrichs-Lewy condition was applied to determine
dt. In this study, a calculation particle diameter d), of 1.00 mm was adopted as a constant value in all
calculation processes. Thus, the following values were determined: dt = 1.0 x 107 s, the analysis time
is 10 s, and the number of total particles is 1,402,280. All the programs were coded by the author. Each
computer code was written in Fortran 90/95 and compiled and executed by an Intel Fortran compiler
on a Windows system. The CPU used in this work was Intel Core i7-7820 x (3.6 GHz, 8 cores). A basic
parallelized algorithm was applied using a multi-core processor and OpenMP. Simulation time was 1
week or more.

a)

b)‘

liquidiron &
molten slag <

coke bed

m] o012

Figure 2. Schematic diagram of initial conditions: (a) three-dimensional view and (b) horizontal view
of packed structure and liquid iron and molten slag.

3. Results

Figure 3 shows the temporal change in the three-dimensional distributions of the liquid iron (blue
color) and molten slag (green color) as a result of the model calculation. The packed bed structure
formed by irregularly shaped cokes is geometrically complex, and the liquid iron flow through the
continuous void drops in the form of strings or droplets. From the viewpoint of localized flow behavior,
several regions do not receive any flow, and it is assumed that liquid iron flows only through the
limited region. However, the flow behavior of liquid iron is influenced by the presence of slag with
different coke wettability, as shown in Figure 3b,c. As shown in Figure 3b, for a coke surface with poor
wettability containing molten slag, the molten slag drops along with the liquid iron. However, the coke
surface with good wettability shown in Figure 3c retains molten slag at the upper part of the packed
bed owing to a high attractive force acting against the molten slag.
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t=0.20s t=0.40s t=0.80s t=120s t=1.60s t=2.00s

Figure 3. Liquid iron and molten slag distributions on vertical cross-sections of a coke bed. (a) Without
slag, (b) Os = 160°, and (c) Os = 30°.

Figure 4 shows the volume distribution of liquid iron and molten slag in the height direction at ¢
=0.20 and 1.20 s. In Figure 4a, liquid iron almost has the same distribution at t = 0.20 s, irrespective of
the presence of slag and the change in 0s. Conversely, at t = 1.20 s, the liquid iron with slag exists at a
lower height compared to “without slag” iron. In the region shown in (a-1), liquid iron is concentrated
regardless of 0s, and in the region shown in (a-2), liquid iron is concentrated when 0s = 30°. In
Figure 4b, molten slag exists at a lower height when 0s = 160° than that at 30°. The attractive force
due to the wettability of the coke surface prevents slag from dripping in the direction of gravity. This
change in wettability affects the flow form of the liquid iron shown in (a-1) and (a-2). It is necessary
to determine the time change of each melt velocity to consider the dripping mechanism leading to
this result. The average velocity in the gravitational direction per unit time is given, considering the
temporal change in the center of gravity of each phase, as follows [44]:

1
\Ch mf (titrar —1i)dV (15)
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Figure 4. Dripping profiles of liquid iron and molten slag. Calculation domain of coke bed was divided
into 34 control volumes in the height direction (Az = 0.005 m), and the profiles were derived by counting
the number of liquid particles existing in each control volume as time passes.

Figure 5 displays the average velocity of each melt. Att > 0.5 s, the liquid iron almost reaches a
steady state and almost corresponds to the flow at the lower part of the blast furnace presented by
Sugiyama et al. [45] and also appears to follow the Darcy-type equation. From a detailed perspective,
however, the liquid iron tends to increase the dripping rate because of the presence of slag. Moreover,
the velocity of liquid iron is affected by the wettability between the slag and coke. The angle 0s = 30°
yields the maximum liquid-iron velocity within range (A); in contrast, 0s = 160° represents the
maximum velocity in region (B). This reversal occurs at f = 0.31 s. As observed from Figure 4, the liquid
iron dripping rate is higher than that of molten slag. Due to the difference in density between the two
melts, the gravitational force of liquid iron was 2.7 times higher than that of molten slag. As molten
slag has a high viscosity and low density, it appears that it prevents liquid iron from descending.
However, when 0s = 30°, the coke bed surface is wet by slag immediately and facilitates the sliding
of the liquid iron. With time, this “lubrication” by molten slag is lost, because the liquid iron moves
below the molten slag. When 0s = 160°, the effect of wetting becomes weak, and the molten slag drips
along with the liquid iron. Thus, the “lubrication” between the molten slag and liquid iron remains on
the coke surface. Since the molten slag drops slowly, owing to the 0.37 times density and 53 times
viscosity coefficient of the liquid iron, these observations appear as slight differences.
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Figure 5. Time variations in the mean dripping velocity. These profiles were obtained using a space
integral by considering the center of gravity of all the droplets each time.

The variation in the wettability between the coke and molten slag modifies the interfacial area
between the four-phase iron-slag-coke-gas by the following mechanism. When some droplets are
dispersed in the system under isothermal conditions, the Helmholtz free energy, F = }_ 0;;A;, of the
system increases. Since the potential energy corresponding to the flow of the liquid iron droplets
through the packed bed is equal for each case, the kinetic energy corresponding to the secondary
droplet formation may be the same for all the conditions. However, the total energy in the system is
not conserved due to the viscous damping from this calculation, but it is useful to clarify the effect of
wettability between the coke and slag on the interfacial area of each phase. As our interest is focused on
the effect of wettability between the slag and coke on the interfacial energy of each phase, the interfacial
area for each phase should be estimated. The main advantage of the SPH method is its rapid prediction
of the interface area A from its initial condition Ay and the interface-judged particle number .

(16)

Ay is geometrically determined from the initial conditions. In this study, the free surface of the
liquid iron and slag are 0.04992 and 0.01248 m?, respectively, and the initial iron-slag interface area is
0.02110 m2. See Section 2 and a previous report [46] for the counting procedure of 1. Figure 6 depicts
the time change of the estimated interfacial area of each phase. Att = 0.1s, the melt penetrates the coke
bed, and both interfacial areas significantly vary simultaneously. In Figure 6a, for “without slag” liquid
iron, the initial iron-gas surface area is significantly different from that of “with slag”, but the area
becomes almost equal to other conditions at t = 0.1 s. The case of s = 160° sometimes indicates a larger
iron-gas surface area than that of “without slag”, because the iron slides down first and forms a contact
interface at a lower height. Beyond f = 0.1 s, “without slag” iron has the lowest iron-gas surface area.
This behavior can be explained as follows. As shown in Figure 6b, since the liquid is not affected by
molten slag in “without slag” liquid iron, the iron-coke interfacial area significantly increases compared
to that of “with slag” at t > 0.1 s; in other words, the iron-coke interface decreases with the presence of
the molten slag. From Figure 6¢, although the iron-slag interface area has a larger value at s = 160°
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than at s = 30°, the slag-coke interface area exhibits the opposite trend, as observed in Figure 6d.
Since the coke surface with good wettability is covered with slag, it will likely increase the contact
area between the free surface of the slag and iron-slag in a static state. In the case of 0s = 160°, the
slag drops with the liquid iron due to gravity. This dripping occurs because the attractive force acting
between the coke and slag is less than the gravitational force. However, for 0s = 30°, the attractive force
acting between the coke-slag interface dominates, and the iron-slag interface is preferentially detached.
Here, the effect of momentum in the direction of gravity appears. Since a “quasi-stable” interface is
formed by the balance between the melt momentum and the force acting on each interface, the state
predicted by the equilibrium theory is not always achieved during dripping [47]. This result indicates
that static hold-up of the molten slag may promote the smooth dripping of liquid iron, as variations
in the wettability between the coke and slag transiently change the flow field of the liquid iron. It
emphasizes the distinctive interfacial features that can depend on interactions with the wettability
of nonuniform packed cokes and the transient behavior of two melts. In the future, the calculation
region of this model can be expanded and the model may be applied to continuous dripping, and the
application of the model can also be extended to the entire bottom of the blast furnace.

0.050 T T T T T T T
(a) iron-gas surface

0.040
0.030 r

0020 + 1
— 6,-160°

0010 — 6,=30° .
—— without slag

0.000 . \ . . . . .
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0.020 r 1
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0.000 . . . . . . .
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Figure 6. Time change of estimated interfacial area between each phase.
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4. Conclusions

Numerical simulations using a multi-phase SPH method were performed on two immiscible
high-temperature melts dripping through a coke-packed bed during an ironmaking blast furnace
process, namely, a binary trickle flow in which liquid iron and molten slag dripped simultaneously.
The advantage of this method is the direct estimation of the transient three-dimensional behavior of
multi-phase flow based on body forces considering the force acting between different phases, including
complex dispersed phases. The present detailed analysis helps in the rationalization of the unexplained
transient behavior of liquid iron and molten slag presented by previous experiments. In particular, the
effect of coke surface wettability for molten slag on binary trickle flow was investigated.

The flow behavior of liquid iron is influenced by the presence of slag in coke surfaces with different
coke wettability. If the coke surface has poor wettability and contains molten slag, the molten slag
drops along the molten iron. However, a coke surface with good wettability retains molten slag owing
to a higher attractive force acting between the coke and slag rather than an interfacial force of attraction
acting between the iron and slag. Although the molten slag dripping rate is lower than that of the
liquid iron because of high viscosity and low density, the coke bed surface is wet by slag immediately
and facilitates the sliding of the liquid iron. These results demonstrate that the static hold-up of molten
slag may promote the smooth dripping of liquid iron. As predicted by novel findings presented in this
study, when the low reducing agent ratio operation is realized, increases in the amount of liquid iron
and molten slag passing through a unit volume of coke bed finally influence the amount of stagnant
melt behavior in the coke bed through a mechanism in which the descent velocity of each melt depends
on coke-slag wettability. Through this analysis, the mechanism underlying the simultaneous trickle
flow of liquid iron-molten slag behaviors, as described in conventional research, can be explained from
a unified point of view.
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Abstract: The blast furnace campaign length is today usually restricted by the hearth life, which is
strongly related to the drainage and behavior of the coke bed in the hearth, usually referred to as
the dead man. Because the hearth is inaccessible and the conditions are complex, knowledge and
understanding of the state of the dead man are still limited compared to other parts of the blast
furnace process. Since a number of publications have studied different aspects of the dead man
in the literature, the purpose of the current review is to compile the findings and knowledge in a
comprehensive document. We mainly focus on contributions with respect to the dead man state,
and those assessing its influence on the hearth performance in terms of liquid flow patterns, lining
wear and drainage behavior. A set of common modeling approaches in this specific furnace area
is also briefly presented. The aim of the review is also to deepen the understanding and stimulate
further research on open questions related to the dead man in the blast furnace hearth.

Keywords: blast furnace hearth; dead man; iron and slag flow; lining wear; hearth drainage

1. Introduction

The blast furnace (BF) route still remains the dominant one in the production of liquid iron, which
is the primary raw material for large-scale steelmaking. In recent years, the trend has been to construct
larger furnaces and close small and inefficient ones. Along with the growth of furnace size, more liquid
iron and slag are also stored in the BF hearth, and problems of draining and wear are encountered more
frequently in the practical operation. Furthermore, due to tougher global competition, the furnace
campaign lengths should be extended, and the furnace body should withstand operation under
production rates that vary with the market conditions. It is today commonly recognized that drainage
and wear problems in the hearth region play the key role in determining the BF campaign life [1].

Both practical and theoretical investigations have revealed that most of the draining and wear
problems in the hearths of large furnaces are related to the state and behavior of the porous coke
beds that fill them, i.e., the dead man. In order to fully utilize the potential of large BFs in terms of
high productivity and lower unit costs of production, it is of considerable significance to understand
the governing mechanisms of the dead man behavior in the BF hearth. However, knowledge and
information about the dead man are still severely limited, mainly due to the fact that the hearth is the
most inaccessible part of the BF, lacking direct measurements. Nevertheless, a number of publications
related to or addressing different aspects of the dead man can be found in the literature. The purpose
of the current brief review is to summarize these results in a comprehensive document, where the
main emphasis is put on presenting contributions shedding light on the dead man state and assessing
its influence on BF hearth performance, with respect to liquid flow patterns, hearth lining wear and
drainage behavior. The basic modeling approaches used in the analysis are also briefly treated.

Processes 2020, 8, 1335; doi:10.3390/pr8111335 155 www.mdpi.com/journal/processes
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2. Investigations and Modeling of the Dead Man

The internal state of the BF, as schematically illustrated in Figure 1, has been gradually revealed by
extensive dissection investigations [2,3], which confirmed that there exists a stagnant column of coke
particles in the lower part of the furnace. The stagnant column, where coke particles move downwards
with a highly reduced velocity, was called “dead man” because it was earlier assumed to exert negligible
influence on the whole ironmaking process [4]. However, this assumption was later been found to be
incorrect. As a matter of fact, it is nowadays commonly believed that the dead-man state significantly
affects the gas and liquid flows in the BF lower part, which, in turn, determine the temperature distribution
within the hearth, the liquid drainage, as well as wear of the hearth lining [5]. In addition, the dead man
appears to be rather “active” since it is usually claimed to have an average porosity of ¢ = 0.3 -0.5[2],
and can be renewed in periods varying between a few days and some weeks.

Cohesive
zone

Raceway

Tuyere

Slag

Figure 1. Schematic vertical cross-section of the ironmaking blast furnace and its hearth.
2.1. Structure and Renewal of the Dead Man

As depicted in Figure 1, the dead man is located under the active coke zone beneath the cohesive
zone. The upper part of the dead man, which is in the region between the raceways, is cone-shaped
with a rounded top. The inclination from the apex of the dead man to the raceway plane is usually
claimed to be associated with the repose angle of the coke particles that are charged [6], but also other
factors (e.g., charging pattern [7], gas and liquid flow rates) may influence its state. Traditionally,
the solid flow has been studied via small-scale experiments, but along with the emergence of more
efficient software and hardware, it has recently become feasible to study the dead man formation and
the flow of coke in the hearth via the Discrete Element Method (DEM).

The lower part of the dead man is in the region of the hearth where liquid iron and slag dripping
from the cohesive zone accumulate before they are tapped out intermittently. Thus, the lower part
of the dead man is submerged in a bath of liquid iron and slag, and is thus subjected to a buoyancy
force that depends on how deeply the coke is submerged in the two liquids. Because of this, it is
not straightforward to deduce the bottom shape and position of the dead man, especially taking into
account the dynamic changes in the liquid levels during the tap cycle, as well as other operation
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variables that may affect or interact with the buoyancy force. In principle, the bottom shape and
position of the dead man can be estimated by balancing the forces acting on the dead man, whereby
the buoyancy force (often) varies with the liquid levels. A majority of the studies on the estimation of
the dead man bottom shape and position are summarized in a separate subsection. In this context, it
should be mentioned that some authors use the term dead man only referring to its lower part (i.e.,
the region below the tuyere level), while others use the broader definitions used above (cf. Figure 1).

In the upper part beneath the active coke zone, the renewal of the dead man is relatively fast due
to the short distance to the raceways where coke is intensively consumed. It has been clarified that
there exists a small quasi-stagnant region in the center of the active coke zone where the coke particles
descend slowly towards the raceways. Therefore, the dead-man porosity (and permeability) can be
improved by feeding high-quality coke into the BF center [8-10]. It was also reported that the dead
man can be lifted with a sufficient buoyancy force, and the coke right beneath the tuyere level can be
“pushed” into the raceways. Renewal thus occurs as the “old” particles are forced to go out of the dead
man and “new” particles enter to fill the voids through the upper surface of the dead man [11-15].
In the lower part, especially below the taphole level, it is, however, difficult for the coke to flow
upwards into the raceways. Various other renewal mechanisms have been presented and the prevailing
ones include FeO reduction, carbon solution loss and carbonization of liquid iron [16-20]. Data from
a radioactive tracer test indicated that coke in the peripheral region within the hearth is consumed
in 2-3 days, due to a more intensive flow of liquid iron that dissolves coke carbon. This number
can be deduced from a simple carbon balance of the hearth, as follows: Consider a large BF with a
hearth diameter of 14 m and a daily production rate of 9000 tons, where the hearth coke (85% carbon)
occupies about 1000 m?, with a dead man voidage of ¢ = 0.35. If the iron that enters the hearth has a
carbon content of 2.5% and a content of 4.5% at tapping, an average renewal rate of about 3 days is
obtained. However, in the core region of the dead man, the coke is much more gradually dissolved,
which is often claimed to occur within a few weeks [3]. It is expected that the dead man in the hearth is
heterogeneous with respect to permeability, since the renewal processes are all strongly dominated
by liquid flow and heat transfer, which are usually non-uniform in the hearth [21]. Another aspect
that indicates a non-uniform permeability distribution is that smaller coke particles may move up and
down with the hearth liquids in the voids formed between larger coke particles [5].

The permeability of the dead man can be estimated qualitatively by studying the residence time
distribution of tracers injected through a tuyere, or via a probe inserted into the dead man at the
tuyere level. The tracer particles dissolve in the iron and/or the slag and are measured in the runner
afterwards. By analyzing the response of the tracer in the outflow, information about the flow pattern
inside the hearth can be obtained. If the tracer particles are injected at different locations along the
radius using a probe, the residence time can be used to evaluate the permeability of different zones of
the hearth coke. In some industrial trials with radioactive coke particles, it was found that the core of
the dead man in the hearth was very impermeable [22,23].

2.2. Floating State of the Dead Man

The bottom shape and position of the dead man depend on the liquid levels in the hearth and
on the force acting on the bed from above. In a normal tap cycle, the liquid levels vary with varying
outflow rates of iron and slag, due to the intermittent tapping, as the taphole is eroded during tapping,
and because of the “competition” between iron and slag flow in the taphole [24]. Mainly based
on balance equations of mass and force, the liquid levels in the BF hearth with two different dead
man floating states were estimated and are shown in Figure 2, where the corresponding filtered
electromotive force (emf) signals measured at the hearth shell are also depicted [25]. By comparison of
simulated liquid levels and emf, Brannbacka [26] found that the iron level corresponds better to the
emf signal. Comparing the maxima of the iron and slag level with the emf, this observation can also be
confirmed in Figure 2. However, it should be mentioned that the variation in true liquid levels is very
hard to measure, even though some indirect measuring methods have been proposed [27-29].
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Figure 2. Estimated slag (upper solid curves) and iron (lower solid curves) levels in two BFs with different
dead man floating states: sitting (upper panel) and floating (lower panel). Scaled emf signals (dashed
curves) and the taphole levels (dotted lines) are also depicted. Reproduced with permission [25].

In an operating furnace, the dead man state in the hearth cannot be measured directly or monitored,
owing to the high temperatures, wear, and extremely hostile environment. The dynamic behavior of
the dead man has therefore mainly been investigated by utilizing scale models and/or mathematical
models under simplified conditions. By visual inspection, it was found that the dead man moves
vertically in a cyclic manner during a tap cycle [11,30]. The dead man sits completely on the hearth
bottom (i.e., fully fills the hearth) when the liquid levels measured from the hearth bottom are low,
while it floats to some degree of height or fully if the liquid levels are high, thus creating a free passage
(i.e., coke-free zone) for the liquid flow. Since the iron, with a density of about 2.5 times that of slag,
exerts a stronger buoyancy, it is generally considered that the distance between the hearth bottom and
the inner end of the taphole (“sump depth”) is decisive for dead man floating [31]. In the experimental
runs with a pilot model where air was blown in through several tuyeres located in the sidewall and
particles were discharged near the tuyeres (in order to mimic the coke consumption by combustion),
the dead-man bottom was demonstrated to assume a profile with higher floating levels near the
sidewall. This bottom shape has been confirmed in a set of quenched furnaces and two examples are
presented in [32,33].

A sophisticated mathematical model [34] also taking into account BF hearth geometry and operation
parameters categorized the floating state of the dead man into four different groups: (A) completely
floating with a flat bottom, (B) completely floating, but floating higher near the wall, (C) partly floating
at the wall, and (D) completely sitting. The results are shown in Figure 3a, where the hearth depth is
defined as the distance between hearth bottom and the taphole level. It can be seen that the floating state
of the dead man depends strongly on the hearth (“sump”) depth and liquid level. The corresponding
conditions of some Japanese furnaces were also examined by the mathematical model. As elucidated in
Figure 3, the prevailing conditions (i.e., types B and C) of Japanese furnaces appear left of the vertical
dashed line, while the aforementioned floating type A (i.e., completely floating with a flat bottom
profile) appears right of the dashed vertical line, and is thus in conflict with the prevailing conditions.
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Figure 3. Influences of liquid level and hearth depth on the dead-man state, where Y, Z and Ry refer to
the liquid level from hearth bottom, hearth depth, and hearth radius, respectively. (a) Critical liquid
level as a function of hearth depth; (b) operating liquid levels of Japanese blast furnaces. Reproduced
with permission [34].

2.3. Modeling of Dead Man State

The dead-man state can be estimated by conducting a balance between the buoyancy of iron and
slag in the hearth and the force pressing down on the dead man. The buoyancy force, which is a
function of liquid level and dead man porosity, is relatively straightforwardly expressed. Nevertheless,
the vertical force pressing down on the dead man is more complicated, since it is related to a set of
furnace operating conditions, e.g., raceway length, gas drag and burden weight, as well as liquid holdup
above the hearth liquids [34]. The BF lower part is schematically illustrated in Figure 4, where the dead
man is divided into two particular regions based on the raceway length/gas drag intensity, i.e., a central
region and a region under raceways [35].

Central =
region gD A

w PN/
mass \ /

Region under the raceway

Figure 4. Schematic sketch representing the lower part of the blast furnace. Reproduced with permission [35].

It should be stressed that both the buoyancy force and the downward-acting force are often expressed
per unit area, i.e., in the form of pressure. The downward-acting stress at the tuyere level (cf. Figure 4),
which was investigated by conducting both experimental runs and numerical calculations [34], is depicted
in Figure 5. As can be seen in the figure, the stress is highly reduced in the region where the raceway

159



Processes 2020, 8, 1335

is located. This can be explained by the drag of the upward-flowing gas from the raceway, which
compensates for a portion of the burden weight above the tuyere level. In the region under the raceways,
consequently, the dead man could float higher if the buoyancy force is sufficient.

Experimental
7 ] - u[em/min] ug[m/s
s 2.0 0.7

o 50 0.7
6 m
<

ro

<

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
x/Ry  [-]

Figure 5. Lateral distribution of the downward-acting stress at the tuyere level. Reproduced with
permission [34].

As the radial distribution of the downward-acting force per area, p4, may vary with the operating
conditions, Brannbacka et al. [25,26,36-38] suggested the simple but flexible parameterized expression

P4 ifr<ry
= _ 1
Pa { P4 —a(%)n ifr>rg @

where pgy, r and rq are the overall downward pressure, radial position as well as radius of the central
region where the downward-acting pressure is unaffected by the raceways, respectively. R is the hearth
radius and a is a scaling factor, while 1 is a parameter that influences the arising shape of the dead
man bottom under the raceways. The magnitude of the overall force can be obtained by calculating
the burden weight as reduced by the lifting force of the gas drag and the friction of the furnace wall.
The vertical position of the dead man bottom deduced from the force balance is

Pd .
Zsl_m lfogpdgpg}salx
Zam =3 Zir T o (25— 2i) — o PO < pg < P+ pes o
Zhb if pg > pg};x + pg?rx
with
Poa = psi8(1—€)(zs1 = zir); Py = pirg(1 =€) (zir — Znb) ®)

where pi;, psi, § and zy}, are the densities of liquid iron and slag, gravitational acceleration and the
vertical position of the hearth bottom, respectively, while ¢, zj, and z are the dead-man porosity and
the levels of liquid iron and slag, respectively.

If the parameters of Equation (1) are given, the dead man bottom profile can be calculated based
on the quantities of hearth liquids and an average dead man porosity. Figure 6 shows the estimated
evolution of the iron and slag levels and the bottom shape of the dead man during a tap cycle in a
BE, where the inner hearth profile was estimated by solving an inverse heat transfer problem [25].
The corresponding three-dimensional coke-free zones beneath the dead man are depicted in Figure 7,
where the black bar indicates the location of the taphole.
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Figure 6. Evolution of the iron and slag levels (upper panel) and the dead-man bottom profile (lower
panel) during a tap cycle in an eroded blast furnace. Reproduced with permission [25].

Figure 7. Three-dimensional illustration of the coke-free zones in cases 1-3 of Figure 6. The black horizontal
bar marks the location of the taphole. Reproduced with permission [25].

Effect of Dead Man State on Hearth Performance

2.4.1. Liquid Flow Pattern and Flow-Induced Shear Stress

In the hearth, the floating state of the dead man plays a key role in determining the lining wear and
the pattern of liquid flow [31]. Through dissections of quenched furnaces and based on observations at
the campaign end when the hearth is relined, the wear profile of the hearth lining has been investigated.
The profiles reported in such investigations usually indicate an elephant-foot-shaped profile with
severe erosion of the lining in the lower periphery of the hearth. It has been recognized that an elephant-
foot-shaped profile is caused by the intensive circumferential flow of hot metal that can occur when the
permeability in the dead man'’s core deteriorates and/or the dead man floats partly, forming a coke-free
zone (“gutter”) at the hearth corner [39,40]. A bowl-shaped profile, where the lining in the middle of
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the hearth bottom is excessively eroded, has also been reported. This pattern could be the result if the
dead man floats completely, or if the porosity of the dead man is fairly uniform and it occupies the
whole hearth. The latter can be expected for hearth designs where the sump depth is large.

The pattern of liquid flow in the BF hearth has been investigated by using both physical and numerical
models. Physical studies utilizing scale models have usually considered only steady-state iron flow
through a heterogeneous dead man with zones of different permeability. The modeling results can still
give insightful information concerning the liquid flow close to the hearth bottom, where the lining
erosion is mainly attributed to iron flow.

A number of computational fluid dynamics (CFD) models, focusing on the phenomena in the BF
hearth and considering liquid flow and/or heat transfer, have also been built in the past. Usually, the dead
man is taken as a fixed packed bed, and Darcy’s/Ergun’s equation can be applied. The influences of dead
man properties, such as packing structure and floating state, on the liquid flow paths and distribution of
temperature in the hearth lining have been thoroughly evaluated [41-50]. Figure 8 (based on unpublished
results using the model outlined in [48]) illustrates the general streamlines of hot metal in one half of the
hearth. These results indicate that a partly floating dead man leads to an intensive circumferential flow,
thus exerting a strong heat load on the lining at the hearth corner. However, some simulation results
have implied that the distribution of temperature at the hearth bottom is less sensitive to the dead man’s
properties, since the local heat transfer is controlled by the high thermal resistance of the hearth lining
refractories (i.e., ceramic pad) [47].

Coke-free zone

( . Dead man

Figure 8. General streamlines of iron flow in a hearth with a partially floating dead man.

The possible hearth lining wear mechanisms include chemical reactions between the lining
materials and molten liquids, abrasion and friction caused by coke particles in the hearth, as well as
thermo-mechanical stress and flow-induced shear stress. The last one that is caused by the near-wall
flow field can lead to lining erosion alone, and a combination of it with other mechanisms could give
rise to more wear, eventually resulting in severe hearth damage. Thus, it is imperative to understand
the shear stress in terms of its generation and distribution so that appropriate precautions can be taken
to reduce the shear stress in order to prolong the campaign life of the hearth. The flow-induced shear
stress has been studied mainly using CFD models, since no direct measurements of the BF hearth
state variables exist [48-53]. The contours of the shear stress on the hearth bottom under different
dead man states, calculated in [48,49], are depicted in Figure 9. It can be seen that with a sitting dead
man, the high shear stress zone emerges in the interior of the hearth bottom, particularly below the
taphole entrance. Nevertheless, the zone moves to the peripheral region when the dead man partly
floats, with a coke-free zone emerging at the hearth corner. In addition, a fully floating dead man state
could mitigate the hearth bottom shear stress to some extent, since the shear stress distributes quite
uniformly. This would imply that in furnaces where the dead man has started floating completely,
the hearth bottom erosion would not progress much.
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Figure 9. Influences of dead man floating state on the shear stress exerted on the hearth bottom.
Reproduced with permission [48].

It was also reported that the high shear stress and heat load in the vicinity of the taphole can be
effectively reduced with a longer taphole, since the overall liquid flow is forced to bend towards the
center of the dead man, and the circumferential flow caused by a partly floating dead man, or a dead
man with a blocked core, can be restrained [52]. This is actually the main reason why a long taphole is
usually a prerequisite for protecting the hearth lining near the taphole from severe erosion. A long
taphole is often associated with a high carbon content of the liquid iron, which supports the above
hypothesis. Furthermore, it has been demonstrated [35] that to achieve a longer taphole, the injected
mud must be in good contact with the dead man. Thus, if the dead man floats excessively at the wall,
the taphole becomes short, and severe sidewall erosion may follow. In summary, the dead man state is
strongly associated with hearth lining erosion, as discussed in the following subsection.

2.4.2. Hearth Wear Profile

The internal geometry of the scale models and the computational domains that represent the
hearth profile have usually been simple and regular in physical experiments and in CFD simulations.
However, as discussed above, the inner hearth profile may assume different states, partly as a result
of the dead-man state. When the hearth lining is cooled at the cold face, the local temperature and
velocity of liquid iron in the vicinity of the hot face could become insufficient to keep the iron in liquid
form. As a result, the iron may gradually solidify, forming a skull layer on the hot surface of the
remaining lining. Therefore, as is often seen by observing the evolution of thermocouples embedded
in the hearth lining, the internal geometry of the hearth varies during the campaign [54].

In view of the inherent coupling between liquid flow and heat transfer, an intensive circumferential
flow leading to severe erosion is usually linked with an increased heat load on the hearth lining
materials. Temperatures measured by thermocouples embedded in the hearth lining can therefore
be utilized to predict the hearth wear profile. In practice, the 1150 °C isotherm is often regarded as
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the internal liquid-solid interface in the hearth. In order to estimate this isotherm, mathematical
models where an inverse problem of heat transfer is solved have been proposed [31,54]. It should be
stressed that 1150 °C is the lowest temperature at which carbon-saturated iron is present in liquid form,
and consequently only heat conduction is solved in this kind of hearth wear profile model. A basic
algorithm for estimating the hearth wear profile is outlined in Figure 10.

‘ Guess a hearth wear profile

l <—[Modify the hearth wear profile

O Specify other boundary conditions
O Generate a corresponding grid for
numerical calculation

'

OObtain temperature distribution by
solving heat conduction equations

O Retrieve temperatures at the locations
where thermocouples are embedded

Retrieved temperatures
match thermocouple
readings?

Hearth wear
found

Figure 10. Basic algorithm of a hearth wear profile estimation model.

As a rule, wear models detect the inner profile of the intact lining by matching the most severe
erosion experienced during the campaign. If later points correspond to less severe erosion, this is
taken as an indication of the formation of a skull layer. It is still a complicated task to accurately
identify the remaining sound lining and the skull thickness, particularly for cases wherein the
historical thermocouple readings are not available for the whole furnace campaign. A systematic and
two-dimensional approach is needed in order to estimate the progress of erosion, and also the formation
of skull, during the campaign [31,54,55]. The erosion and skull lines estimated with such an approach
for two different BFs (unpublished results using the model outlined in [55]) are presented in Figure 11.
It can be seen that the two furnaces have different but characteristic wear profiles, i.e., bowl-shaped
and elephant-foot-shaped profiles, which are likely to reflect the state of the iron flow in or below the
dead man during the campaigns.

Hearth wear profile estimation models are commonly implemented as monitoring and diagnosis
tools to aid the operation of BFs. By analyzing the estimated hearth wear profile, indications may be
obtained pertaining to the need to adjust the operation towards conditions less prone to cause erosion,
e.g., by reducing the production rate or by blanking tuyeres. The latter means both reducing the local
inflow of iron “from above” and suppressing a possible local floating of the dead man. On the other
hand, it may be argued that such blanking may instead promote liquid flow, as the liquid holdup
decreases at a lower local bosh gas flow. It seems that the efficiency of such actions depends on the
state of the furnace when the change is implemented.

The estimated erosion profile can be used to support the interpretation of the liquid flow pattern
and dead man floating state that are intimately related to hearth erosion. For instance, a too strong
peripheral flow or too low carbon content of the hot metal may be counteracted by the center charging
of strong and large coke, which (in the long run) will promote a more uniform flow of iron through the
dead man, enhancing the contact of it with the hearth wall. Still, it should be kept in mind that the
accuracy of erosion models depends on the validity of the modeling assumptions. In particular, brittle
lining layers of low conductivity may lead to inaccurate estimates of the progress of the erosion profile,
and the occurrence of such should be detected by other means [56,57].
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Figure 11. Erosion and skull lines in two industrial furnaces estimated based on inverse heat transfer calculation.

2.4.3. Drainage Behavior

In the BF hearth, the void space is occupied by the immiscible liquid iron and slag. As a result of
gravity, the rivulets of molten iron and slag from the cohesive zone [58] will eventually separate into
two different layers, i.e., the upper slag layer and the lower iron layer. Two interfaces, i.e., gas—slag
and slag-iron, are thus formed in the hearth. In practice, a tap starts when one taphole is drilled open.
A substantial pressure drop in the vicinity of the taphole can be formed as the high-viscosity slag is
driven to flow through the dead man towards the taphole. As a result, the gas—slag interface is tilted
down locally near the taphole [24,59-62]. Thus, the overall gas-slag interface is above the taphole level
at the moment when gas bursts out and the tap is terminated. This is actually the reason why some
amount of slag still remains in the hearth at the tap end, and a “dry hearth” is impossible in practice.

It was earlier commonly assumed that the slag—iron interface is horizontal at the level of the taphole
when the slag phase approaches the taphole during tapping. Based on this assumption, extensive
physical experiments were carried out by Fukutake and Okabe in order to estimate the tap end slag
residual ratio [63-65]. By analyzing the experimental results mainly using the theories of fluid dynamics,
the authors proposed a dimensionless flow-out coefficient that was found to correlate monotonically
with the slag residual ratio defined. The flow-out coefficient is strongly affected by the state of the
dead man, including its voidage and coke particle size. Later, the aforementioned assumption of
a horizontal slag—iron interface was found to be incorrect, since both practical observations and
physical experiments with two immiscible liquids indicated that the lower phase (liquid iron) can be
pumped up from some level below the taphole during the period when slag and iron are drained
out simultaneously [59,66,67]. In the BF hearth, a substantial pressure drop is induced in the taphole
vicinity when the high-viscosity slag flows through the dead man. This large pressure drop is sufficient
to compensate for the flow resistance of the low-viscosity iron, and to overcome the gravitational force
when iron is drained up from some level below the taphole. The iron and slag levels at the end of a tap
in the BF hearth are sketched in Figure 12, where the hearth internal profile is idealized.

The flow-out coefficient [63-65] was later modified by other authors [68,69] to take into account
the non-horizontal slag—iron interface as it is depicted in Figure 12, the coke-free zone beneath the
dead man, the varying drainage rates of iron and slag due to taphole erosion, and the continuous
production of the liquids. Both observations in the practical operation of the hearth and CFD-based
simulations [70,71] have shown that an increase in the slag residual ratio is often attributed to a decrease
in dead man permeability, or an increase in draining rate or in slag viscosity. It has also been found
that a coke-free zone beneath the dead man directly affects hearth drainage only if it extends close

165



Processes 2020, 8, 1335

to or above the taphole level [32,68,72]. However, even a partial floating of the dead man may have
implications for the drainage via the accumulation and depletion of liquid iron in the coke-free zone
during the tap cycle, which affects the liquid levels [25,37,38] and therefore the pressure-loss terms of
iron and slag in front of the taphole [24].

| Far-taphole | Near-taphole |
| ik |
Gas-slag interface Psi //
Zsie AZg0 Dead man S Pm\
AZ;
Zi ire i’lr,ft
Ziye Slag-iron interface,

1

Figure 12. Schematic of the gas-slag and slag-iron interfaces at the end of a tap, where z ¢, zy, and
zZjr.e refer to the vertical distances from the overall gas-slag interface, centerline of taphole, and slag-iron
interface to the hearth bottom, while pgj, py, and pj, ¢ refer to the static pressure at the overall gas-slag
interface, in front of the taphole, and at the overall slag-iron interface, respectively.

With reference to Figure 12, the asymptotic relation between the tap end iron and slag levels that
are related to the dead man state can be derived based on a simplified pressure balance [66,67]:

Done _ _Pd_ @
Zgle Pir — Psl

where z and p are the vertical distance and liquid density, and where subscripts ir, sl and e denote iron,
slag and tap end, respectively.

Equation (4) has been adopted as an asymptotic relation in some hearth drainage studies to
validate the calculated results [25,73]. It should, however, be noted that the end points of individual
taps may depart considerably from the above relation, simply because the “initial” volume of slag is
not sufficient: if too little slag is drained, the duration of the tap is not long enough for the liquids to
reach this asymptotic state. The occurrence of local liquid levels in a BF with an impermeable dead
man further complicates the general interpretation [62,74-76].

3. Concluding Remarks

Over the years, several aspects regarding the BF dead man have been studied by means of
dissection investigations, physical experiments, and theoretical and numerical calculations. Today,
the importance of the dead man state and its influence on the performance of the BF hearth have been
commonly recognized, even though direct (long-term) measurements of the pertaining state variables
are still impossible.

The structure and renewal mechanisms of the dead man have been clarified. It has been demonstrated
that the dead man is heterogeneous in terms of its permeability distribution, and that the permeability
can be improved in practice by charging high-quality coke into the BF center. The dead man bottom
shape and position strongly depend on the balance between the buoyancy force exerted by the in-hearth
liquid iron and slag, and the downward-acting force that is reduced towards the furnace wall due to
the drag of the upward-flowing gas from the raceways and wall friction. In general, the dead man sits
completely on the hearth bottom when the levels of the in-hearth liquids are low. If the liquid levels are
high, however, the dead-man bottom assumes a profile where it floats higher at the hearth corner.
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Observed hearth lining wear profiles, i.e., elephant-foot-shaped and bowl-shaped, are intimately
related to the dead man floating state and its permeability distribution. The lining profile can be estimated
utilizing hearth wear models, whereby an inverse problem of heat conduction is solved to predict the
position of the 1150 °C isotherm. Such models are today used in several BFs as monitoring and diagnosis
tools. The estimated profile can be used to assist the interpretation of the in-hearth liquid flow pattern
and the floating state of the dead man. By analyzing the estimated hearth wear profile, indications may
also be obtained pertaining to the need to change the operation towards conditions less prone to cause
erosion, including lowering of the production rate, blanking of tuyeres in regions with strong local hearth
wear, or modifying the tapping strategy.

The drainage of the BF hearth is complicated and a dry tap is impossible because some amount of
slag always remains in the hearth at the end of a normal tap. It has been shown that the slag residual
ratio at the tap end can be correlated with the flow-out coefficient. In practice, an increase in the slag
residual ratio is often attributed to a decrease in dead man permeability, or an increase in draining rate
or in slag viscosity. The complexity of the hearth drainage behavior is basically due to the multiphase
flow of immiscible fluids (gas, slag and iron), the existence of the dead man and the erosion of the
taphole. As a tap proceeds, both the gas—slag and slag—iron interfaces gradually tilt towards the taphole.
Therefore, the overall slag and iron levels are located above and below the taphole at the tap-end,
respectively. This interface titling phenomenon has been investigated, and an absolute asymptotic limit
has been derived and can be applied to validate the related modeling results. However, much work is
still required in order to understand the effects of, e.g., local permeability changes in the dead man or
local dead man motion on the drainage patterns from individual tapholes. A deeper understanding of
the drainage can be the basis of a better design of the tapping operation, which can be influenced by
the duration of the inter-cast period, the drill diameter and the taphole angle. The role of the taphole
length, e.g., how this variable can be controlled and how it affects the dead-man state, are also factors
that should be studied and clarified in the future.
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Abstract: Inindustrial processes, a semi-cavity area formed by airflow wherein the particles circulate is
called a “raceway”. In a blast furnace, the role of the raceway is particularly important. To understand
and predict the evolution and physical characteristics of the raceway, a three-dimensional transient
Eulerian multiphase flow model in a packed particle bed was developed. In the model, it was assumed
that the gas and solid (particle) phases constitute an interpenetrating continuum. The gas-phase
turbulence was described as a k—¢ dispersed model. The gas-phase stress was considered in terms of
the effective viscosity of the gas. The solid-phase constitutive relationship was expressed in terms
of solid stress. It was found that the evolution process of the raceway can be divided into three
stages: (1) rapid expansion, (2) slow contraction, and (3) gradual stabilization. When the blast velocity
was increased from 150 m/s to 300 m/s, the surface area of the raceway increased from 0.194 m? to
1.644 m?. The depth and height of the raceway increased considerably with velocity, while the width
slightly increased.

Keywords: raceway evolution; raceway size; flow pattern; Eulerian multiphase flow

1. Introduction

In a blast furnace (BF), the raceway is formed by airflow wherein the particles circulate.
The combustion of coke and injected fuels in the raceway supplies gas and heat for the critical
endothermic reduction of iron ores and for iron smelting [1]. Therefore, the raceway characteristics
directly affect the primary distribution of gas and heat inside the BE. Some previous studies have
used empirical size characteristics of the raceway to predict the combustion of pulverized coal and
the gas flow distribution, which may considerably differ from those of the actual BF raceway [2—4].
The raceway depth directly affects the burnout rate of pulverized coal and determines the airflow
distribution in the center of the blast furnace. The flow pattern will determine the strength of gas—solid
mixing and the rate of coke consumption, thereby further affecting the smelting efficiency of the blast
furnace. Therefore, it is necessary to understand the evolution process and physical characteristics of
the raceway.

Investigations of the BF raceway phenomenon and its characteristics can be carried out via three
methods: theoretical analysis, experimental testing, and numerical modeling. In theoretical analyses,
some studies analyzed the raceway size on the basis of the force balance of the raceway boundary in
different spatial dimensions [5-8]. The phenomenon of raceway hysteresis was explained, together
with the effects of chemical reactions, blast velocity, material layer porosity, particle diameter, and other
factors. However, this method treats the raceway as a circle or a sphere and disregards the force
between the particles. Thus, it can be considered a relatively inaccurate method.

In experimental testing, the microwave reflection method was used to study the formation and
depth of the BF raceway during production [9]. The effects of tuyere diameter, air volume, and coal
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injection on the depth of the raceway zone were investigated. In contrast, considering that the
complex environment, in terms of high temperature and pressure in the raceway, implies significant
difficulties for direct research, most researchers used cold models to study the formation and physical
characteristics of the raceway [10-16]. However, it was challenging for the researchers to experimentally
obtain dynamic information and accurately measure the raceway characteristics in three-dimensional
(3D) space through experimental testing.

With the advancement of computers, numerical modeling has become a more popular
method. A combined computational fluid dynamics and discrete element method (CFD-DEM) was
developed [17-23]. The effects of different variables on the raceway were investigated. Nonetheless,
previous CFD-DEM-based studies generally used two-dimensional (2D) or pseudo 3D models and small
sizes with certain divergences from actual conditions. Hilton et al. [24] and Lichtenegger et al. [25] used
the CFD-DEM method to investigate the effect of particle properties on the evolution of the raceway in
3D packed beds. However, these previously reported approaches were computationally expensive.
Also, these approaches did not facilitate quantitative analysis of the raceway or the investigation of
raceway physical characteristics.

However, the gas—solid flow model based on CFD can achieve high efficiency at low computational
cost. The shape and size of the raceway was studied in a 2D state using a transient or steady model based
on CFD [26-28]. Rangarajan et al. [29] extensively studied the influence of the operating conditions
on raceway properties using a two-fluid model. Based on CFD modeling technology, research on
coupling fuel combustion and raceway formation has been carried out, and a lot of information about
combustion and gas distribution has been obtained [30-36]. However, no details on constitutive
relations, the surface area of the raceway, or the evolution of the raceway penetration depth in a short
time interval can be found in these articles.

In this study, we developed an industrial-scale blast furnace 3D slot model based on a transient
Eulerian multiphase flow model (EMFM). The influence of the chemical reaction in the BF on the
raceway characteristics is mainly reflected in the change in gas flow [26]. For simplicity, we did not set
the combustion reaction or heat transfer, but we set the initial bed solid packing fraction to be less
than the maximum volume fraction as an approximate replacement. The evolution process and flow
pattern of the raceway are revealed. The depth, height, width, and surface area of the raceway were
predicted, providing detailed information and theoretical guidance for the process of gas injection into
packed beds in industrial processes.

2. Model Description

The model assumes that the gas phase and the solid (particle) phase constitute an interpenetrating
continuum. The different phases appear in the same calculated cell and are characterized by the
volume fraction, «;, of each phase i (gas, solid). The gas-phase turbulence was described as a k—¢
dispersed model and the gas-phase stress was considered in terms of effective viscosity. An advanced
constitutive relation was adopted to describe solid stress.

2.1. Conservation Equations

In the process of gas—solid flow, both the gas and particle flows satisfy the conservation of mass
and momentum. Given that there is no mass exchange between the solid particles and the gas phase,
they are independent of each other. The mass conservation equation for phase i can be expressed as

d(aipi)
ot

+ V-(a;p;iU;) =0, @

Ta;= 1. @)
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The momentum conservation equation for phase i can be written as

a(a,-p,-u,-)

o + Ve(aipiUil;) = Vo1 + @jpig + S. 3)

The source term, S, is generated by the momentum transfer between the gas and solid phases and
is expressed as
S=pU;-1), j#i. )

For arg > 0.8, coefficient § is based on the drag force of the fluid acting on a single particle, and for
ag < 0.8, B is described by Ergun’s equation [37]. Thus, § can be expressed as

3C “Safzﬂz|u< Ug| =265
g

B= 150 s‘“‘Z

ag>038

®)
Bl <08

+175

where d; is the solid (particle) diameter; the drag coefficient, Cp, is given by

687
[1 +0. 15(0zgRe) ] Re <1000

cp=] ke ®)
0.44 Re > 1000
where Re is the particle Reynolds number and can be expressed as
Pgds|Us — Ug
_ sl U o
Hg

2.2. Constitutive Relations

The gas-phase constitutive equation is characterized by the effective viscosity of the gas.
The solid-phase constitutive relationship is expressed in terms of solid stress. Tables 1 and 2 summarize
a detailed description of the constitutive relations [37-42].

Table 1. Gas constitutive relations.

Item Formula
Gas stress Tg = =Pl + lofr o (VUg + (VUS)T) - %(,ugff,g(VUg)I + pgkg)
Gas effective viscosity Ueffg = lg + litg

Gas turbulent viscosity Utg = gC“ kz (Cy =0.09)

Table 2. Solid constitutive relations.

Item Formula
Solid stress Ty = (=Ps + & VU + s (VU + vusT) - 2vu,l)
Solid pressure Ps = asps© + 2P:«( +e)a?go®
Diffusion coefficient ks = %[1 + 580%(1 +e)] +202pudsgo(1 + e )@ )1/2
Particle collisional dissipation of energy = 3(1 —e )g0p5a2®(d (7 )1/2 V-Us)
Solid radial distribution function S0=% - [a n‘m ]1/ 31
. L 0.\1/2
Solid bulk viscosity & = 2a?psdsgo(1+¢)(2)
Solids shear viscosity Hs = s kin + Hscol + Hs,fr
L 10p.ds VOr 2
Solid kinetic viscosity o gin = 9:1+L A: 1+ Sgoas(l +e)
Solid collisional viscosity s col = 5a5 2psdsgo(1 + e) (7 )1/2
lid frictional viscosi Pl 5in ©
Solid frictional viscosity B fr = s
Frictional pressure - Frizsai"”xl ,Fr=0.1as, as > 0.5
riction — s,max — (s
Jricte s <05

173



Processes 2020, 8, 1315

2.3. Turbulence Equations

Turbulence predictions were obtained from a k—¢ dispersed model. The transport equations were
expressed as follows:

d Ut,g
E(“gpgkg) + V'(agpgugkg) = V~(ong—kag) + agGrg —agpgeg + agpelly, 8

d Ut,g &g
E(agpgsg) + V-(agpgugeg) = V-(aga—sVeg) + agg(Cqu,g - ngpgsg) + agpgelle, )
where Tl and Il are source terms that can be included to model the influence of the dispersed

phases on the continuous phase. The constants for the k—¢ model were taken as o = 1.00, o = 1.30,
Cy, = 1.4, and Gy, = 1.92 [26].

2.4. Geometry and Operating Conditions

To save computing resources, a slot model of the lower part of the BF was derived. Figure 1
depicts the computational domain. The geometric model covers the iron slag surface to the furnace
bosh, with the deadman removed. Its size is based on a small steel plant BE. The EMFM equations
were calculated using ANSYS-FLUENT 17.2. The phase-coupled SIMPLE (PC-SIMPLE) algorithm was
used for the coupling between pressure and velocity. The second-order upwind style was used in the
discretization scheme.

Threat

%

symmetry

Strack

tuyere
Belly

Bosh

Hearth

Figure 1. Blast furnace (BF) schematic and geometry model of the calculation domain.

Tables 3 and 4 list the simulation parameters and computational conditions, respectively. Injection
angles of 5° were associated with the negative direction of the y axis. The chemical reaction,
the polydispersity of the particles, and the liquid phase were not considered during the flow process.
Therefore, to replace the effects of the above factors, and in combination with the actual charge void
distribution in the lower part of the BF, the solid volume fraction was set to 0.6, which is less than the
maximum limiting volume fraction (& uqx). Considering the pressure of the upper layer of the BF,
the outlet pressure was set to 303,000 Pa.
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Table 3. Simulation parameters.

Parameters Value
Number of calculation units 109,516
Time Step 0.0001 s
Particle density 1000 kg/m3
Angle of internal friction 30°
Tuyere equivalent diameter 0.113 m
Initial solid volume fraction 0.6
Solid packing limit 0.7
Friction packing limit 0.61
Initial bed particle height 4m
Outlet pressure 303,000 Pa

Table 4. Computational conditions.

Case Blast Velocity (m/s) Injection Angle Particle Diameter (m)

1 150 5° 0.01
2 200 5° 0.01
3 250 5° 0.01
4 300 5° 0.01

2.5. Grid and Time Step Independence

Table 5 shows the raceway size after stabilization under different grids and time steps. Further
refinement of the grid in either direction did not change the raceway size by more than 2%, which verifies
the independence of the computational domain grid. The simulation result did not change by more
than 1% by further reducing the time step. This demonstrates the reliability of the numerical model.

Table 5. Raceway size of different numbers of grid cells and time steps.

Number of Grid Cells Time Step (s) Depth (mm)  Height (mm)  Width (mm) Deviation
109,516 0.0001 631 458 264 -
300,672 0.0001 640 461 267 <2%
109,516 0.00005 637 462 266 <1%

3. Results and Discussion

3.1. Raceway Evolution Characteristics

Raceway evolution is an important phenomenon, particularly reblowing, which occurs after a
temporary wind break in an ironmaking BF. To accurately analyze the evolution process and physical
characteristics of the raceway, the boundary of the raceway was previously defined by the values of
isostatic stress and solid or gas volume fractions [24-27]. In this study, when the solid volume fraction
was less than 0.5, the frictional pressure was 0, and the solid motion was mainly affected by collision.
Therefore, the boundary of the raceway was defined as a solid volume fraction of 0.5.

As depicted in Figure 2, at an injection velocity of 150 m/s, the penetration depth of the raceway
reached a peak at 1's, at a value of 0.783 m, and it stabilized at 9 s, at a value of 0.386 m. At an injection
velocity of 200 m/s, the penetration depth reached 0.982 m at 1.1 s and then decreased to 0.460 m at 25 s.
At 250 m/s, the penetration depth increased to a peak of 1.143 m at 1.5 s and achieved a stable value of
0.631 m at 40 s. At 300 m/s, the penetration depth reached a peak of 1.327 m at 1.7 s and stabilized
at 1.109 m at 47.5 s. The evolution process of the raceway can be divided into three stages: (1) rapid
expansion, (2) slow contraction, and (3) gradual stabilization. In Stage 1, the penetration depth of the
raceway increases rapidly in the early stages of gas injection. The higher the injection velocity, the faster
the increase in the penetration depth. Then, in Stage 2, as the particles descend and congregate,
the penetration depth decreases slowly after reaching the peak. In Stage 3, the raceway stabilizes.
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Figure 2. Evolution of penetration depth in the raceway: (a) 0-2 s and (b) 2-50 s.

A typical blast velocity is close to 250 m/s in a small BF tuyere. Figure 3 depicts the evolution of
the raceway. When air was injected through the tuyere, the expansion of the depth of the raceway was
more obvious. When the peak was reached, the height changes of the raceway were more obvious.
Finally, the raceway stabilized at 40 s. This trend was due to the fact that when the solid phase
interacted with the gas phase, the initial solid volume fraction changed toward the maximum limiting
volume fraction and eventually stabilized. This created a particle circulation zone attributed to the
balance between the drag of the blast and the gravity and pressure of the particles.
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Figure 3. Time evolution of the solid volume fraction for Case 3.

3.2. Raceway Size Characteristics

Different BF operating conditions led to different raceway physical characteristics, which were
mainly reflected by their size. Figure 4 shows that the shape of the raceway after it stabilizes is an
upturned bag at high blast velocity. In an actual BF, this provides enough space for the combustion of

pulverized coal and coke, thereby improving production efficiency.
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(b) (c) (d)

Figure 4. Raceway shapes after they stabilize at different blast velocities: (a) 150 m/s; (b) 200 m/s;
(c) 250 m/s; (d) 300 m/s.

The blast velocity increase was obviously beneficial for increasing the depth, height, and surface
area of the raceway, while the width was slightly increased, as depicted in Figure 5. The size of the
raceway was not linearly related to the blast velocity. When the blast velocity was increased from
150 m/s to 300 m/s, the surface area of the raceway increased from 0.194 m? to 1.644 m?, and the
depth increased from 0.386 m to 1.109 m. This was due to the increased gas kinetic energy because of
the increased blast volume and velocity. Therefore, increasing the blast velocity is very effective for
increasing the depth of the raceway in order to develop the central gas flow in an actual BE.

1400 18

—=—Depth V4 {18

—e— Height /
Width /
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150 200 250 300
Blast velocity (m/s)

Figure 5. Effect of blast velocity on the raceway size.
3.3. Pressure Distribution

Figure 6a shows that the gas pressure was high in the raceway and decreased as it approached the
outlet of the particle bed. In contrast, the solid granular pressure was considerably low in the raceway
and at the boundary of the raceway. It is noteworthy that the solid granular pressure reached a local
peak at the boundary of the raceway, where gas injection resistance was the highest, as depicted in
Figure 6b.

As demonstrated in Figure 7, the gas pressure remained relatively stable up to 0.4 m from the
front end of the tuyere because there were fewer particles and low resistance. At a distance equal to
or greater than 0.4 m, the air pressure rapidly increased because the gas was subjected to increased
particle resistance after deep penetration into the particle bed, and the pressure decreased because
the gas velocity decreased and there was further particle resistance. The solid granular pressure in
the raceway is close to 0. Near the boundary of the raceway, due to the interaction gas and solid,
the solid granular pressure changes drastically, increasing first and then decreasing. However, it slowly
increases in the end because the solid were constricted by the wall.
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Figure 6. (a) Gas pressure and (b) solid granular pressure for Case 3 in the symmetry plane at 40 s.
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Figure 7. Gas pressure and solid granular pressure for Case 3 on the axis of the tuyere at 40 s.

3.4. Flow Pattern

As depicted in Figures 8a and 9a, the gas in the raceway can be divided into a jet zone and an
anti-clockwise flow zone. However, the gas flowed into the particle bed from the boundary of the
raceway and did not form a large circulation area. This was due to the injection of high-speed gas into
the tuyere, which limited gas circulation in the jet zone. Additionally, the gas had a weak anti-clockwise
circulation flow at the edge of the tuyere. This is inconsistent with previous results in which the gas
studied according to the CFD-DEM model was divided into anti-clockwise or clockwise circulation or
a plume-like flow [21].
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Figure 8. The symmetry plane of Case 3 at 40 s: (a) gas velocity streamline; (b) solid velocity streamline.
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Figure 9. The tuyere level plane of Case 3 at40s: (a) gas velocity streamline; (b) solid velocity streamline.

The particles were clearly circulating anti-clockwise in the raceway, as depicted in Figure 8b.
This was mainly due to the higher resistance of the solid particles along the axis of the tuyere and
the lower pressure on the upper part of the particle bed. Below the tuyere, two clockwise particle
circulation zones were formed, but the movement speed was considerably low. This was because the
gas was affected by the solid resistance and the forces on the bottom and the wall. This reduced the gas
flow velocity in the lower part of the packed bed, resulting in lower resistance. The source of particles
in the solid jet area mainly derived from the upper part of the raceway particles, which also caused the
upper particles in the particle bed to move downwards. In the horizontal direction, although there
were also two anti-clockwise circulating flows to provide particles for the raceway, as depicted in
Figure 9b, their velocities were extremely low. Therefore, the BF raceway was not a single-cycle flow
as previously reported [21], but an extremely complex multi-cycle flow with gas—solid interaction.
The circulation pattern near the tuyere may have a negative impact on the life of the tuyere.

The gas was injected from the tuyere along the axial direction of the tuyere. Owing to the resistance
of the solid particles, the gas velocity rapidly decreased until it reached a value of 0.443 m/s at the
wall surface, as depicted in Figure 10. The drag of the gas affected the particles. The particle velocity
increased rapidly and maintained a relatively stable value in the middle part of the raceway. However,
near the boundary of the raceway (as — 0.5), the particle collision viscosity increased because of the
increased particle volume fraction, which considerably reduced the particle velocity. External to the
raceway boundary and with an increase in the particle friction viscosity and a decrease in the gas drag,
the particle velocity was reduced to a value close to 0.
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Figure 10. Gas and solid velocity along the axis of the tuyere for Case 3 at 40 s.
4. Conclusions

A 3D transient EMFM was developed to study the evolution and physical characteristics of the
raceway in the packed particle bed of an ironmaking BE. The constitutive relation of the gas and
solid phases was comprehensively considered in the model. The main conclusions of this study are
as follows:
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(1) The evolution process of the raceway can be divided into three stages: rapid expansion,
slow contraction, and gradual stabilization. The shape of the raceway was that of an upturned
bag at high blast velocity.

(2) The blast velocity had a significant effect on the size of the raceway. As the velocity increased,
the depth, height, and surface area of the raceway considerably increased, while the width
slightly increased.

(3) The gas pressure in the raceway was higher than that of the particle bed, while the solid granular
pressure was lower. The raceway did not exhibit a single-cycle flow pattern, but exhibited a
complex multiphase and multi-cycle flow pattern.
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Notation

Symbol Meaning

a; i phase volume fraction

i i phase density, kg/m?

u; i phase velocity, m/s

T i phase stress—strain tensor, Pa
P; i phase pressure, Pa

g Gravity acceleration, m/s?

S Source term

B Momentum exchange coefficient
Cp Drag coefficient

ds Solid-phase diameter, m

g Gas-phase viscosity, Pa-s

Re Reynolds number

I Unit stress tensor

teff,g  Gas effective viscosity, Pa-s

ke Gas turbulent kinetic energy, Pa-s
ttg Gas turbulent viscosity, Pa-s

&g Gas turbulent dissipation rate

20 Solid radial distribution function
e Coefficient of restitution for particle collisions
Q Granular pseudo-temperature

ks Diffusion coefficient

Ys Particle collisional dissipation of energy
Qs iy Friction packing limit
s, max  Packing limit

&s Solid bulk viscosity, Pa-s

s Solids shear viscosity, Pa-s

s kin Solid kinetic viscosity, Pa-s

s col Solid collisional viscosity, Pa-s
s, fr Solid frictional viscosity, Pa-s

Priction  Frictional pressure, Pa
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¢ Angle of internal friction

Ihp Second invariant of the deviatoric stress tensor

Fr Froude number

Grg Gas-phase turbulent kinetic energy

I, Turbulent kinetic energy source term

I, Turbulent dissipation rate source term
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Abstract: During recent years, there has been great interest in exploring the potential for high-rate
natural gas (NG) injection in North American blast furnaces (BFs) due to the fuel’s relatively low
cost, operational advantages, and reduced carbon footprint. However, it is well documented that
increasing NG injection rates results in declining raceway flame temperatures (a quenching effect
on the furnace, so to speak), with the end result of a functional limit on the maximum injection
rate that can be used while maintaining stable operation. Computational fluid dynamics (CFD)
models of the BF raceway and shaft regions developed by Purdue University Northwest’s (PNW)
Center for Innovation through Visualization and Simulation (CIVS) have been applied to simulate
multi-phase reacting flow in industry blast furnaces with the aim of exploring the use of pre-heated
NG as a method of widening the BF operating window. Simulations predicted that pre-heated NG
injection could increase the flow of sensible heat into the BF and promote complete gas combustion
through increased injection velocity and improved turbulent mixing. Modeling also indicated that the
quenching effects of a 15% increase in NG injection rate could be countered by a 300K NG pre-heat.
This scenario maintained furnace raceway flame temperatures and top gas temperatures at levels
similar to those observed in baseline (stable) operation, while reducing coke rate by 6.3%.

Keywords: blast furnace; natural gas; fuel injection; computational fluid dynamics; numerical
simulation; combustion; RAFT

1. Introduction

Worldwide, auxiliary fuel injection serves as one of the key technologies by which blast furnace
(BF) coke consumption rates are reduced. As with many other industries, iron and steelmaking
must also contend with a growing focus on carbon emissions and their impacts, resulting in tighter
regulations on emissions or the implementation of carbon taxes by various governments. Through the
reduction of coke consumption and by the introduction of some hydrogen to the reduction process
via fuels such as natural gas, injected fuels are one of the key levers by which operators can reduce
carbon footprint and possibly make the blast furnace more efficient. In addition, these injected fuels
typically present a significant economic incentive for their greater use, especially in the case of natural
gas (NG) in North America. However, no modification can be undertaken in isolation, and changes
to any variable will inevitably require an understanding of how they may impact conditions within
the furnace.

With high NG injection rates becoming more and more common in addition to, and sometimes
in place of, pulverized coal injection (PCI) in North American BFs, it is increasingly important for
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operators to understand what impacts NG injection can have on conditions in the furnace and how
any disadvantages can be mitigated. Of course, in comparison to PCI, NG injection has some obvious
benefits, including reduced carbon footprint and the lack of potential for fines buildup from ash or
unburned char. However, the most critical limitation of NG injection results from the production of
H,O (and to a lesser extent CO;) from NG combustion. Within the raceway and packed bed, these
species will participate in endothermic reactions with the coke bed, consuming heat and causing a drop
in reducing gas temperatures. This phenomenon can be easily observed by examining the raceway
adiabatic flame temperature (RAFT), calculated theoretically using heat and mass balance modeling
based upon the ‘Rist Diagram’ or via approaches such as the AISI (American Iron and Steel Institute)
formulation [1,2]. This is the temperature of the furnace gases after all reactions have taken place and
the only remaining species are CO, Hy, and N.

While the minimum stable RAFT level will vary between furnaces, recent publications indicate
that the majority of North American BFs operate somewhere above 2020 K [1,3]. A falling RAFT can
result in furnace instability and reduced productivity, and generally, operators will mitigate such
scenarios by increasing the level of oxygen enrichment in the hot blast. Increased O, levels in the
blast, however, are known to cause a decline in furnace top temperatures, potentially leading to
condensation of moisture in or near the uptakes and damage to the furnace. While increasing NG
injection rates can help to bring the top temperature back up [3], the negative impact of O, enrichment
on top temperatures is stronger than the positive impacts of NG. The competing factors of low top
temperatures due to O, enrichment and low raceway flame temperatures due to NG injection create a
functional constraint on the maximum level of NG injection in the BE, with the highest reported levels
occurring at around 150-160 kg/mthm (kg per tonne of hot metal produced by the furnace) [1,3].

It is clear then that a method by which flame temperatures could be increased without relying
heavily on O, enrichment could make possible higher rates of NG injection. The approach which
appears most obvious here would be to increase the hot blast temperature, as that would supply
additional sensible heat to the furnace to counter the low flame temperatures without impacting gas
chemistry. However, as many furnaces are already maximizing their available hot blast temperature,
this method may not be an option. One may then wish to turn to alternative methods of introducing
sensible heat to the furnace. Since NG is typically injected at ambient temperature, the injected gas
flow presents the most desirable location for this additional heat, with the added benefit of increasing
the gas velocity, which may slightly enhance tuyere exit velocity, as well as improve turbulent mixing
with the blast and enhance gas combustion.

Pre-heating NG by a reasonable amount (300-400 K) before injection into the furnace is a
concept that has been previously noted in a very limited set of publications and trials. The idea
has been explored conceptually by researchers working with heat and mass balance models and
lab-scale experimentation [3], and at least one industrial facility has reported attempts at studying and
implementing NG pre-heating in operational BFs [4,5]. The aforementioned attempt at implementation
was conducted at the OJSC LMZ “Svobodny Sokol” and OJSC “Severstal” BFs, with NG temperature
increases of 170K and 75K, respectively, achieved by channeling NG flow through a heat recovery
apparatus around the outside of the blowpipe. While gas pre-heating was not applied in isolation, the
increase in NG temperature led to a reduction in coke consumption rate in both trialed scenarios, and an
increase in the NG coke replacement ratio (the ratio of how much coke can be removed from the furnace
burden for a fixed amount of fuel injected into the tuyere) from 1.2:1 to 1.42:1 was observed. Table 1
details additional operating conditions under which the technique was implemented for both furnaces.
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Table 1. Impacts of pre-heated NG injection at OJSC LMZ “Svobodny Sokol” and OJSC “Severstal”.
Reproduced with permission from T. Okosun, AISTech 2019; published by AIST, 2019.

Svobodny Sokol Severstal
Baseline Gas Pre-Heat Baseline Gas Pre-Heat
Production (t/day) 1334 1391 3303 3207
NG Temp. (K) 303 473 303 378
Blast Temp. (K) 1323 1361 1454 1455
Coke rate

(kg/mthm) 497 480.4 420.2 4111

Production % +4.15% 299

change
Coke rate % change -3.3% -2.2%

The implementation of such gas pre-heating in the field, whether achieved via heat recovery
systems or some other method, would require some expenditure for design and installation. With this
in mind, it becomes important to develop a more complete understanding just how much value there
is in enabling this additional lever for BF control, and what potential efficiency benefits NG pre-heating
might present to BF operation in a range of different scenarios. Industry experience can serve as a
judge of feasibility for methods of implementation, but focused research is often needed to understand
the specific impacts of untested changes in parameters such as NG pre-heating on the BF. Simulation
modeling presents an excellent approach for such research, allowing for scientific-based predictions
of how changes to input conditions can impact the chemical reactions, temperatures, flow patterns,
and other phenomena inside the BE.

Given its comparable speed and low expense when compared to test rigs or other experimental
methods, computational fluid dynamics (CFD) modeling has become a key first step in determining
the impacts of new operating parameters on multi-phase reacting flow systems. In particular, CFD
modeling of the BF has been applied to great effect at the tuyere level by a wide range of researchers
exploring methods of optimization for operation. Such modeling has expanded from simplified
one-dimensional approaches to full-scale three-dimensional multi-phase flow models of specific
regions of the blast furnace [6-14]. In particular, the Steel Manufacturing Simulation and Visualization
Consortium (SMSVC) at Purdue University Northwest’s (PNW) Center for Innovation through
Visualization and Simulation (CIVS) has performed a range of simulation studies on BF performance
using a combination of commercial CFD codes and in-house solvers focusing on combustion, tuyere
region design, and more [15-22].

This paper details current simulation research on high-rate NG injection in North American BFs,
and the impacts of pre-heated NG injection. CFD models of two BFs of similar scale were conducted as
part of this research, with one furnace utilizing co-injection of NG and PC, and the other operating
on a pure NG injection basis. Modeling was conducted to determine the impacts of gas pre-heating
in isolation and in conjunction with other modifications to operation. Observed benefits included
increased analogue flame temperatures and a corresponding reduction in furnace coke rate with NG
pre-heating. Additionally, CFD modeling indicated that a combined increase in NG injection rate and
NG pre-heat could maintain top gas and flame temperatures at baseline levels while achieving a lower
coke consumption rate.

2. Methods, Geometry, and Boundary Conditions

2.1. Computational Modeling Methodology

Accurately modeling the multiphase flow physics, chemical reactions, and heat/mass transfer
occurring within the blast furnace requires a delicate balance of detailed modeling techniques and
reasonable assumptions in order to produce results in a reasonable time frame. This research focuses
on the flow, reactions, and heat transfer in the raceway and shaft regions of the BF, and a combination
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of CFD models are coupled together to predict phenomena. These models have been discussed in far
greater detail in previous publications [15-25], so in the interests of brevity, this paper will present a
summary of the approach.

The primary assumption made in this modeling approach is based upon the difference in
time-scales between the flow of gases and solids in the furnace. Gases ascend through the shaft very
quickly in comparison to the descent speed of the solid burden material, allowing for the burden
packed bed to be treated as a steady-state porous media that can participate in heat transfer and
chemical reactions, as well as influence gas flow. Dispersed solids, such as the pulverized coal in the
raceway region, are treated as interpenetrating continuum in the model, with both gas and dispersed
phases having their own corresponding conservation equations. Interphase momentum and mass
exchange occurs between the particle and gas phases. For this modeling approach, the flow of liquid
slag and hot metal are not directly simulated. The presence of liquid below the cohesive zone and
its impact on gas flow are accounted for by decreasing the porosity of the packed bed, resulting in a
corresponding increase in gas pressure resistance.

Additionally, the most effective way to reduce the computational cost of a BF simulation is to
assume that flow input conditions through each tuyere—this would include wind rate, auxiliary fuel
injection rates, hot blast temperature, and other parameters—are axisymmetric around the entire
furnace. With this assumption made, it is possible to simulate a single tuyere, corresponding raceway
cavity, and similarly axisymmetric region of the BF shaft, greatly reducing the total computational
cost of a simulation. For a generic BF, the 3D domain of the simulation would include the blowpipe
upstream of the tuyere, any fuel injection lances, the tuyere, the raceway boundary and coke bed, and
boundaries representing the location of the furnace walls and deadman.

As previously mentioned, the approach in this research utilizes multiple sub-models coupled
together to predict conditions in the BE. Specifically, these models are targeted at two major reaction
zones, the raceway and the shaft. Gas flow and injected fuel input conditions are specified for the
raceway model, which is used to calculate the combustion and other reactions occurring within the
raceway. The corresponding species, temperature, and mass flow distribution of reducing gases leaving
the raceway region are then mapped into the lower boundary of the BF shaft model, which can then be
used to predict macro-level output parameters such as top gas temperature, cohesive zone shape and
location, gas utilization, and furnace coke rate.

For easier adjustment of tuyere, blowpipe, and injection lance design and placement, gas
combustion, solids combustion, fluid flow, and heat transfer in the blowpipe and tuyere zones are
conducted using a Eulerian-based model in ANSYS Fluent® (v19.2, ANSYS, Canonsburg, PA, USA,
2019), a commercial CFD package. The steady-state Navier—Stokes equations are applied to model
conditions in this region using the semi-implicit method for pressure linked equations (SIMPLE) scheme
with second-order upwind discretization of the transport equations. Turbulence modeling is handled
with the standard k-¢ turbulence model [26], a common and robust choice for efficient simulation of
multiphase flow. Gas phase reactions— including CO, H,, CHy, and coal volatile combustion—are
governed by the eddy-dissipation-concept model. Radiation heat transfer is governed in all raceway
region simulations by the discrete ordinates (DO) radiation model.

The results of this simulation are then mapped to a two-component approach for simulating
the coke bed and raceway cavity downstream of the tuyere. Once the incoming conditions from
the tuyere are determined, the size and shape of the raceway in the coke bed is simulated using a
transient Eulerian multi-fluid model, conducted again with a second-order application of the SIMPLE
scheme in ANSYS Fluent®. The coke bed is treated as a fluidized granular continuous phase, and
the gas flow forms a raceway cavity, which can then be frozen. The air phase volume fraction is then
used to define the porosity of the coke bed in the raceway, and an in-house CFD solver detailed in
previous publications [27-29] is applied to predict chemical reactions, gas flow, and heat transfer in a
steady-state simulation of flow through the coke bed in the raceway region. In addition to combustion
of injected fuels, the coke bed can react with oxygen in the hot blast to generate combustion products
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and heat, and if sufficient thermal energy is present, reactions of CO, and H,O with carbon in the coke
bed are also possible. Table 2 below contains the kinetic constants for gas-phase reactions of CO, Hj,
and CHy, as well as coke reactions and coal moisture evaporation and devolatilization.

Table 2. Key reaction mechanisms and kinetics for the computational fluid dynamics (CFD) raceway
combustion model [30,31].

Reaction A(1fs) BmYkgs) o Qg‘g‘:};’;w
CHy + 20, — CO, + 2H,0 N/A 1.6 x 1010 1.081 x 10°
2CO + 0, — 2CO, N/A 7.0 x 104 6.651 x 10%
2H, + O, — 2H,0 N/A 5.4 x 102 1.255 x 10°
Coal Moisture Evaporation N/A 8.32 x 10° 4.228 x 10*
Coal Devol. Reaction 1 3.7 x10° N/A 7.366 x 10*
Coal Devol. Reaction 2 1.46 x 1013 N/A 2.511 x 105
C+ 0, - CO, 1.225 x 10% N/A 9.977 x 10*
2C + 0, - 2CO 1.813 x 10° N/A 1.089 x 10°
C+CO, —2CO 7.351 x 103 N/A 1.380 x 10°
C+H,0-5CO+H, 1.650 x 10° N/A 1.420 x 10°

Combustion reactions of solids in the raceway result in the generation of additional gaseous mass.
In addition, the significant variations in temperature can result in changes to gas density. These updated
values are mapped back into the raceway formation step in the commercial CFD code in the form of
cell-specific gas density values and a source term for gas mass, and the simulation of the raceway
shape is re-run. This generates a new coke bed porosity distribution (updated raceway shape), and the
combustion model can then be repeated as well. This iterative process will converge to an unchanging
raceway shape, at which point the final combustion simulation results can be post-processed and
mapped onto the CFD shaft model as input conditions.

Using the reducing gas flow rates, species, and temperature inputs from the raceway sub-model,
the blast furnace shaft model simulates reducing gas flow through the burden layers in the BF, iron ore
reduction and melting, and related phenomena. Computational domains for the BF shaft stretch from
the furnace bosh, just above the raceway region, to the furnace top. As mentioned earlier, the flow is
assumed to be steady state once the burden distribution is defined—either with a burden distribution
sub-model or based on imported burden profiles from industry. This burden profile is used to define
the porosity of the packed bed in the simulation, with coke and ore layers each having their own
corresponding porosity and resistance to gas flow depending on particle size.

In this packed bed, fluid flow, chemical reactions, and heat and mass transfer between the gas and
burden are all simulated by the CFD solver. Species included in the reaction models are CO, CO,, H,
H,0, and N in the gas phase and Fe; O3, Fe304, FeO, Fe, C, CaO, and MgO in the solid phase. Reactions
are primarily gas—solid, though some phase transitions are included, such as moisture evaporation
from the burden near the top of the furnace. The most common reactions are, of course, reduction of
iron oxides by CO and Hj, coke gasification, and carbonate flux decomposition. The primary reactions
included in the BF shaft model are listed in Table 3.

Finally, the cohesive zone (CZ) is defined between the iron ore pellet softening and iron liquidus
temperatures (1473-1673 K), and in this region, the porosity of the iron ore layers is decreased to almost
zero, rendering these areas impermeable to gas flow and generating a layered CZ. The approach allows
gas flow to pass through the coke slits while being blocked by the cohesive ore layers. Additional
details on the BF shaft model, including information on the burden distribution sub-model, can be
found in previous publications [24,32-34].
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Table 3. Reaction mechanisms used in the CFD shaft model.

Reaction No. Chemical Equation
Indirect reduction of iron oxide by CO R1 3Fe;O3(s) + CO(g) — 2Fe304 + CO,(g)
R2 Fe304 + CO(g) — 3FeO(s) + COx(g)
R3 FeO(s) + CO(g) — Fe(s) + CO(g)
Indirect reduction of iron oxide by Hy R4 3Fe;O5(s) + Ha(g) — 2Fe304 + HyO (g)
R5 Fe304 + Hy(g) — 3FeO(s) + HyO(g)
R6 FeO(s) + Hy(g) — Fe(s) + HyO(g)
Boudouard reaction R7 C(s) + CO,(g) — 2CO(g)
Water gas reaction R8 C(s) + HyO(g) — CO(g) + Ha(g)
Flux decomposition R9 MeCOs3(s) — MeO(s) + CO(g) (Me = Ca, Mg)
Water gas shift reaction R10 Hj(g) + CO,(g) = HpO(g) + CO(g)
Direct reduction of liquid FeO R11 C(s) + FeO(l) — Fe(l) + CO(g)

2.2. Blast Furnace Geometry and Simulation Boundary Conditions

Research was conducted via simulation of two different blast furnaces of average size and
production for North America located at separate North American steel manufacturing facilities.
The geometry for the tuyere and blowpipe regions of both furnaces are unique to their different
operations, with one furnace utilizing co-injection of pulverized coal and natural gas and the second
using only NG injection. These two operations present ideal test beds for exploring the impacts of
injected fuel adjustments, with the co-injection case allowing for comparisons of how a co-injection
furnace may react during a loss-of-PCI scenario and the NG-injection furnace highlighting the impacts
of NG pre-heating on operation.

The area beyond the tuyere nose (containing the raceway and coke bed) for a single tuyere
was modeled for both furnaces using computational grids. These domains were approximately two
meters high and were bounded by the furnace wall and tuyere at the outside and a fixed boundary
representing the deadman towards the furnace center. Symmetry conditions were applied on the
bounding walls to either side of the raceway. The combination of the specific physical geometry of the
tuyere and furnace with the momentum and reactions from the hot blast generated a unique raceway
cavity in the coke bed. As mentioned in the previous section, the raceway geometry was defined by
applying the calculated void fraction in the raceway formation model to fixed spatial variations of the
coke bed porosity. The geometry for the tuyere region of both industry blast furnaces and a generic
raceway region geometry are shown in Figure 1.

NG Injection Port
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Hot Blast Inlet \nﬂaef
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Active Coke

NG Injection Lance
Hot Blast Inlet

'''''''' - Tuvere Qg
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i
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Figure 1. (a) Blowpipe and tuyere region simulation domain for co-injection blast furnace (BF);
(b) Blowpipe and tuyere region simulation domain for natural gas (NG)-only BF; and (c) Generic
raceway region geometry with tuyere and blowpipe position included.

Additionally, simulations of the shaft region of the NG-only blast furnace were conducted.
This geometry was far simpler than the raceway, with the furnace walls defining an axisymmetric
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cylindrical region with a radius that varied depending on height. The burden charge profile for
ore and coke layers was provided by the industry partner, with the ore charge weight varying
depending on the natural gas injection rate to adjust furnace production and corresponding coke rate
in real-world operation.

Boundary conditions were defined for each individual region simulated. In the tuyere/blowpipe
regions, the hot blast inflow, NG inflow, and PC carrier gas inflow were defined as mass flow inlets
in the CFD solver. At each inlet, fluid temperature, species distribution, and mass flow rate were
defined based on furnace operating conditions. PC injection was handled with the discrete phase
method (DPM), and the total mass flow influx of PC particles was defined once again based on industry
operating conditions. A pressure outlet boundary condition was used for the tuyere exit, with an
estimated emissivity and blackbody temperature used to account for radiation heat flux entering the
tuyere from the high-temperature coke bed in the raceway.

Mass flow and species distribution for the gas phase were mapped onto the inlet for the raceway
region CFD simulation. The DPM concentration at the tuyere outlet plane was mapped as a scalar
value to define the volume fraction of the dispersed particle phase for tracking PC movement in the
raceway. Similar mass flow inlet and pressure outlet flow boundary conditions were applied in this
region, with symmetry conditions applied on the boundaries located on either side of the raceway
envelope. Mass flow rates and species distributions were also mapped from the outlet of the raceway
region to the inlet of shaft model, and once again, a pressure outlet was used for the out-flow condition
at the top of the furnace.

Environmental heat losses were governed by refractory and steel shell thermal conductivity in
the blowpipe, with assumed natural convection at average ambient temperatures of ~305 K. In the
water-cooled copper tuyere, assumptions were based on typical industry conditions and expectations,
with a heat transfer coefficient of ~3000 W/(m? K) and a freestream temperature of 300 K for cooling water
applied. For the furnace walls in the raceway and shaft regions, a basic constant heat flux assumption
was applied based on expectations of heat losses to cooling water provided by industry partners.

3. Results

3.1. Co-Injection Blast Furnace

The impact of various parameters and design modifications on the operation of the co-injection
furnace simulated in this research were documented in previous publications [15-17]. This work
focuses in particular on the effects of a significant increase in natural gas injection rate in comparison
to standard operating conditions, perhaps in a loss-of-PCI scenario while attempting to maintain
production rate. Modeling of this furnace was conducted at typical operating conditions, with a wind
rate of ~200,000 Nm?/h, an oxygen enrichment of 34%, a blast temperature of 1408 K, a PCI rate of
85 kg/mthm, and a NG injection rate of 65 kg/mthm. The pulverized coal particle size distribution was
provided by industry partners, with an average particle size of 0.046 mm.

While attention was given to the impacts of design and operational changes on conditions in the
tuyere region in previous publications [15-17], in this research, the focus remained on changes to gas
temperature and species distribution in the raceway region. Using the CFD model, it is possible to
generate a numerical value that can be easily compared to the raceway adiabatic flame temperature
(RAFT) by taking a mass-weighted average of the gas temperature in all computational cells in the
domain with less than 0.5% H,O, CO,, and O, content by volume. This corresponds to the theoretical
definition of RAFT as the temperature of all gases once they have been reduced from fuel and oxidizer
into CO and Hj (also including inert Ny). From this point forward, the CFD-generated value will be
referred to as the flame temperature analogue (FTA).

In the baseline scenario, simultaneous injection of NG and PC led to spatial variations in
temperature distribution. Coke combustion occurred where unreacted oxygen encountered the coke
bed, while the initial NG flame occurred rapidly near the outlet of the tuyere, followed by a sharp
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reduction in gas temperature in the regions where NG combustion products (particularly H,O) engage
in endothermic reactions with coke. PC combustion in recirculation zones within the raceway itself
generated larger high temperature regions, which can be observed in Figure 2. The predicted baseline
FTA was 2244 K, a difference of 2.1% compared with an expected RAFT of 2293 K.

CH, Mass

Temp. (K
Rl Fraction

Figure 2. (a) Gas temperature contours and flow streamlines for the baseline co-injection BF raceway
(raceway boundary shown in blue); (b) Contours of CHy mass fraction; and (c) Contours of H,O

mass fraction.

Operational rules-of-thumb based on industry experience have documented the impacts of
increasing or decreasing many tuyere-level parameters on the furnace. Correspondingly, this research
aimed to ascertain whether the CFD models used in this study would show similar trends, and if
so, to simulate the impacts of a complete loss-of-PCI scenario in which furnace operators attempt to
replace all injected fuel with natural gas. Comparisons were conducted with two scenarios in which
the ratio between NG and PC injection rates were shifted and all other parameters were held constant.
The ratio in the baseline case was 1.31:1 (PC to NG). In Case #1, the ratio was increased to 2.26:1, and in
Case #2, the ratio was decreased to 0.87:1. In line with expectations, Case #1 (with a lower NG injection
rate) resulted in a high predicted FTA of 2271 K and Case #2 (with a higher NG injection rate) had a
lower predicted FTA of 2228 K.

Case #3 took high-rate natural gas operation to an extreme, cutting PCI and increasing the NG
injection rate from the baseline value of 65 kg/mthm and increasing it to 150 kg/mthm. The NG in this
case was supplied through an NG injection lance. This level of NG injection is generally held as the
maximum sustainable for stable operation due to the constraints detailed in Section 1 of this paper
(falling RAFT, low top temperatures due to increased O, enrichment). Aside from the modification
to injection, operating conditions in Case #3 were maintained at baseline levels. Figure 3 shows the
distribution of gas temperature, CO,, and H,O in the raceway region. Combustion was immediate
and was distributed throughout the majority of the tuyere jet, however, gas temperature fell rapidly
upon contact with the coke bed as CO, and H,O underwent the aforementioned endothermic reactions
with coke. The FTA in this scenario dropped by more than 11% to 1988 K, a value just below the
aforementioned minimum RAFT for North American BFs of 2020 K. It should be noted that the
increased injection rate and delivery of NG through a lance resulted in NG pushing away from the
tuyere center plane, and it was only once the gas had begun to recirculate in the raceway that higher
concentrations were observed on the center plane of the raceway as seen in Figure 3b.

The results from this scenario indicated that the CFD modeling techniques applied were able to
predict the decline in gas temperatures resulting from high levels of NG injection. Based upon this, the
next stage of research aimed to determine the effectiveness of NG pre-heating as a method to counter
the decline in predicted FTA and maintain reducing gas temperatures in the furnace. This would serve
as a potential method by which a loss-of-PCI scenario could be quickly adapted to in the field, allowing
for significantly higher NG injection rates with a much more manageable decline in BF reducing gas
temperatures. As previously discussed, NG pre-heating may present another lever for operators
beyond adjustments to O, enrichment, wind rate, and hot blast temperature.
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Figure 3. (a) Gas temperature contours and flow streamlines for Case #3 in the co-injection BF raceway
(raceway boundary shown in blue); (b) Contours of CO, mass fraction; and (c¢) Contours of H,O
mass fraction.

3.2. Natural Gas Injection Blast Furnace

Following the loss-of-PCI study, an investigation of the specific impacts of NG pre-heating
throughout the furnace (both in the raceway and shaft regions) was conducted using the NG injection
industry blast furnace. While the NG-only BF was roughly 30% larger than the co-injection BF and
operated at a slightly higher production rate, CFD modeling of the BF as a trial for this portion of the
research allowed for isolation of gas pre-heating impacts, helping to clearly delineate any benefits
and drawbacks associated with the approach. The baseline operating conditions for the NG-only
BF included a wind rate of 270,000 Nm?/h, an oxygen enrichment of 29%, a hot blast temperature of
1448 K, and an NG injection rate of 95 kg/mthm, among other parameters. Natural gas was injected
into the tuyere through a lance with multiple ports around the edges near the tip and a single central
port for primary gas flow, as shown in Figure 1b.

The FTA predicted for baseline operating conditions at the NG-only BF was 2187 K, which
compares favorably to the industry RAFT expectation of 2169 K (0.74% difference). When observing
conditions within the NG-only furnace raceway, it can be seen that the location and angle of the NG
injection lance has a significant impact on the temperature and gas species distributions in the raceway
region. Figure 4 shows contours of gas temperature, CH, mass fraction, and H,O mass fraction. In this
case, the NG plume remained to the left (looking from the outside of the furnace in, as if through a
peep sight) of the tuyere center plane, as the injection lance was inserted from the right-hand side
and pushed gas to the opposite side of the tuyere. This resulted in higher concentrations of NG and
NG combustion products on the left-hand side the raceway, leading to a left-right asymmetry in
gas temperatures as the CO, and H,O from NG combustion experienced the expected endothermic
reactions with coke.

The distributions of gas temperature, mass flow rate, and species distribution were exported from
the upper outlet boundary of the raceway region CFD model and were then transferred as importable
inlet conditions for the shaft region CFD model. Other required operating conditions for the BF shaft
model included the burden distribution—provided by industry collaborators for the baseline scenario
and shifts in burden charge weight for increased or decreased NG injection rates—and by-weight
moisture content in the charged iron ore and coke layers. The moisture content was of particular
interest, as in the wet and cold winter months in some regions of North America, ore moisture content
can rise significantly, resulting in impacts on top gas water vapor content and temperature when
charged moisture evaporates. For the baseline case, these values were fixed at 2.5% by weight for the
ore layers and 6% by weight for the coke layers. Contours of gas temperature and species distribution
in the shaft region are shown in Figure 5. Also included are demarcations indicating the location of the
burden layers in the furnace and the location of the cohesive zone.
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Figure 4. Side view (top) and top view (bottom) of contours of (a) temperature; (b) CHy mass fraction
contours; and (c) HyO mass fraction in the raceway region for the NG-only BF baseline case (raceway

boundary shown in blue or white).
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Figure 5. Cross-section views of contours in the shaft region showing (a) gas temperature contours;
(b) CO volume fraction; (c) CO, volume fraction; (d) H, volume fraction; and (e) H,O volume fraction.

While the CFD models applied in this research have been extensively validated in previous
publications [21,25,26,30-32], additional validation against macro-level parameters from the industry
operation of this blast furnace was conducted to build confidence in the ability of the included
simulations to predict operating conditions for this particular blast furnace. In particular, CFD
predictions of coke rate, reducing gas utilization, and average top gas temperature were compared
against industrial values for operation corresponding to the scenario investigated in the baseline
case. Top gas temperature and CO and H, utilization values were determined based on averaged
readings from a top gas analyzer during standard operation matching the conditions of the baseline
case. These comparisons are detailed in Table 4.
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Table 4. Comparison of CFD results against industry data for NG-only BF baseline operation.

Parameter CFD Prediction Industrial
Coke Rate 392 kg/mthm ~390 kg/mthm
CO Utilization 50.8% ~50%
H, Utilization 51.5% ~50%
Avg. Top Gas Temperature 403 K ~385 K

The impacts of NG pre-heating on the NG injection BF were first explored with six scenarios
beyond the baseline case. These cases, selected based on industry feedback, raised the incoming
temperature of injected NG from 300 K to 600 K in 100 K increments. The upper temperature boundary
was set at 600 K for this study to avoid scenarios with the potential for NG cracking and soot formation
in the transport piping, a practical limitation which might well lead to excessive maintenance and
higher costs after implementation. Every other operating condition (hot blast temperature, wind rate,
oxygen enrichment, NG injection rate) was held constant for the first set of simulation cases to isolate
the impacts of NG pre-heating on phenomena within the raceway region.

In the tuyere and blowpipe region, the impacts of NG pre-heating were primarily observable in
the increased velocity of the incoming NG plume and the increased average temperature. Comparing
a scenario in which NG was preheated to 600 K to the baseline case, gas temperatures at the outlet were
1.4% higher and the average gas velocity was 1.8% higher. Additionally, the higher NG injection velocity
pushed the combusting gas plume slightly closer to the tuyere wall, which may present reliability
concerns during operation unless the lance is retracted, or a larger diameter lance is used. A 6.3%
increase in NG combustion before the tuyere exit was also observed, most likely due to the reduced
density and increased velocity of NG, which results in improved turbulent mixing. The average
turbulent kinetic energy predicted at the tuyere outlet under standard conditions was 326 mz/sz, while
with a 300 K NG pre-heat this value rose to 414 m?/s?, a 27% increase. A direct comparison between
these two cases is shown in Figure 6.

Tuyere Outlet Avg. Gas Front View
Temperature: 1456°C

Tuyere Outlet Avg. Gas Front View | 2460
Temperature; 1465°C 2190

Isometric View Isometric View

(a) (b)

Figure 6. Isometric and front views of gas temperature contours on the tuyere center plane (left) and
tuyere outlet (right) for (a) the baseline case; and (b) the 300 K NG pre-heat scenario.

Changes to species distribution in the raceway region were minimal, as might be expected given
that incoming mass flow rates of fuel and oxygen were held constant. Temperature distributions
were also similar between cases, with the largest observable variations occurring in the predicted FTA
value (which is itself the first parameter targeted by NG pre-heating). Similarly, in the shaft region,
the impacts of NG pre-heating are easiest to observe by directly comparing the changes in top gas
temperature and coke rate to the corresponding values from the baseline case. Table 5 details the
results from the NG pre-heating simulations at the baseline natural gas injection rate.
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Table 5. Impacts of NG pre-heating on BF operating conditions in the raceway and shaft regions.
FTA: flame temperature analogue.

Tle\lrfp. FTA  FTA Increase Top Gas Coke Rate Coke Rate Decrease from
K) (K) from Base (K)  Temp. (K) (kg/mthm) Base (kg/mthm)
300
(Base) 2187 - 403 392 -
400 2207 20 K (0.9%) 399 389 3
500 2221 34 K (1.6%) 393 387 5
600 2239 52 K (2.4%) 390 385 7

It is clear that NG pre-heating had an observable impact on the predicted FTA value, with each
100 K increase in NG temperature resulting in a 17 K increase in predicted FTA on average. Additionally,
the BF coke rate declined by up to 7 kg/mthm at the maximum level of NG pre-heating, indicating the
potential for improvements to operational efficiency with this approach.

During the course of this research, the potential of NG pre-heating as a lever to address declining
top gas temperatures during winter months in North America due to high burden moisture content
was also explored. The CFD shaft model was applied to determine the impact of ore moisture, with
results indicating that each 0.5% increase in ore moisture content by weight resulted in a 5 K decline
in top gas temperature. This agrees with measurements and experience from both industrial partner
facilities modeled in this research. CFD modeling of the impacts of NG pre-heating indicated that each
100 K increase in NG temperature resulted in a 4.5 K drop in average top gas temperature. While this
aligns well with blast furnace operational rules-of-thumb (parameters that increase RAFT such as hot
blast temperature or oxygen enrichment typically also result in a decline in top gas temperatures) it also
means that NG pre-heating alone is unlikely to serve as a direct counter to the low top temperatures
observed in high burden moisture content scenarios.

Having established the potential benefits and drawbacks of NG pre-heating in isolation, the next
step was to determine whether pre-heating could be applied together with the modification of other
variable parameters to widen the BF operating window. For instance, does pre-heating allow for a
potential solution to moisture-generated low top temperatures if combined with increased NG injection
rates (which typically increase top gas temperature)? Could pre-heating serve as a tool that might
enable operators to push higher NG injection rates in the case of the aforementioned loss-of-PCI
scenario at a co-injection BF? Or might it be possible to push beyond the typical limit of 150 kg/mthm
of NG injection by combining the increased injection rate with NG pre-heating? The next stage of
research aimed to answer these questions with a parametric study involving a range of NG injection
rates, NG pre-heating levels, and oxygen enrichment levels.

Eight different NG injection rates were simulated for this study. In addition to the baseline NG
injection rate of 95 kg/mthm, scenarios were modeled at NG injection rates of 85, 105, 110, 115, 120, 130,
140, and 150 kg/mthm. For each of these new injection rates, the ratio between ore and coke in the
burden charge was altered based on industry operation guidelines for the furnace. As the injection rate
rose, the ore charge weight was increased while maintaining the same burden distribution, leading to
thicker ore layers and a higher potential production rate. NG pre-heating was also tested for each of
these injection rates, so each of these eight additional injection rate scenarios had four sub-cases at the
same NG temperatures (300 K, 400 K, 500 K, and 600 K) as the baseline case.

While results in the tuyere region are not different enough between cases to merit a full review
here, it is important to note that the increased NG injection rates were achieved by simply increasing
the mass flow rate of NG into the lance. At the upper end of the injection rate range (140-150 kg/mthm),
this results in very high NG velocities exiting the lance, especially when combined with NG pre-heating.
A realistic implementation of such high NG injection rates with pre-heating would require a larger
diameter injection lance to manage NG injection velocity and avoid potential impingement on the
inner surface of the tuyere.
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Focusing on the raceway region, the predicted FTA fell quickly with increasing NG injection rate,
as expected. Additionally, the FTA increasesd with NG pre-heating for all simulated NG injection
rates, save for the 150 kg/mthm scenario. Figure 7 details the predicted FTA results for the full range
of cases, with the declining slope of the FTA vs. NG pre-heat as the NG rate (in kg/mthm) increased.
These slopes represent the “pre-heating efficiency” of NG pre-heating in raising the predicted FTA
(unit increase in FTA per unit increase of NG temperature).
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Figure 7. (a) Predicted FTA vs. NG pre-heat; and (b) NG pre-heating efficiency vs. NG injection rate.

Included in Figure 7 is a marker noting the location of the baseline FTA value that allows for easy
comparison with other cases. For instance, at an NG injection rate of 105 kg/mthm (10 kg higher than
the baseline), an equivalent FTA to the baseline case could be achieved with an NG pre-heat level of
200 K (NG temperature of 500 K). At 110 kg/mthm, this FTA could be achieved with a pre-heat of
a little over 300 K (NG temperature of 600 K). If it is assumed that the furnace remains stable and
matches productivity at a given reducing gas temperature with a fixed burden distribution, these
comparisons seem to indicate the potential for operators to push higher NG injection rates through the
use of pre-heated NG, with relatively minor impacts on furnace operation otherwise.

It is worth noting here that from an NG injection rate of 85 kg/mthm to an injection rate of
105-110 kg/mthm, it appears the NG "pre-heating efficiency” increased to a maximum of a 0.177 K
increase in FTA for each 1 K increase in NG temperature. When the NG injection rate was increased
further, the “pre-heating efficiency” began to decline. There are multiple potential causes for this
decline. First, the increase in NG injection rate for these cases was not accompanied by a corresponding
increase in hot blast O, enrichment. The NG fuel rate exceeded the available oxygen for combustion
around the 110 kg/mthm mark, and pre-heating at injection rates beyond this point likely contributed
to NG decomposition. Additionally, the increased injection rate reduced gas residence time inside
the raceway and drove the NG plume closer to the tuyere wall due to higher gas velocity, potentially
hindering combustion. The combination of these factors likely led to the results observed in the
150 kg/mthm case, in which NG pre-heating actually decreased the predicted FTA.

In addition to the baseline oxygen enrichment level of ~29%, two additional scenarios were
added to each case at oxygen enrichment levels of 32% and 35%. In all cases, wind rates were
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held constant at baseline levels and the volume fraction of oxygen in the wind was adjusted.
Figures 8 and 9 show the predicted FTA values for the 32% and 35% oxygen enrichment case
sets respectively. As expected, FTA values were inflated for these cases. Additionally, the availability
of additional oxygen resulted in improved “pre-heating efficiency” at the higher NG injection rates
compared to the baseline oxygen enrichment scenario, though in each set of cases, most benefits from
pre-heating had essentially vanished by the 150 kg/mthm injection rate. Itislikely that some combination
of additional measures such as increased oxygen enrichment, wind rate, and NG pre-heating would be
necessary for efficient operation at these high injection rates for this particular furnace.
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Figure 8. Predicted FTA vs. NG pre-heat for (a) the 32% O, enrichment scenario; and (b) the 35% O,
enrichment scenario.
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For the shaft region, simulations focused on the baseline oxygen enrichment scenario with
increases to NG injection rate that would require no adjustments to the existing infrastructure at the
industry partner facility. These cases aimed to determine the combined impacts of NG pre-heating
and increased NG injection rates on the furnace top gas temperature and coke rate. Figure 9 shows
the predicted impacts of NG injection rates (from 85 to 130 kg/mthm) on furnace coke rate and top
gas temperature.

While changes in both coke rate and top gas temperature due to NG injection rate remained linear
through the range of 85-130 kg/mthm, two trends appeared from the impacts of NG pre-heating. First,
it appears that the coke rate savings observed from pre-heating decline at the higher NG injection rates,
likely due to the aforementioned limiting factors in the raceway. Second, the impact of pre-heating on
top gas temperature appears to become more significant as the injection rate rises, with a larger drop
in top gas temperature observed for each 100 K pre-heat at the higher end of the injection rate range.
The increased decomposition of NG in the raceway in lieu of gas combustion will result in reducing
gas compositions with a balance shifted slightly towards H; (as carbon from the NG will deposit in
the solid phase and require CO, or O, to convert it into reducing gas), and modeling predicts that
this shift promotes endothermic hydrogen reduction reactions. Specifically, simulations predicted that
the increase from an NG temperature of 300 K to 600 K would result in a 1.8% increase in wustite
reduction by Hj in the shaft for the 130 kg/mthm NG injection rate scenario. In comparison, the same
increase in NG temperature results in only a 0.77% increase in the wustite-H, reduction reaction for
the 85 kg/mthm NG injection rate scenario. Since wustite reduction by Hy consumes ~25 kJ/mol,
while wustite reduction by CO releases 16 kJ/mol, this shift towards H, reduction (together with the
reduction in available heat due to NG cracking rather than combusting) seems to explain the increasing
detrimental impact on top gas temperatures. Further research in this area could prove illuminating
when exploring high natural gas injection rates and their impacts on the furnace.

Overall, the modeling predicts that the NG injection rate will have a far more significant impact
on predicted coke rate than NG pre-heating, which is to be expected given the additional shifts in gas
composition and reduction reactions under higher NG injection conditions. For top gas temperature,
the impacts between the two parameters are more similar, and it is in this region that the greatest
benefits of combining NG pre-heating and increased NG injection rates can be observed. Selecting a
sample acceptable top gas temperature value of 400 K (125 °C) and moving across the range of NG
injection rates, it is clear that there are numerous combinations of NG injection rate and NG pre-heat
level that provide an average top gas temperature close to matching the criterion (95 kg/mthm NG
injection rate and 100 K pre-heat, 105 kg/mthm NG injection rate and 200 K pre-heat, 110 kg/mthm NG
injection rate and 300 K pre-heat).

4. Discussion

4.1. Potential Impacts and Benefits of NG Pre-Heating

Both in isolation and in concert with modest increases in NG injection rate, pre-heating of NG
before injection into the BF appears to present an additional method by which operators could improve
the operating efficiency of their furnaces and widen the window of stable operating conditions.
CFD modeling results indicated that there were observable benefits to blast furnace coke rates from
pre-heating NG up to a temperature of 600 K, though this did result in a decline in top gas temperatures,
similar to the expected impacts from increased hot blast temperature or other parameters that result
in a boost to FTA (RAFT). While the predicted 7 kg/mthm decrease in BF coke rate in this scenario
was a desirable outcome, the corresponding decline of 13 K in top gas temperature may lead to top
gas temperatures lower than 373 K (100 °C) and the possibility of condensation of water vapor in
the uptakes. However, by combining higher NG temperatures with an increased NG injection rate,
significant benefits to the BF coke rate can be achieved while maintaining constant levels for both
FTA and top gas temperature (TGT). A set of such cases are outlined in Table 6. Scenario #1 has the
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standard operating conditions from the baseline case, with an NG pre-heat of 300 K. Scenarios #2 and
#3 apply combinations of NG pre-heating with increased NG injection rates (using the levels at which
pre-heating was most effective for this BF) to maintain the FTA and TGT at or near baseline levels
while allowing for the furnace to operate at a lower coke rate.

Table 6. Potential operating condition modifications and corresponding economic impacts. TGT: top
gas temperature.

NG Rate NG Pre-heat Coke Rate

Case (kg/mthm) (K) FIA®) — TCTAO  o/mthm)
Baseline 95 0 2187 403 392
Scenario #1 95 300 2238 390 385
Scenario #2 105 200 2192 400 375
Scenario #3 110 300 2186 401 367

The CFD simulations conducted for Scenario #3, using a 110 kg/mthm NG injection rate and a
300 K NG pre-heat, predicted an FTA of 2186 K (1 K lower than baseline) and a TGT of 401 K (2 K lower
than baseline). However, in this case, the BF coke rate decreased from 392 kg/mthm in the baseline
to 367 kg/mthm (25 kg/mthm lower), presenting the potential for significant savings. Of course, it is
necessary to consider the potential costs and safety concerns involved in pre-heating the NG, as the
effort would likely be greatly dependent on the exact method of NG pre-heating.

It is worth returning here to the concept of using high-rate NG injection to compensate for a
loss-of-PCI situation at a co-injection BE. Clearly, NG pre-heating presents a net benefit to predicted
FTA. While not enough to entirely counter the decline seen in the NG-only operation case at the
co-injection BE, applying pre-heating at higher NG injection rates (up to the 120-130 kg/mthm mark)
would likely enable furnace operators to maintain stable operation in a loss-of-PCI scenario. In the
NG-only furnace, balancing NG injection rate with various levels of NG pre-heating allows for the
furnace FTA and TGT to remain at baseline levels. Similarly, it is expected that this strategy could
be applied for furnaces with lower total levels of injectants (such that acceptable RAFTs could be
achieved), or furnaces with the flexibility to supply additional oxygen through enrichment or wind to
further supplement the pre-heating impacts.

4.2. Conceptual Methods for Achieving NG Pre-Heating

Several potential methods could be used to achieve an increase in NG temperature from ambient
(~300 K or 25 °C) temperature to the range of pre-heating explored in this study (~600 K or 325 °C).
From a practical standpoint, it would likely be best to apply a pre-heating method that does not
require any additional heat sources or fuel use in order to maximize the operating expense reduction
benefits highlighted in the previous section. It is clear that a single capital investment to develop and
implement an NG pre-heating system with minimal ongoing costs would certainly be more attractive
to BF operators than the alternative. The previously reported exploration of NG pre-heating at two
Russian BFs [4,5] approached the concept from this angle, electing to route the incoming ambient NG
through cooling flanges around the exterior of the blowpipe and elbow in an effort to capture heat that
would otherwise be lost to the environment from the hot blast and direct it back into the BE.

Some preliminary CFD modeling of similar concepts was undertaken for the industry BF studied
in this research. Some sample designs of a blowpipe-based heat exchanger or heat recovery system
were explored, including in-refractory channels and an exterior piping wrap similar to the concepts
shared in previous publications. A visualization of these potential designs is shown in Figure 10.
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(a) (b)

Figure 10. Conceptual designs for (a) the blowpipe channel NG pre-heater; and (b) the exterior wrap
NG pre-heater.

Preliminary CFD simulations of convection heat transfer using the blowpipe channel NG pre-heater
were conducted using baseline operating conditions (hot blast temperature, wind rate, and natural
gas injection rate). These simple trials predicted a NG pre-heat of 170 K (NG temperature of 470 K)
by the end of the channel, though the exact impact of this heat exchanger design on the hot blast
temperature flowing through the blowpipe has yet to be determined. A potential loss in hot blast
temperature would certainly be a significant detractor from such a design implementation and might
serve to encourage the exploration of alternative approaches.

In addition, these designs present significant complexity in a region of the BF that can already
have a great deal of design constraints, so it may be beneficial to explore methods for pre-heating
elsewhere. A heat recovery system based around the exhaust or ambient heat losses from the BF hot
stoves may present an acceptable solution, and future work may focus on determining the viability
of such a system in terms of achievable NG pre-heat and specific impacts on BF coke rate, top gas
temperature, and FTA.

4.3. Industrial Perspective on Feasibility of Implementation

The computational simulations conducted in this research indicate that pre-heating of natural
gas prior to injection into the blast furnace could offer process benefits. However, modeling does not
consider the effort required for industrial implementation and the associated difficulties that such an
effort might present.

Several routes to pre-heating exist, recuperative (including waste heat), on-demand, and in-situ
partial combustion; each route having a certain level of technical maturity, capability, controllability,
as well as CAPEX and OPEX characteristics that are plant unique. Conceptually, most of the identified
heating technologies would heat gas sourced singly from the main furnace distribution line, i.e., all the
injected natural gas would be passed through a single recuperative heater, while the heating routes
illustrated in Figure 10 would heat individually closer to the point of consumption.

Implementation for the single source is somewhat easier, although potentially more expensive, as
much of the construction and commissioning could be completed while the furnace remains online.
However, pre-heating via the blowpipe route would require an outage of suitable length to change all
the blowpipes, or a planned approach to replace at regular intervals, which could take several years
and leave the furnace with unbalanced pre-heating in the meantime.

Industrial consideration also needs to be given for material selection (pipes, valves, and seals
need to be capable of operating at higher temperatures) and process control (which may have varying
feasibility depending on the route chose, i.e., blowpipe heating). In addition, modified operating and
maintenance practices would need to be developed, and safety protocols would also require careful
review. One example would be RAFT control, which is widely adopted as a key variable in ironmaking.
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Typically, front-line operators use a simple empirical model such as the AISI RAFT model equation to
determine real-time RAFT values. As currently defined, this model does not account for pre-heating of
natural gas. Similarly, the well-known operating rules-of-thumb would need expansion to include the
effect of pre-heating temperature on RAFT, top heat, fuel rate, and productivity.

5. Conclusions

CFD modeling techniques were applied to ascertain the predicted impacts of varied NG injection
rates and pre-heating levels on operation at two different industrial BFs. Simulations indicated that
there is a clear possibility to utilize NG pre-heating in conjunction with increased NG injection rates
to provide an avenue for improved BF operating efficiency (reduced coke rates while maintaining
stable raceway flame and top gas temperatures). Impacts of NG pre-heating in isolation appear linear,
though the slope changes significantly with NG injection rate, and the benefits disappear quickly
when pushing towards injection rates above 140 kg/mthm. The application of NG pre-heating also
appears to have a similar negative impact on top gas temperatures as that of other parameters that
increase furnace RAFT, such as hot blast temperature or oxygen enrichment. However, this impact
is small enough that it can be offset by the increased NG injection rates made possible under these
operating conditions.

Asnoted in the discussion section, achieving NG pre-heating could be approached from a multitude
of different avenues, including pre-combustion or an upstream recuperative heater. Some initial
simulation testing of a conceptual system for heating NG near the BF blowpipe indicated that sufficient
heating could be provided to the incoming NG to achieve the predicted benefits explored in this
research. However, any industrial implementation would doubtless need to account for the control
mechanisms, CAPEX considerations, and other limitations that would figure into such a system in a
real-world environment. The difficulties and costs would need to be weighed against the potential
benefits, with an eye towards furnace life-span and the potential operational flexibility and return on
investment that an NG pre-heating system would enable.
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Abstract: The main trough is a part of the blast furnace process for hot metal and molten slag
transportation from the tap hole to the torpedo, and mechanical erosion of the trough is an important
reason for a short life of a campaign. This article employed OpenFoam code to numerically study
and analyze velocity, temperature and wall shear stress of the fluids in the main trough during a full
tapping process. In the code, a three-dimensional transient mass, momentum and energy conservation
equations, including the standard k-¢ turbulence model, were developed for the fluid in the trough.
Temperature distribution in refractory is solved by the Fourier equation through conjugate heat
transfer with the fluid in the trough. Change velocities of the fluid during the full tapping process
are exactly described by a parabolic equation. The investigation results show that there are strong
turbulences at the area of hot metal’s falling position and the turbulences have influence on velocity,
temperature and wall shear stress of the fluid. With the increase of the angle of the tap hole, the wall
shear stress increases. Mechanical erosion of the trough has the smallest value and the campaign of
the main trough is estimated to expand over 5 days at the tap hole angle of 7°.

Keywords: main trough; transient fluid of hot metal and molten slag; wall shear stress; conjugate
heat transfer; refractory

1. Introduction

The main trough of the blast furnace is a drainage channel for molten iron and slag. In tapping of
a 3000 m? blast furnace, 4 to 7 tons per minute of molten slag and hot metal with 1773 K flows into the
main trough from a tap hole. Tapping time changes from 70 to 120 min and tapping number is around
15 every day [1]. Then, with gravity force, molten slag moves to a skimmer on the top of hot metal
and is separated into a slag trough by the skimmer. Due to a harsh working environment, the main
trough of the 3000 m? blast furnace has 9 to 10 campaigns per year and 45 tons of casting material
(with a price of $857 per ton) is needed for every campaign. Each campaign runs for about 35 days and
needs five minor maintenances. Each minor maintenance consumes 3 tons of ramming material (with
a price of $823 per ton). The cost of the blast furnace main trough is around $0.52 million per year
excluding manpower, time and environmental cost [2]. The maintenance cost of the main trough is
very expensive. Therefore, the internal state of the main trough should be known, and the erosion
mechanism of refractory materials must be understood by the operators and the managers of the blast
furnace. Erosional factors of the blast furnace trough include [3]: (1) Mechanical (physical) erosion of
fluid flows of molten slag and hot metal, (2) chemical reaction erosion between refractory and the fluid,
and (3) thermal stress erosion of intermittent tapping. The main one is the first (mechanical erosion),
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which is proven by the fact that the erosional extent of an iron storage trough is quite little in the new
generation of huge blast furnaces.

In order to reduce the erosion of the main trough, scientists and engineers have done a lot of works
to understand the inner situation of the main trough. There are two approaches to study the mechanical
erosion. One is the hydraulic model experiment with a tracer. Locations and extent of the physical
erosion are predicted through analyzing the range and the depth of the tracer color [4]. The other
is a numerical method of Computational Fluid Dynamics (CFD) to analyze fluid properties, such as
velocity, temperature, pressure drop, viscosity and thermal stress. The hydraulic model experiment
has inherent defects, such as high-cost, high-labor and limit-specific results of experiments. Therefore,
many scientists choose the numerical method to investigate their work.

Luo etal. [5] applied Ansys commercial software (Fluent) to analyze velocity distribution of molten
slag and hot metal in a main trough. The results show that the fluid’s velocities in the center of the
trough are faster than ones near the wall and depend on the shape of the trough. Dash et al. [6] studied
the fluid and turbulent kinetic energy in a main trough by the numerical analysis and investigated the
effect of the slope of the main trough on the velocity distribution. Luomala et al. [7] used CFD and a
1/4 scaled-down hydraulic model with a laser Doppler velocimeter to study the properties of fluid in
the main trough and the effect of the dam height on velocity distribution. Duan et al. [3] calculated the
temperature distribution of a main trough using a three-dimensional (3D) model considering natural
convection and forced convection and proposed that a new main trough be designed based on the
gradient arrangement of the bricks. Wang et al. [8] combined the turbulent model and the volume
of fraction (VOF) to develop a 3D fluid model of a main trough and studied the effects of the tap
hole stream velocity and the trough geometry on the fluid flow. Chang et al. [9] used a momentum
conservation equation and VOF to analyze a main trough flow velocity and wall shear stress, and
proposed a method to reduce the refractory wear of the blast furnace. The above literature only
concentrates on the flow properties (velocity, pressure, viscosity and so on), temperature distribution
in the trough and studies the influence of the trough structure on the fluid. However, the effect of
the hot metal trajectory leaving the tap hole on the velocity and the temperature of a trough and the
refractory erosion during tapping are not reported. Therefore, this investigation will focus on the effect
of the hot metal trajectory.

In this paper, OpenFoam is used to solve the transient Navier-Stocks equations including the mass,
momentum and energy conservation equations. In Section 2, the solved issue will be addressed. Then,
a mathematical model, boundary conditions and solution of the mathematical model are presented
in detail. In Section 2, calculation results are presented and discussed. For example, the velocity,
the temperature and the wall shear stress of the main trough are analyzed at different tapping moments.
Furthermore, the shear stress under different tap hole angles is analyzed and temperature in the
refractory is studied by conjugate heat transfer between the refractory and the fluid. In the last section,
the conclusions from the work are summarized.

2. Problem Formulation

2.1. Physical Model

According to the shape of a blast furnace trough from a steel plant in China, a physical model is
established in Figure 1. During tapping, molten slag and hot metal are regarded as a mixed continuous
and incompressible fluid flowing out from the tap hole, and then fall down into the main trough.
The mixture fluid keeps a constant level in the main trough and around 300 mm from the upper surface
in the calculation. It is separated by the skimmer, and then hot metal flows into a torpedo. Falling
position of the mixture fluid trajectory (FPMFT) in the trough defines the inlet of the model. It moves
from 4 m away from the origin of the coordinates in the beginning to the tap hole direction in the
tapping process. According to References [5,10], Table 1 lists the physical properties of the mixture
fluid and the refractory in the study. Chemical reaction between the refractory and the mixture fluid is
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neglected in simulations. The diameter and the angle of the tap hole is 60 mm and 10 degrees in the

simulations, respectively.
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Figure 1. Schematic diagram of the main trough in front view: 1-1 cross-section view at the main
trough; 2-2 cross-section view at the outlet.

Table 1. Physical properties of the mixture and the refractory.

Property Value
Temperature of the inlet (K) 1773
Temperature of the main trough (K) 1583
Temperature of the refractory (K) 1273
Thermal conductivity of the fluid (kg-m-s~3K™1) 33
Thermal conductivity of the refractory (kg-m-s~>-K~1) 0.16
Density of iron (kg:m~) 6900
Density of slag (kg-m‘s) 2600
Viscosity of iron (kgrm™!-s71) 0.0045
Viscosity of slag (kgm~"-s71) 0.25

Where temperature and viscosity are given in constant values for calculation speed, and the effect
of them on the simulation will be focused on later.

2.2. Mathematical Model

2.2.1. Mathematical Model of Molten Slag and Hot Metal

The governing equations of the mixture fluid include a mass conservation equation, a momentum
equation based on Reynolds-averaged one, and an energy conservation equation The fluid in the
study was an incompressible Newtonian fluid and its volume expansion ratio a— is zero. In order to
maintain the conservation of the mixture, the mass conservation equation must be met [11], as:

314,‘

i 0, ¢y

where, x; and 1; express the coordinates of space points (m) and the velocity component at point x;
of the time t coordinate (m-s™!), respectively. x1, x, and x3 define the three directions of x, y and
z, respectively.

The viscous stress tensor P and the deformation rate tensor S of Newtonian fluid have a linear and
isotropic function relationship [12]. The Newtonian fluid constitutive equation is substituted into the
dynamic equation to obtain the momentum conservation equation of the incompressible Newtonian

fluid [11], as:
ou; Ju; 19 d (du;
u u Ip ( i ) @

§+L‘j8_.96j7 paxl Va—xja—xj,
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where, p, p, it and v express pressure of the fluid (kg-m™!-s72), viscosity of the fluid (kg:m~3), kinetic
viscosity (kg'm~1-s71) and kinematic viscosity (m?-s71), respectively.

In this study, the standard k-¢ turbulence model is used in the simulation. The momentum
conservation equation is a time average one to obtain the Reynolds-averaged N-S equation [13]:

oy | aw KD 1o ¢9<u>) .

o Ty ax  pon ax,(ax,

where, u} and u;. define pulse values of the velocity (m-s™!), respectively. (u;) is time average, and
up = () + uj.

Reynolds stress tensor term, —(u;u’.), is added into Equation (3). This makes the equations disable
to close and introduces a turbulence model. According to the Boussinesq hypothesis, the expression of
Reynolds [13] stress is:

o 0 0 2
_<ul‘uj> = Vt[a_xj<ui> + a_xiu/] - §éijkr 4)
where, 6;; is Kronecker delta and 6;; = { 1)' 11 : ]] . k is turbulent energy (m?2:s72).

Due to high velocity at the inlet, the mixture fluid in the main trough has a high Reynolds number.
The standard k—e turbulence model has a few empirical constants for this condition. In the standard k—¢
model, the turbulent energy k and the turbulent dissipation rate ¢ are associated with the turbulence
vt, the formula [13] is as follows:

v,7C— (5)

where, C;, expresses the empirical constant and a value of 0.09 is used in the simulation.
k and ¢ are solved in an incompressible fluid using the following two equations [13]:

9(pk) dpk) 9 ok

5 T 1>—axi E[( + ok)ax] + Gy —pe, (6)
d(pe) dpe) 9 vi\de| Ciee &2

2o+ 2 :x[( *a)axz] LGy~ Cap, %

where, Cy,, C¢, 0 and o, express 1.44, 1.92, 1.0 and 1.3, respectively. Gy defines the increase in
turbulent kinetic energy caused by the average velocity gradient and is calculated as follows:

) 9<w>)@ @®

Gk:w( duj + du; ) dx;’

The above eight equations jointly solve the velocity and the pressure of the mixture fluid region
and the energy conservation equation is expressed [11] by:

aT ar, d A JT 9
EJrui(z?_Jci)_z?_acip_q&_aq’ )
where, A and C, express the fluid heat transfer coefficient (W-m~1.K™1) and the specific heat capacity
of fluid - m~1-s71), respectively.

The energy conservation equation is also a time average one. Equation (9) is added to the Reynolds
heat conduction term ((uzf T")) after time-average, and it becomes:

D(u Ty

K2 19(14 T’) B(u Ty
Dt - 3x CT

2 (i SD + ) H2) - e e T)-Cr B e, (10)
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where, Cr, Crq and Cr are empirical coefficients. The values of them are 0.07, 3.2 and 0.5 in the
simulation, respectively.

2.2.2. Mathematical Model of Refractory

Heat transfer between the mixture fluid and the refractory is coupled to each other. For the
refractory heat transfer calculations, only the Fourier equation [14] is solved:
KTy 9 A XT)

ot = 9 pC, om (1

where, A defines the solid heat transfer coefficient (W m™-K™). C, expresses the specific heat of the
refractory (Al;03-SiC-C) and is 0.628 kJ-kg™1- K.

2.3. Boundary Conditions (cf. Figure 2)

(1) Inlet boundary conditions. Due to the decrease of the pressure in the furnace during tapping,
mass flow of the mixture flow from the tap hole decreases and FPMFT moves to the tap hole
direction. Therefore, boundary condition at the inlet is velocity type and it can change in the
direction and in the magnitude at the same time. A parabolic Equation (12) is used to define
the velocity. Its maximum magnitude is 6.635 m-s~! and is estimated from the FPMFT at the
beginning of the tapping. Thermal and pressure boundary conditions at the inlet are constants of
1773 K and zero gradient, respectively.

y=xtana — ZZLZ’XZ’ (12)
ugcos*a
where, « is the inclined angle of the tap hole (°), 119 defines the velocity of the mixture fluid stream
(m-s7!) and changes with the time, x and y are the coordinates of FPMFT (m, m) and g expresses
the acceleration of gravity (m-s~2).

(2) Outlet boundary conditions. The outlet of the main trough defines pressure type and is
expressed as zero. Thermal and velocity boundary conditions are constants of 1583 K and zero
gradient, respectively.

(3) Wall boundary conditions. Boundary condition for free surface of the main trough is no slip.
The temperature and pressure are constants of 1583 K and zero gradient at the walls, respectively.

(4) Interaction wall boundary conditions (see yellow surface in Figure 2) for the mixture fluid and the
refractory. Temperature boundary condition is a conjugate heat transfer. Velocity and pressure
are constants of zero and zero gradient at the interaction wall, respectively.

(5) Refractory wall boundary conditions. Since the refractory only needs to solve the Fourier’s
equation, there is only a temperature boundary condition with a constant of 1273 K.

®

Figure 2. Computational grid: (a) the grids at the inlet and the upper wall, (b) the grids at the outlet.
2.4. Numerical Procedure

(1) Pre-process. A 3D modeling software is employed to draw a geometry. Hexahedron structure
meshes of the geometry are created by the Integrated Computer Engineering and Manufacturing
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(ICEM) and are shown in Figure 2. There are 6,433,548 grids, including 1,477,213 for the mixture
fluid and 4,956,335 for the refractory.

(2) Solution. The mixture fluid in the main trough is solved by Equations (1), (3) and (9), and the
solid in the refractory is solved by Equation (11). For transient simulation, these equations are
discretized in time and a time step of 0.001 s is used. In every time step, the simulation is solved
by the semi-implicit method for pressure-linked equations (SIMPLE) algorithm as a steady state.
Then, the pressure implicit with splitting of operator (PISO) is employed to calculate the transient
discretization until the last time step.

(3) Post processing. Paraview and Tecplot software is used to visualize the simulations. Locations of
5 faces and 6 lines in the main trough are shown in Figure 3a, b to analyze the results. A center
plane (red) is the central cross-section of the main trough. The distance between the center plane
and plane 1 (blue) and one between plane 1 and 2 (orange) are both 0.2 m. Plane 3 (green) defines
the back surface of the mixture fluid in the main trough. Plane 4 (deep blue) is perpendicular
to other planes with a horizontal distance of 3 m from the origin of the coordinates and also
includes some parts in the refractory. Except for line 2, other lines are located on the center plane.
Line 1 expresses the intersection of the central plane and the bottom surface of the main trough.
The distance between line 1 and 3, one between line 3 and 4, one between line 4 and 5 and one
between line 5 and 6 are 0.02, 0.2, 0.2 and 0.2 m, respectively. The intersection of the front surface
(cf. Figure 2a) and the bottom surface of the main trough defines line 2.

y/m

- Centerplane  [JIll Piane1 rane2 [ panes [ Panes
(a)

Lines on Center plane:

) Line on Front plane: (b)
Figure 3. Locations of 5 faces and 6 lines in the main trough for post-processing analysis: (a) planes in
the full main trough, (b) lines in the mixture fluid of the main trough.

3. Results and Discussion

3.1. Residual Errors in Simulation

The residuals include internal and external, two parts in the simulation. When transient state
calculations happen in OpenFoam, the number of iterations in each time step is controlled by the
internal residuals. The external residual is the difference between the calculated results at adjacent time
steps. When the convergence criterion is reached, the calculation moves to the next time simulation.
The smaller the residual errors are, the better convergence the calculations have. Figure 4 shows
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residual error values of pressure, velocity and temperature at the initial moment of calculation. It
can be observed that with the increase of the calculation time, the residuals errors gradually decrease.
All of them meet the convergence criteria and the calculation results are reliable.

10%¢ :
¥ .
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0 10 20 30 40 50 60 70 80 90
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Figure 4. Monitoring residual error curves of pressure, velocity and temperature in the simulation.
3.2. Velocity Distribution of the Mixture Fluid in the Main Trough

Tapping lasts around 90 min in practice and it is not necessary to simulate the full process. Because,
except for the beginning of 1 to 2 min and the end of 1 to 2 min, molten slag and hot metal keep a
constant mass flow and flow out from the tap holes. Simulation should include the following three
steps: the start moment, constant state and the end. Therefore, the total calculation is 90 s and includes
the three stages. Furthermore, time step is 0.001 s and the courant number is smaller than 1.

The calculation results at 5, 30, 55 and 80 s are used to analyze the velocity distribution of the
mixture fluid at the initial, early intermedia, late intermedia and the end of the tapping. Figure 5 shows
the velocity vector of the center plane (cf. Figure 3a) along the main trough. The FPMFT is 2.7 m from
the origin of the coordinates in the main trough and downstream of the FPMFT is strongly influenced
by the tap hole flow at 5 s. Therefore, a counter clockwise turbulence is observed near 4.5 m, but the
impact of the turbulence on the upstream of the FPMFT is quite weak.

The FPMFT moves to the tap hole direction during tapping. The turbulence of FPMFT’s
downstream is fully developed and its influence range is obviously increased at 30 s. It decreases a
lot at 50 s and disappears at 80 s. Comparing four figures in Figure 5, the angle of the mixture fluid
at the moving inlet (cf. Equation (12)) changes hugely, and the mixture fluid flow hits the bottom of
the main trough. Therefore, more hot metal and molten slag mechanically erode the bottom wall of
the refractory.

Figure 5 shows that the erosion near the FPMFT is more serious and the velocity distribution at the
FPMFT of 3 m is studied. Figure 6 shows the velocity vector at 3 m from the origin of the coordinates
in the main trough at 5, 30, 55 and 80 s. With the increase of the time, the velocity on plane 4 is also
significantly reduced. The velocity at the center of plane 4 is large in the period of 2 to 2.6 m/s at 5
s. At 30 s, obvious turbulence is observed to form in the main trough and velocity at the bottom of
the main trough is the largest (around 0.6 m/s). Therefore, physical erosion at the bottom of the main
trough is more possible and serious. At 55 s, the mixture fluid velocity in the lower side walls of the
main trough is larger than other locations. At 80s, two “donuts” flows appear on the cross-section, but
velocity magnitude of the flow is quite small (maximum 0.05 m/s). Therefore, the mixture fluid flow
has little effect on the main trough.

Comparing maximum velocities (red arrows) in Figures 5 and 6, velocities of the mixture fluid
from the inlet become smaller and smaller during the tapping, which means that mechanical erosion
mainly happens in the beginning of the tapping.

In summary, the mixture fluid flow of the main trough is significantly affected by the fluid from
the inlet, and a strong turbulence is formed at the downstream of FPMFT and the turbulent area also
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expands toward the skimmer. The turbulent area near the initial moment of FPHMT exists for a long
time. The velocity at the bottom and the lower side walls of the main trough is bigger than others.
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Figure 6. Velocity distribution of the mixture fluid on plane 4 (cf. Figure 3a) at 5, 30, 55 and 80 s.
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3.3. Wall Shear Stress

In order to quantitatively study and describe mechanical erosion, wall shear stress is chosen and
expressed by:
T=-p3, (13)
n
where, 7 and p indicate the normal vector (m) and the mixed viscosity of molten iron and slag
(kgrm~1:s71), respectively. E is change rate of velocity perpendicular to the direction of the
fluid movement. "

Figure 7 shows wall shear stress distribution of the refractory on line 1 and line 2 at 5 s. Wall shear
stress reaches the maximum at 4 m, and its value at the bottom (line 1) of the main trough is significantly
larger than the side wall (line 2). The FPMFT at 2.7 m and the velocity at 4 m is strongly influenced by
the mixture fluid flow from the inlet at the moment. Due to effect of the skimmer, the wall shear stress
increases a little at 15 m but there is no difference between the side wall and the bottom wall.
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Figure 7. Wall shear stress on the line 1 (blue curve, cf. Figure 3b) and line 2 (red curve, cf. Figure 3b).

3.4. Temperature Distribution of the Main Trough

Figure 8 shows the temperature distribution of the central plane (cf. Figure 3a) at 5, 30, 55 and 80 s.
The temperature distribution matches the velocity distribution in the previous section. The downstream
of the FPMFT has a significant increase of the temperature due to the mixture fluid from the inlet with
high energy, while the temperature of the upstream mixture changes little.

Figure 9 shows the temperature distribution of the mixture fluid on plane 4 (cf. Figure 3a) at 5,
30 and 55 s. At 5 s, the mixture fluid flows from the tap hole and a high temperature is concentrated
on the center of the cross-section. At 30 s, the bottom of the main trough forms a higher temperature
region than others. The temperature at the others is around 1605 K and is much higher than that at 5 s.
At 55 s, the falling position of the mixture fluid is located at 1.2 m and the high-temperature zone is
located at the side and the bottom walls of the main trough.

Figure 10 show temperature changes of four lines during tapping ((a) line 3, (b) line 4, (c) line 5
and (d) line 6, cf. Figure 3b). Temperature varies greatly on the main trough direction, especially when
the mixture fluid is close to the FPMFT. Due to movement of the FPMFT, temperature varies greatly
before 3 m. There is a constant temperature zone of 1610 k from 3 to 6 m. The largest fluctuation
happens near the bottom of the mixture fluid (Figure 10a), which means the bottom refractory suffers
the highest frequent changes of thermal stress and is highly probable to erode.

Figure 11 shows the temperature distribution of the mixture fluid from the central plane to plane
3 of the main trough (cf. Figure 3a). Temperature near FPMFT is obviously higher than others, and
temperature at the downstream of FPMFT is apparently higher than the initial boundary set 1573 K
due to the conduction and the convection of heat transfer. Furthermore, the temperature gradually
decreases from the central plane trough (z = 0.8) to the plane 3 (z = 0.3). Due to a low thermal
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conductivity of the refractory and the low initial temperature, the temperature gradient in the refractory
is really small. However, the temperature at the interaction boundary wall of the refractory and the
mixture fluid is exactly the same as each other.

In summary, the temperature of the mixture fluid increases significantly during tapping. From the
center of the mixture fluid to the refractory, the temperature gradually decreases, but the temperature
distribution is consistent with the velocity field. In the vertical direction, temperature increases with
the increase of the height. In the horizontal direction, the temperature of the mixture fluid near FPMFT
changes greatly.
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Figure 8. Temperature distribution of the center plane (cf. Figure 3a) at 5, 30, 55 and 80 s.
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Figure 9. Temperature distribution of the mixture fluid on plane 4 (cf. Figure 3a) at 5, 30 and 55 s.
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3.5. Influence of Tap hole Angles on the Flow of the Main Trough

Intermittent tapping of a blast furnace must be punched before the tapping and be plugged
after the tapping. The angle of the tap hole can change during tapping. Therefore, it is important to
understand the influence of the angle of the tap hole to the temperature, velocity and shear stress of
the mixture flow in the main trough. Since velocity and temperature distributions are quite similar in
Figures 5-11, they are not analyzed any more.
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Figure 10. Temperature fluctuations of four lines during tapping ((a) line 3, (b) line 4, (c) line 5 and (d)
line 6, cf. Figure 3b).

Z=08(cenfre plane]
- T TV .- JTUTAY.. JTETOY. . YoM

1581 1587 1594 1600 1610
—— bbbttt T (K) Z=06

588 1594 1599 1606
bbbt bbbttt Lttt T (K)

12732 12746 1276.1 12776 12788 Z-0.3
| 'L

L1 e T ()
0 05 1 15 2 25 3 35 4

»
»

X

Figure 11. Temperature distributions from the central plane to plane 3 (cf. Figure 3a).

Generally speaking, the angle of the tap hole changes between 7 to 12°. Therefore, two values in
the interval were selected to highlight the effect of the angle. As shown in Figure 12, with the increase
of the tap hole angle, the wall shear stress increases from 0.73 to 0.87 because molten slag and hot
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metal gets a higher velocity when they fall into the main trough from a bigger angle of the tap hole.
The little increase of wall shear stress happens at 15 m due to the fact that the fluid velocity becomes
bigger at the skimmer. When the tap hole angle is 7°, mechanical erosion of the trough has the smallest
value. The maximum of wall shear stress is reduced by 16% and the campaign of the main trough is
estimated to expand over 5 days, comparing with the tap hole angle of 10° and 7°.
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Figure 12. Wall shear stress distribution at different angles of the tap hole on line 2 (cf. Figure 3b).

Figure 13 shows temperature changes of line 3 during tapping with different tap hole angles,
(@) 7°, (b) 10° and (c) 12°. With the increase of the angle of the tap hole, change of temperature during
tapping is little. But as the location of FPMFT moves toward the direction of the tap hole, the maximum
temperature of it increases. During tapping, reasonable adjustment of the tap hole angle can reduce
the extent of mechanical erosion in some areas, which is helpful to expand the sieve campaign of the

main trough.
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Figure 13. Temperature fluctuations on line 3 (cf. Figure 3b) during tapping with different tap hole

angles, (a) 7°, (b) 10° and (c) 12°.

x along runner direction /m

214

4

5

6

x along runner direction /m




Processes 2020, 8, 249

4. Conclusions

In this study, OpenFoam was employed to analyze the velocity, the temperature, the wall shear
stress in the main trough of a blast furnace and the influence of different tap hole angles on the main
trough. Some conclusions are highlighted as follows.

(1)  Velocity of the mixture fluid at the center of the main trough is generally larger than that at the
wall. Velocity of the FPMFT at the downstream is larger than that at the upstream. However, due
to strong turbulence at the downstream, the lower front wall also has larger velocity.

(2) Maximum of shear stress occurs at the downstream of the FPMFT, and the shear stress on the
bottom wall is bigger than that on the front wall.

(3) Due to velocity increase of the FPMFT, the shear stress on the wall of the main trough increases
with the increase of the tap hole angle. When the tap hole angle is 7°, mechanical erosion of the
trough has the smallest value and the campaign of the trough expands over 5 days.
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Abstract: Monitoring and control of the blast furnace hearth is critical to achieve the required
production levels and adequate process operation, as well as to extend the campaign length. Because
of the complexity of the draining, the outflows of iron and slag may progress in different ways during
tapping in large blast furnaces. To categorize the hearth draining behavior, principal component
analysis (PCA) was applied to two extensive sets of process data from an operating blast furnace with
three tapholes in order to develop an interpretation of the outflow patterns. Representing the complex
outflow patterns in low dimensions made it possible to study and illustrate the time evolution of
the drainage, as well as to detect similarities and differences in the performance of the tapholes.
The model was used to explain the observations of other variables and factors that are known to be
affected by, or affect, the state of the hearth, such as stoppages, liquid levels, and tap duration.

Keywords: hearth; drainage; PCA; analysis tool; pattern; tapholes

1. Introduction

The blast furnace represents the most relevant process on the main route for ore-based production
of iron in the steelmaking industry. An important part of the process is its lowest region, better known
as the hearth, where molten iron and slag are collected before they are drained (“tapped”) out through
the tapholes. In large-size furnaces, this drainage procedure is carried out by opening alternating
tapholes from where both liquid phases are tapped out simultaneously. Different tapping rates may
occur, partly because of differences in the production or internal conditions in the hearth, leading to
variation of the levels of the liquid phases. The outflow rates are anticipated to be lower in the beginning
of the tapping, increasing as the drainage proceeds owing to erosion of the taphole. The erosion may
be further induced by the arrival of newly produced hotter liquids that have not experienced heat loss
to the hearth lining. The goal is to drain sufficient amounts according to observations and estimations
to keep the liquid levels low in the furnace [1,2].

In large-scale operation, productivity and efficient operation of the casthouse might be jeopardized
by the variation of operating factors. Some of the most common concerns are liquid-level fluctuations
caused by production/extraction imbalance, and erosion of the hearth lining. Because of the complexity
of the process and besides the lack of direct measurements, the understanding and control of the
tapping procedure represent both difficult and essential tasks in order to ensure an efficient operation.

Earlier studies of alternating tapping practice presented differences in taphole length, amounts
of liquids extracted, and hot metal temperature between the operating tapholes [1,3,4]. Even though
some correlations among production variables and erosion of both lining and taphole were established,
little is known about what induces such variations and how. Computational fluid dynamics (CFD)
simulations were undertaken with the goal to clarify the relation between production variables,
implicitly or explicitly suggesting that there may be considerable spatial distribution of the variables
or differences depending on local conditions at the tapholes [5-8].
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Many previous efforts have been made to shed light on the hearth fluid dynamics and the
phenomena that occur during and between the taps. In contrast to earlier notions, the fact that iron
can be drained to levels below the taphole was clarified in the 1980s by Tanzil et al. [9], who made
small-scale experiments supported by computational analysis. The investigators showed that the flow
of the viscous slag phase leads to a lower pressure in front of the taphole, which makes it possible to
elevate iron from levels well below the taphole, thus leading to simultaneous outflow of the two liquid
phases. Nouchi et al. [3] presented experimental work that associated slag ratio (mass ratio of slag
to iron) with liquid levels and tap duration, as well as how the time corresponding to a maximum
of the slag ratio shifted with changes in the conditions. Furthermore, the results showed that at
constant conditions, the maximum slag ratio increases if low-permeability zones are present in the
hearth. On the other hand, Nishioka et al. [10] pointed out that only taphole mud quality or erosion
of the operating taphole could not explain the duration of the tapping and the fluctuations in the
drainage rate. Even though some causal factors have been identified or suggested, little is reported
about the occurrence or frequency of such fluctuations. lida et al. [2] reached similar conclusions to
Nishioka et al. [10], also suggesting that coke particle size and configuration in front of the taphole play
important roles for the liquid outflow rates. These results indicate that local conditions at the taphole
might cause such imbalance. Furthermore, in later efforts [1], the authors developed a mathematical
model that led them to conclude that discrepancies between operating tapholes in terms of liquid
drainage rate and tap duration were the result of local zones of low permeability. According to their
model, the metal fraction depended on the vertical level of the iron—slag interface compared with the
taphole level.

Several studies in the literature have presented models of hearth drainage [1,2,10-13]. A recent
study by the present authors proposed a simple offline model simulating the liquid level fluctuations
in a hearth with intermittent tapping [14]. By applying different conditions to each taphole, it was
demonstrated that some outflow patterns and slag delays observed in a blast furnace could be
mimicked. Thus, the model makes it possible to theoretically evaluate the role of different parameters.
Furthermore, an online liquid-level model was also proposed based on similar simplifications and
assumptions, but using estimates of the production and outflow rates [4]. The model considers a
division of the hearth into pools with individual liquid levels. Its application indicated non-uniform
drainage among the tapholes, as well as periods of accumulation and depletion of both iron and slag.
However, certain drainage behaviors were observed that could not be explained by the models, so a
deeper understanding of the hearth drainage behavior is needed. An analysis of the recurrence of
outflow patterns and transition from one to another could provide some understanding of the blast
furnace hearth state, even though irregularities frequently seen in the data make it difficult to identify
and categorize the observations in an appropriate way. It is thus clear that a data-driven analysis of the
liquids outflow patterns could be useful. The present paper addresses this very problem using principal
component analysis to compress the information to make it easier to understand and illustrate.

2. Principal Component Analysis

The main purpose of principal component analysis (PCA) is to reduce the dimensionality of
multivariate data. The method also provides guidelines on the number of components needed to
represent the data in question with sufficient accuracy.

Consider a sample data Y of mean-centered measurements with n observations on g
variables [15,16]. First, the linear combination t; = Yp; is found that accounts for the maximum
variance subject to |p1| = 1. This represents the first principal component. The second component
is a combination defined by t, = Yp, that has the next greatest variance subject to |p2| = 1 with
the conditions that it is uncorrelated with, and orthogonal to, the first component ¢;. The following
components are similarly determined. The sample principal component loading vectors p; are the
eigenvectors of the covariance matrix of Y. PCA decomposes the observation matrix Y as
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q
Y = TP = Z tPT. Q)
i=1

If a considerable part of the variation is represented by the contribution of a smaller number of
components, these components can replace the original data.

The present paper aims to identify and classify iron and slag outflow patterns from a reference blast
furnace by applying PCA to two data sets. The data representation in lower-dimensional components
is presented in the following section in order to identify and visualize possible trends in the drainage
patterns. Some interpretations of the results will also be presented with respect to hearth dynamics
and tapping procedure.

3. Method and Data Sets

The data analyzed consists of two data sets, Data set 1 and 2, of three and six months worth of
measurements of liquid outflow rates, respectively, from a large blast furnace with three tapholes,
TH-1, TH-2, and TH-3. Between the end of Data set 1 and the beginning of Data set 2, 15 months of
operation passed. The iron outflow rate was obtained from torpedo weighing, while the slag outflow
rate was estimated based on measurements from the granulation unit. Both signals were available as
one-minute averages. Considering the recorded times from the individual taps, the liquid outflow rate
for each tapping was calculated, resulting in a total of 887 consecutive ones for Data set 1 and 1729 for
Data set 2. From here on, individual tapping samples will be referred as taps, while tapping will refer
to the drainage process.

3.1. Pre-Processing of the Data Set

After visual inspection of the samples, systematic abrupt changes of the iron outflow rate (>5
tonne/min in a couple of minutes) were noticed, which did not agree with the overall trend.