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ABSTRACT

A numerical investigation of dynamic raceway formation in an industrial-scale blast furnace is performed using
Computational Fluid Dynamics (CFD) coupled with a Discrete Element Method (DEM). The industrial-scale
simulations are made feasible by incorporating the Flamelet Generated Manifold (FGM) method and a coarse-
graining method to reduce the computational cost while ensuring effective modeling of gas phase combustion
and a large number of solid particles, respectively. The model considers the interactions between pulverized
coal (PC) and coke, as well as their interaction with gas. The simulations reveal a different size and shape of
the physical and chemical raceway, indicating that not all crucial reactions occur within the physical raceway.
According to the model, the physical raceway formation is primarily determined by the blast air momentum, and
the PC combustion has a negligible effect on its dimensions. The chemical raceway formation heavily depends
on the oxidation rate of coke. The utilization of PC is quantified in terms of burnout. Smaller PC particles are
found to undergo a higher degree of burnout due to faster convective heating and oxidation rates. Modifying
the angle of the PC injection lance in current configuration is found to be inconsequential to PC burnout. The
presented results highlight the significance of enhancing PC-blast mixing to improve PC utilization and provide

new insights into optimizing blast furnace operations.

1. Introduction

Blast furnaces (BFs) have been the primary process for producing
iron globally, with over 70% of the steel consumed worldwide being
produced through this process (IEA, 2022; Geerdes et al., 2020). The
production of pig iron from BFs involves the reduction of iron ore using
CO (and H,), which is generated from the use of coke and pulverized
coal (PC). The heavy reliance on solid fossil fuels in BFs contributes
to over 5% of the global CO, emissions from the energy sector (IEA,
2020). Although the steel industry is transitioning towards a more sus-
tainable and renewable energy-based economy, the use of coke and coal
in BF remains prevalent until a full transition is achieved. It is impor-
tant for this transition to be as clean as possible, in order to limit the rise
of global temperature within 1.5 °C to pre-industrial levels, as per the
2021 Glasgow agreement (UNFCCC, 2021). Therefore, reducing green-

house gas emissions from BFs has become a priority for the ironmaking
industry.

In the lower part of the BFs, hot blast with PC is injected into a coke
bed, creating a void region known as the raceway. The formation of the
raceway is essential to BFs operation, as coke and PC are co-combusted
to provide heat and the reducing gas CO (and H,) required for the re-
duction and melting process above. A high coal combustion efficiency
in the raceway is desirable in order to reduce feed costs and prevent
unburnt coal from accumulating in the coke bed, forming an imperme-
able zone that could impede flow of gas or hot metal. More importantly,
a high coal combustion efficiency can reduce the dependence on cok-
ing coals, thereby reducing the carbon footprint of BFs. Therefore, a
thorough understanding of the thermochemical behavior and dynam-
ics of the raceway evolution is essential for coal economics as well as
sustainability. However, getting insights into raceway phenomena has
been challenging due to the harsh conditions, i.e., high temperature
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(b) Chemical raceway

Fig. 1. Illustration of the physical and chemical raceway definition. (a) Physical raceway: the boundary of the physical raceway is outlined in blue. (b) Chemical
raceway: the boundary of the chemical raceway is outlined in red. Coke particles are made transparent. The color map depicts the concentration of O, and the

boundary is where the O, concentration falls below 5%.

(2,200 °C) and high pressure (4 bar), which make direct measurement
nearly impossible. Numerical modeling has emerged as an effective tool
for unraveling complex physics and chemistry, and providing insight
into industrial-scale raceway studies.

Over the years, both experimental and numerical studies have inves-
tigated raceway phenomena in a cold environment, wherein chemical
reactions and heat transfer were not taken into consideration (Umekage
et al., 2006; Wright et al., 2011; Hilton and Cleary, 2012; Rangarajan
et al., 2014; Hou et al., 2016; Miao et al., 2017; Rabadan Santana et
al., 2019). With the advancement of computer processing units, there
has been a shift towards studying the raceway phenomena in a hot en-
vironment. Starting in the early 2010s, Shen et al. provided the first
understanding of PC combustion in a raceway and its behavior under
various operating conditions by numerical models (Shen et al., 2011,
2012, 2014; Shen and Yu, 2015). Despite this breakthrough, the shape
and size of the raceway were considered stagnant in the models due
to the limitation of computational capacity. In the early 2020s, the dy-
namic raceway was adopted in several studies. Zhuo et al. developed
a sophisticated raceway model using TFM on the gas-coke interaction
while treating pulverized coal as Lagrangian points (Zhuo and Shen,
2020). Their model described a dynamic evolution of raceway and the
combustion of pulverized coal. However, the interaction of coke and
coal is not considered, and the combustion of the volatile matter was
limited to the Eddy Dissipation Model. Cui et al. simulated an industrial-
scale raceway, taking into account coke oxidation using the reactive
CFD-DEM method (Cui et al., 2020). Xu et al. further advanced the
study by introducing coarse-grained coke particles with a scaling factor
of 2 (Xu et al., 2022); nevertheless, pulverized coal was not consid-
ered in the model. To the best of our knowledge, no hot raceway model
has been developed that takes into account the concurrent dynamics of
both coke and PC using the DEM and incorporates gas phase reactions
through a well-established combustion mechanism. On the one hand,
the simultaneous consideration of coke and PC dynamics enables the
prediction of PC trajectories within the coke channels and the possible
resultant formation of the bird’s nest; on the other hand, the incorpo-
ration of a comprehensive combustion mechanism results in a more
accurate prediction of raceway thermodynamics.

In this work, we develop a transient CFD-DEM (Discrete Element
Method) model that simulates the coke and PC as soft-sphere parti-
cles and considers the combustion of volatile matter as a non-premixed
flame. The DEM can describe not only the dynamics of the coke bed
and PC but also their interaction. The Flamelet Generated Manifold
(FGM) method (Van Oijen et al., 2001) is employed to model the pul-
verized coal flame with the benefit of reducing the computational cost
of the complex combustion chemistry by looking up the combustion
status from a pre-computed database. Additionally, a coarse-graining
method (Benyahia and Janine, 2010; Radl et al., 2011) is applied to the
PC particles to ease the computational burden further. These reduction

techniques make the industrial-scale CFD-DEM model for comprehen-
sive raceway combustion modeling feasible while not compromising
accuracy.

In this paper, we first present the numerical methods that formulate
the CFD-DEM model. It is followed by the description of the simula-
tion setup and the boundary and initial conditions. The results section
begins with the definitions of the physical and chemical raceway, as il-
lustrated in Fig. 1, and shows their evolution for a base case. We then
analyze the dynamics and utilization of pulverized coal to evaluate the
performance of the simulated BF tuyere. Subsequently, we examine the
impact of varying operating conditions, including pulverized coal injec-
tion (PCI) rate and the lance angle for PC transport. We identify the
factors responsible for the formation of the physical and chemical race-
way. Finally, the utilization of PC under diverse lance configurations
is demonstrated. This study concludes with a summary of key findings
and future outlooks.

2. Numerical methods

This section provides a summary of the applied CFD-DEM model,
which incorporates the Coarse-Graining and Flamelet Generated Mani-
fold (FGM) method. The model was developed within the framework of
a combination of several open-source toolboxes: OpenFOAM® (Weller
etal., 1998) for CFD and FGM, LIGGGHTS® (Kloss et al., 2012) for DEM,
and CFDEM® (Kloss et al., 2012) for the multiphase coupling, includ-
ing momentum, heat, and mass transfer. This model has been validated
with a well-defined small-scale experimental study of pulverized coal
combustion, which was presented in our previous publication (Huang
et al., 2022). For simplicity of current paper, we outline the governing
equations in Table 1 and elaborate only on the additional features used
in the present simulations.

2.1. Discrete phase

2.1.1. Particle mass balance

Both pulverized coal and coke undergo gasification, a process in
which solid fuel coal is converted into chemically reactive gases (Ishii,
2000). However, the sub-processes involved in the gasification of pul-
verized coal and coke are different. Pulverized coal contains volatile
matter that is released during heating until it is depleted, a process
known as devolatilization, Eq. (14). After this, the remaining char is
converted to the gas phase by oxidizers, a process called char conver-
sion, Eq. (15). In contrast, since coke does not contain much volatile
matter, it only undergoes char conversion during gasification. Note that
in reality, these sub-processes occur sequentially with some overlapping
in time. In this study, the gasification is simplified into two sequential
processes, first devolatilization (if applicable) and then char conversion.
The compositions of coke and pulverized coal are given in Table 2.
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Table 1
Governing equations for gas phase, solid phase, and multiphase coupling (Huang et al., 2022).
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Table 2
Compositions of pulverized coal and coke.

Pulverized coal Coke

Table 3
Coefficients for estimating par-
ticle specific heat in Eq. (18).

Coefficient ¢; ~ Value

Volatile matter 43.58 wt.% 0 wt.%
CH, 55 wt.% - ¢ 1080
C,H, 11 wt.% - ¢ 3.81
co 34 wt.% - ¢ 5.48x 1074
b S 1 " c -7.83x 107
Char 56.42 wt.% 00 wt.% ¢ 3.99 % 10~
C 100 wt.% 100 wt.%
e where P, and P, are the partial pressures of CO, and CO, respec-
devolatilization: PC—>VM+C 14) . €Oy co P P 2 » resp
tively, and k, ., k; 4, C.0, C,0, k3, and k5 are the model parameters
char oxidation: C+ 102 - CO (15) that are taken from the work of Kashiwaya and Ishii (1991).
2
Boudouard reaction: C+CO, = 2CO (16)

The process of devolatilization is simulated using the Single First
Order Reaction model proposed by Badzioch and Hawksley (1970). The
char oxidation is modeled using the approach introduced by Baum and
Street (1971). In this study, it is assumed that during devolatilization
the loss of particle mass does not cause changes in particle size, and
hence only the solid density decreases. However, during char oxidation,
the loss of char mass results in a size reduction, while maintaining a
constant density. Further details are discussed in our previous work
(Huang et al., 2022).

The Boudouard reaction, which was not included in our previous
work, is introduced to account for the heterogeneous reaction of CO,
on particles (Eq. (16)). It is necessary to include this reaction as at tem-
peratures above 1,000 °C, all CO, is converted into CO if in contact
with coke particles (Geerdes et al., 2020). The Boudouard reaction is
described by the Langmuir-Hinshelwood mechanism (Kashiwaya and
Ishii, 1991):

deoud,p _ (kl,cce,0+k1,aca,0>PCOz
dt 1+ kPoo+ksPco,

Mehar (17)

2.1.2. Particle heat capacity

The specific heat capacity of coke and PC increases with rising tem-
perature. To account for the effect of temperature, the particle heat
capacity is estimated using Merrick’s model (Merrick, 1983),

4
= Z c,-T; (18)
i=0

where the coefficients ¢; provided by Tomeczek and Palugniok (1996)
are used, as shown in Table 3. The specific heat is capped at
2,500J/(kgK) to prevent numerical instability when the temperature
rises above 1,585 °C. In this study, it is assumed that Eq. (18) is appli-
cable on both coke and PC.

2.2. Continuum phase

2.2.1. Species transport

The standard FGM approach solves the transport equation of a
progress variable and mixture fractions. The species mass fractions are
then retrieved from the database. To improve the accuracy of important
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(c)

Fig. 2. Geometry and dimensions of the simulation grid. All units are in millimeters. (a) Computational domain constructed by a total of 1.4 million cells. (b) Surface
with cell edges of injection pipe, cooling gas, and lance. (c) Cross section of the injection zone.

species, i.e. O,, CO, and CO,, additional transport equations are solved,
Egs. (19) to (21).

%P Yo, + 2P Yo, S | A o, +& (19)
ot ox; ox; [\Sc ' Sc, ) ox; 0,

dep Y, dep uY, oY, ~
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i
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1

- Sc 'S¢, ) ox;
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ot ax,‘ 6x,-

] +@co, (2D

The source term 502 includes the consumption due to gas combus-
tion and is calculated from the heterogeneous reaction Eq. (15). d¢co
includes the release from the devolatilization process, the source/sink
due to gas combustion, and the production from heterogeneous reac-
tions Egs. (15) and (16). 5C02 includes the source/sink gas due to com-
bustion and the consumption from the heterogeneous reaction Eq. (16).

Other species, i.e. Ny, H,0, or H,, are retrieved directly from the FGM
database.

2.2.2. Flamelets model

To construct the FGM look-up database, a collection of one-
dimensional non-premixed flamelets are generated using Chemld
(Somers, 1994) with the GRI-MECH 3.0 mechanism (Smith et al., 1999),
which contains 325 reactions and 53 species. Each flamelet is calculated
at a certain mixture fraction ratio X and a certain boundary temper-
ature T}, at a pressure of 4 bar. The definition of X can be found in

our previous study (Huang et al., 2022). The parameters X and 7T}, vary
from O to 1 and from 300K to 1,500K, respectively. For each value of
X and T}, a steady-state solution is acquired with the strain rate from
10 to the extinction limit. After the extinction limit has been reached, a
transient simulation is conducted to capture the quenching behavior.

3. Simulation setup

3.1. Geometry

The computational grid and geometry for the raceway model are
shown in Fig. 2, the choice of which are based on the input from
the industrial partner. Typically, a commercial blast furnace consists
of a number of tuyeres. However, to limit the computation cost to an
affordable level, only a slice of the BF containing one tuyere in an injec-
tion zone is considered. The reference case has a lance angle pointing
slightly downward at —13° relative to the horizontal x-z plane. Another
two lance angles (0° and +13°) will be used to examine their effect on
raceway phenomena. In both cases, the grid cells’ location and orienta-
tion change according to the lance angle while the total number of cells
remains the same. In Fig. 2b, the boundary patches are labeled in dif-
ferent colors: red for the hot blast, blue for the cooling gas, and green
for the carrying gas. All other boundaries are considered walls except
for the outlet patch at the top of the domain.

3.2. Boundary and initial conditions

Table 4 lists the boundary and initial conditions for the gas and solid
phases. The high-speed air inlet velocity is set to 80 m/s or 96 m/s,
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Conditions Values Conditions Values

Boundaries Particles
Blast speed1 (m/s) 200, 240 Coke temperature XK) 1300
Blast O, content (wt.%)  37.0 Coke particle size (mm) Fig. 3a
Blast temp. (K) 1000 Coke density (kg/m?) 800
Cooling gas velocity (m/s) 30 Coke heat capacity  (J/(kgK)) Eq. (18)
Cooling gas temp. X) 300 PC injection temp. X) 600
Carrying gas velocity? (m/s) 30 PC particle size (um) Fig. 3b
Carrying gas temp. X 600 PC density (kg/m?) 1000
Outlet velocity (m/s) zG® PC injection rate (kg/s) 0-0.6
Outlet pressure (atm) 3.8 PC heat capacity (J/(kgK)) Eq. (18)

1 Blast speed refers to the air blast leaving the tuyere. The mean blast inlet velocity is set to 80m/s and
96 m/s. Due to the contraction of the tuyere, air speed accelerates to 200 m/s and 240 m/s, respectively. The
blast inlet is subjected to DFSEM for turbulence generation.

2 Carrying gas is subjected to DFSEM for turbulence generation.

3 Zero gradient.
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Fig. 3. Particle size distribution of (a) Coke and (b) Pulverized coal. The solid lines follow the Rosin-Rammler distribution with the scale and shape parameters
of 35 and 20 for coke; 122.6 and 4.5 for pulverized coal. The mass-based and number-based mean diameters are 34.44 mm and 34.07 mm for coke; 130.0 um and
111.8 um for pulverized coal. The solid circles indicate the discrete sampling particle diameter. The dashed lines indicate the sampled cumulative density function.

Table 5
Particle interaction parameters used in DEM.

Young’s modulus

Poisson ratio

restitution coefficient friction coefficient

1x107 Pa 0.5
2% 107 Pa 0.5

pulverized coal
coke

0.8 0.15
0.8 0.15

yielding a blast volume of 3667 STP m>/min or 4400 STP m>/min, re-
spectively, if considering a total of 32 tuyeres. Due to the contraction of
the tuyere, these injection velocities correspond to an average speed of
200 m/s and 240 m/s, respectively, at the exit of the tuyere. The accel-
erated air speed is termed blast speed in this study. The Divergence-Free
Synthetic Eddy Method (DFSEM) (Poletto et al., 2013) is used to gen-
erate the inflow turbulence at the patch of the blast air and the lance
(orange and green patch in Fig. 2b, respectively). The pulverized coal
flame is ignited by delivering volatile matter at the stochiometric con-
dition via the pilot (blue patch in Fig. 2b) for the first 2ms. After this
time period, the pilot port is closed, resulting in no gas outflows. The
outlet pressure is prescribed with a pressure of 3.8 bar, which allows
the pressure to build up to 4 bar at the tuyere. The furnace walls exhibit
a no-slip condition and have collision and friction with both coke and
PC particles.

Coke particles typically have a harmonic mean diameter of 50 mm
when charged from the top of the furnace. Due to gasification and
abrasion during descent, the particle harmonic mean diameter drops
to around 35 mm at the level of injection (Geerdes et al., 2020). As a re-
sult, the coke particle size used in simulations follows a Rosin-Rammler
particle size distribution with a scale parameter of 35 and a shape pa-
rameter of 25, giving a mass-based mean diameter of 34.44mm and a

number-based mean diameter of 34.07 mm, as shown in Fig. 3a. This
distribution is rather narrow in order to avoid too many small coke par-
ticles being simulated and compromising the simulation time. In total,
145,000 coke particles are present in the domain, giving an initial pack-
ing height of 2.8 m. It has been tested that including more coke particles
does not alter the shape and size of the physical raceway. As for interac-
tions between particles, a single set of collisional parameters as shown
in Table 5 is used.

The unresolved CFD-DEM method used in this study requires parti-
cle size to be smaller than the grid size.! Otherwise, simulations will
suffer from instability and inaccuracy. This conflicts with the need for a
fine grid near the tuyere. Therefore, a permeable wall is placed in front
of the tuyere and extended into the furnace to prevent coke particles
from falling into the fine mesh region. However, this permeable wall
placement can be considered as an extrusion of the tuyere and its length
can affect the raceway penetration length (Miao et al., 2017). To pre-
serve the fine mesh region for resolving the combustion and turbulence

1 Three levels of mesh, coarse (0.6M cells), medium (1.2M cells), and fine
(1.8M cells) meshes were tested. The medium mesh leads to converging results
similar to the fine mesh.
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while at the same time not extending the raceway length by elongating
the wall, a permeable wall with a length of 0.4 m and a height and width
of 0.2m is finally used in this study after careful assessment. An alter-
native approach is to use the dual-grid method (Deb and Tafti, 2013;
Farzaneh et al., 2011; Pozzetti et al., 2018), which solves the fluid gov-
erning equations on a fine mesh and couples the multiphase transport
on a coarse mesh, thus eliminating the need for a permeable wall.

The simulations involve the use of coarse-grained PC parcels, with
each parcel being 8 times larger than the primary particle?> and rep-
resenting 8> primary particles that have identical size and physical
characteristics. It is important to note that throughout this study, the
results regarding PC size have been interpreted in terms of the size of
primary particles, unless explicitly stated otherwise. The PC particles
possess a Rosin-Rammler size distribution, with a scale parameter of
122.6 and a shape parameter of 4.5. This yields a mass-based mean
diameter of 130.0 um and a number-based mean diameter of 111.8 pum
(the size of coarse-grained parcels being 8 times larger), as illustrated in
Fig. 3b. The injection process positions the PC parcels within a 2 mm re-
served region in the lance, where their velocities are interpolated from
the CFD cells in which they reside. This approach assumes that the PC
parcels have reached their terminal velocities during transport.

PC particles are removed from the simulation when their size is
smaller than 2 um or their residence time is longer than 20 ms. Before
these particles are removed, they mainly remain in the coke bed, where
oxygen is scarce and their volatile matter has been depleted. As a result,
they contribute little to gas phase combustion or gasification. Removing
them from the simulation not only prevents the accumulation of PC par-
ticles from hampering the computation but also does not significantly
impact the overall simulation results.

3.3. Simulation procedure

The initial coke bed for the simulations is prepared by free-falling
coke particles from the top and settling under the influence of gravity.
Pulverized coal is then injected via the lance, and blast air is intro-
duced through the blast pipe. The initial O, content of the bed is 37
wt.%, which is the same as in the blast. By initializing the bed with O,,
the coke oxidation reaction (Eq. (15)) occurs rapidly at the outset, pro-
viding sufficient thrust to lift the bed temporarily, as will be discussed
in Section 4. This approach enables the coke bed to loosen the packing
of coke particles that may have formed during the free-falling process.
Furthermore, it allows the raceway to enter the hysteresis regime, as
observed in the experiment (Gupta et al., 2005), without the need to
gradually increase and then decrease the blast velocity to reach the de-
sired velocity.

The computation was carried out on the Dutch National Supercom-
puter Snellius. Each simulation utilized 128 cores in parallel on two
AMD Rome 7H12 CPUs with a clock frequency of 2.6 GHz and 2 GiB of
memory per core. The simulations started from their initial conditions
until a physical runtime of 1.0 seconds, where a pseudo steady state
was observed.

4. Results
4.1. Physical and chemical raceway

The physical raceway is the void region bounded by coke particles,
as illustrated in Fig. 1a. We define the boundary of a physical raceway
at the location where the void fraction intersects a threshold of 0.8. The
length of the physical raceway is measured horizontally from the end of
the tuyere until the iso-surface, the height is measured vertically from

2 Four coarse-graining factors, 4, 6, 8, 10, were tested and with a factor of 8
the simulation still produces converging results.
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the lowest point to the highest point of the iso-surface, and the width is
measured horizontally from front to back of the iso-surface.

Unlike the physical raceway, the chemical raceway has not been
the focus of raceway modeling studies. No common definition of the
chemical raceway has been established so far. Nishi et al. defined the
boundary of a chemical raceway at the location where temperature
changes abruptly (Nishi et al., 1982) whereas Atkinson and Willmers
defined it as the location where the CO, level falls below 2% (Atkinson
and Willmers, 1990). We argue that these definitions are not suitable.
Firstly, the gas temperature peaks at the location of the pulverized
coal flame. Thus, the location of abrupt temperature change mainly
encloses the region where pulverized coal combustion takes place. Sec-
ondly, CO,, is produced from the gas phase combustion and consumed
by the Boudouard reaction. Its concentration rises above or falls be-
low the threshold (Jamaluddin, 1985), making the boundary spatially
discontinuous.

As a result, we propose that the boundary of the chemical raceway
can be defined at the location where the O, mass fraction falls below
a threshold of 5%, as illustrated in Fig. 1b. O, is consumed by the pul-
verized coal flame (gas phase combustion) as well as by char oxidation.
Its concentration can only decrease, and the boundary is smoother than
that defined by the CO,, making the analysis easier.

Fig. 4 shows the qualitative evolution of the physical raceway while
Fig. 5 depicts the quantitative evolution of the physical and chemical
raceway from the base case, where the pulverized coal injection (PCI)
rate is set at 0.4kg/s and the blast speed is 200 m/s. It can be observed
that the physical raceway undergoes growth and contraction, eventually
attaining a stable form after the first half second. The initial growth
of the physical raceway is attributed to the outgassing of CO. At the
outset, the coke bed is filled with 37 wt.% of O,, and the coke has a
temperature of 1,300 K. Thus, the char oxidation releases enough CO to
lift the coke bed temporarily, which creates a pathway for the blast air
and consequently forms a physical raceway. Note that in reality there is
only CO and no O, in the shaft, so this can be considered as a simulation
artifact. As the O, in the bed is depleted, the raceway quickly contracts
to a stable size due to the heavy burden above. Note that the physical
raceway resembles a balloon shape during the period of CO outgassing
and collapses to an elongated shape when stabilized. The height and
width of the physical raceway both stabilize at 0.2m, as a consequence
of the presence of the permeable wall that has the same height and
width.

On the other hand, the chemical raceway starts larger in size due
to the initial rich O, condition and quickly contracts due to the fast
consumption of O, from coke oxidation. When comparing the physical
and chemical raceway sizes, it can be seen that the chemical raceway
is larger in length, height, and width than its physical counterpart. The
difference can be attributed to the permeation of O, into the coke bed,
allowing for char oxidation to occur. This finding indicates that not all
crucial reactions occur solely within the confinement of the physical
raceway for this geometric setup.

Finally, Fig. 6 displays the cross-sectional distributions of O, and CO
at pseudo steady state (at 1s). The O, in the stream of the blasted air
is rapidly consumed through the combustion of volatile matter released
from the devolatilization of PC and the oxidation with PC char. This
results in low O, content in areas where PC is present. The remaining
O, travels into the coke bed to react with the coke. From Fig. 6b, it can
be observed that a stream of CO is produced at the location where O, is
depleted. The production of CO originates from the devolatilization, the
product of volatile matter combustion, and char oxidation. This stream
of CO is not further oxidized into CO, due to the lack of O, downstream.
It can be seen that the CO stream travels in the direction of the PC jet
and is redirected upward by the end of the domain, although in reality,
this may not occur as the coke bed is permeable and the CO stream can
travel further in the radial direction. However, in the simulations, the
end of the computation domain is treated as a wall, mimicking a dense
dead man.
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(a) 0.2s

(b) 0.4s

(c) 0.6s

(d) 0.8s

(e) 1.0s

Fig. 4. A series of snapshots displays the evolution of the physical raceway over time. Each snapshot features a blue contour indicating the boundary of the physical
raceway, drawn at the location where the void fraction is 0.8 on the x-y plane. The velocities of coke and pulverized coal (PC) are shown using different color maps.
PC parcels are enlarged by a factor of 5 to aid visualization. The coke bed is shown clipped in half in each snapshot.
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Fig. 5. Evolution of physical and chemical raceway dimension. Simulation conditions can be found in Table 4. The blast speed is 200 m/s and the PC injection rate

is 0.4kg/s. (a) Physical raceway (b) Chemical raceway.
4.2. Pulverized coal utilization

The particle size distribution of the PC plume is shown in Fig. 7a at
six lateral positions x. A crescent shape of the particles’ spatial distribu-
tion can be observed as the PC jet travels in the physical raceway. The
formation of this crescent distribution is caused by the “bluff-body ef-
fect” (Majeski et al., 2015), which occurs when the blast air interacts
with the lance creating a wake that can facilitate coal dispersion. Fur-
thermore, the bluff-body effect also segregates PC particles of different
sizes. Larger particles tend to stay at the bottom of the crescent, while
smaller particles tend to stay at the tips of the crescent. The particle size

segregation was also observed in the study of Wu et al. (2018). At the
end of the physical raceway, the PC particles encounter the coke bed
and disperse into coke channels, as shown in the bottom-right subfig-
ure.

Fig. 7b presents the burnout distribution of the PC plume at six lat-
eral positions, where the devolatilization and char conversion processes
are distinguished by two separate color maps. Burnout of individual
particles is defined as the utilization in terms of mass loss from de-
volatilization and char conversion:

mp
burnout=1- — 22)
my,o
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Fig. 6. Cross-sectional snapshots of O, and CO mass fraction at pseudo steady state (captured at 1s).

where m, and m,, are the particle mass and initial particle mass,
respectively. It can be seen that all PC particles reach complete de-
volatilization at 0.5 < x < 0.6 m, corresponding to approximately 10 ms
of traveling time from the lance tip. At the end of the PC plume, only a
few particles achieve complete burnout. When viewed together with
Fig. 7a, it can be observed that the degree of burnout correlates to
particle size. The quantitative results in Fig. 8a and Fig. 8b, which
respectively display the trajectory and burnout for different particle
size groups, evidently shows that, as expected, smaller particles burn
out faster than larger particles. This is due to their faster heating rate
through thermal convection with the surrounding flame, resulting in an
earlier start of devolatization and a higher devolatilization rate. Once
the volatile matter is depleted, the PC particles undergo char conver-
sion, further increasing the burnout. As a result, some small particles
reach 100% burnout in the downstream of the plume, leading to their
removal from the simulations and consequently their average horizon-
tal position y drops when 0.5 < x < 0.6 m. In contrast, larger particles
heat up more slowly, resulting in a slower devolatilization and lower
burnout at the end of the plume. Furthermore, due to the bluff-body
effect, large particles segregate to the bottom of the jet, where the O,
content is almost entirely consumed. Their burnout after devolatiliza-
tion increases only slightly compared to the smaller particles.

In Fig. 5a, the physical raceway length is shown to stabilize at
x = 0.67 m. However, the trajectories of PC particles shown in Figs. 7a,
7b and 8 suggest that these particles can travel beyond this point
(x > 0.67 m), and penetrate into the coke bed. As they travel through the
coke channels, the particles experience a significant reduction in veloc-
ity and eventually accumulate close to the end of the physical raceway,
potentially forming a low-permeability region, known as the bird’s nest
(Ishii, 2000). Fig. 9 illustrates the formation of such a bird’s nest by ac-
cumulated pulverized coal particles over a period of 0.15s. However,
since pulverized coal only has a maximum allowed residence time of
20 ms in the simulations, it remains unclear how the long-term behav-
ior of the bird’s nest affects the gas flow and performance of pulverized
coal burnout. Further investigations are necessary to fully understand
the implications of the bird’s nest.

4.3. Effect of pulverized coal injection rate

Existing raceway modeling studies in the literature have primarily
focused on understanding the effects of varying blast velocities on the
shape and size of the physical raceway without considering the com-
bustion of pulverized coal due to computational limitations. From the
current study, it is possible to determine if neglecting pulverized coal

combustion is a reasonable assumption and hence, if previous studies
can be considered valid. To this end, we compare the simulations with
and without the pulverized coal injection (PCI). The simulation with-
out PCI represents the case where only the momentum of the blast air
contributes to the formation of the physical raceway, while the simula-
tions with PCI (from 0.2kg/s to 0.6 kg/s) represent the case where both
the blast air and the combustion of the PC contribute to the formation
of the physical raceway.

Figs. 10a and 10b presents the size of physical and chemical race-
ways for the blast speeds of 200m/s and 240 m/s, respectively. For
both blast speeds, the results indicate that the length and height of the
physical raceway do not change with increasing PCI rates, confirming
that pulverized coal combustion does not affect the size and shape of
the physical raceway. This is due to the fact that the gas expansion re-
sulting from the volatile flame is not strong enough to push the coke
bed, and the momentum brought by the blast air alone is sufficient for
physical raceway formation. Nevertheless, it should be noted that this
conclusion is applicable only for a short time scale of 1s. Heteroge-
neous combustion or abrasion-induced coke shrinkage in the proximity
of the physical raceway may result in a reduced average coke particle
size, resulting in lower resistance to physical raceway formation. How-
ever, the time scale for coke shrinkage is on the order of minutes, and
its impact on the physical raceway is hence undetectable.

When comparing two blast speeds, it can be observed that 240m/s
yields a longer physical raceway and, generally, a larger chemical race-
way as a result of higher blast momentum. The dimension of the chem-
ical raceway is more susceptible to the PCI rate. In the absence of PCI,
the chemical raceway size is determined by the char oxidation of coke.
As the char oxidation rate of coke is relatively slow compared to pul-
verized coal, because of the surface reaction, the oxygen can permeate
deeper into the coke bed. However, when PCI takes place, the oxygen
consumption also involves pulverized coal combustion, leading to a sig-
nificant reduction in the chemical raceway size. In general, the chemical
raceway size slightly decreases with the increasing PCI rate, indicating
more oxygen consumption. Nevertheless, the overall PC burnout drops
with increasing PCI rate, as shown in Fig. 11. The overall PC burnout is
calculated using

ny ny
V= S/ B @
i i

where i indicates the index for the n, particles that have the same res-
idence time, including those particles that have been removed due to
mass depletion. This calculation ensures the overall burnout considers
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Fig. 7. Pulverized coal (a) particle size and (b) burnout distribution at different lateral positions x from upstream to downstream. The particle data is collected over
time at a pseudo-steady state and then time-averaged. (a) The color labels particle size. In the last subfigure (bottom right), the white circular spots correspond
to the presence of coke particles. (b) Two color maps are used to distinguish the devolatilization and char conversion processes. The color map switches at the

devolatilization limit of 43.58%.

particles that are injected at the same time. The decrease in overall PC
burnout with increasing PCI rate can be explained by the poor mixing
of O, and PC. Fig. 12 shows the O, mass fraction and PC distribution at
pseudo steady state for different PCI rates. It can be observed that the
PC jet travels in a region lacking O, due to volatile matter combustion.
Outside the volatile matter flame, abundant O, content is not mixed
and reacted with PC but the O, instead enters the coke bed. Even with
an increasing PCI rate (more PC particles), a similar amount of O, is
used for char oxidation, resulting in decreased overall PC burnout.
This finding suggests that the mixing of O, and PC is important for
the burnout of PC. To improve the hot blast-PC mixing, several injection
systems have been applied in industries, including coaxial lances with

O, flow in the outer pipe and coal flow in the inner pipe, special lance
tip design to induce more turbulence, and the use of two lances at dif-
ferent entry angles (Geerdes et al., 2020). Ariyama et al. (1994) found
that the double-lance configuration with one lance pointing slightly
upward and the other pointing slightly downward can create two PC
jets consuming different parts of the O, cloud, leading to better PC
burnout compared to a single-lance configuration. In summary, our
findings highlight the importance of proper mixing of oxygen and pul-
verized coal for efficient combustion. In order to improve the burnout
of pulverized coal, future studies should continue focusing on design-
ing configurations and methods that enhance the mixing of oxygen and
pulverized coal.
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Fig. 8. (a) Trajectory and (b) burnout in different particle size groups, from 20-40 um, 40-60 pm, 60-80 um, 80-100 pm, 100-120 pm, 120-160 um, and 160-200 pm.
Each line displays information averaged within the corresponding particle size group. In (b), the gray dashed line indicates a complete devolatilization, which is at

43.58%.

Fig. 9. Illustration of the formation of a bird’s nest using pulverized coal data accumulated over a period of 0.15s (from 0.85s to 1.0s) and coke and gas data
captured at the exact time of 1.0s. Only pulverized coal particles with a residence time of 20 ms (before they are removed from the simulation) are shown in the
figure. The coke bed is clipped in half. The pulverized coal is color-coded according to particle size, while the coke is shown in white for better contrast. The
streamlines are interpolated from the gas velocity. The size of pulverized coal parcels is enlarged 5 times for visualization.
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4.4. Effect of lance angle

It was found that a significant amount of O, enters the coke bed
without mixing or reacting with the PC, as shown in Fig. 6a. Intu-
itively, one would adjust the lance angle so that the PC jet can consume
more O, content. Two different lance configurations were tested nu-
merically: one with the lance placed horizontally and another with the
lance directed upward at +13°. Fig. 13 shows snapshots of the O, and
CO distributions at pseudo steady state. When the lance is placed hori-
zontally, Fig. 13a shows that O, is consumed in the middle of the blast
air, and the distribution of O, cloud in the coke bed is relatively sym-
metric. As the lance is placed slightly upward in +13°, Fig. 13b shows
that the O, cloud in the coke bed mostly stays below the injection level.
Comparing the three lance configurations, it can be observed that the
position of the O, cloud is connected to the lance angle. Portions of O,
if not in contact with the PC jet, can permeate into the coke bed and
oxidize the coke.

Comparing the CO distribution from three lance configurations,
Figs. 6b, 13c and 13d, it can be seen that the main difference lies in
the path of CO. In the original configuration, the CO travels in the
same direction as the PC jet until redirected upwards by the deadman.
In the upper part of the domain, the CO is non-homogeneous due to
the accumulation near the deadman. However, when the lance angle
is increased to 0° and +13°, the CO in the upper part becomes more
homogeneous, which can provide better conditions for the iron in the
cohesive zone. However the cohesive zone is not taken into account in
the current model. And note that in reality blast furnaces often have a
larger radius than 5m.

The performance of different lance configurations was quantitatively
compared using PC utilization. The burnout in various particle size
groups was shown in Fig. 14 for 0° and +13° lance configuration. The
results showed that smaller particles burn out faster than larger ones,
as we have seen in Fig. 8b, but there was no significant difference be-
tween the lance configurations. Except that the large particle groups in
the 0° lance configuration burn out slower due to the absence of the
bluff-body effect that promotes convective heat transfer induced by air-
PC mixing. Despite this, complete devolatilization is achieved for all
particle sizes. The overall burnout as a function of residence time was
shown in Fig. 15. It can be seen that regardless of the lance angle, the
PC burnout saturates at around 48% at the end of the PC lifetime, sug-
gesting the consumption of O, by PC is not improved via changing the
lance angle for this geometry. The profile from the 0° lance shows a
slightly lower burnout rate due to, as mentioned, the lack of bluff-body
effect.

5. Conclusions

A transient CFD-DEM model that describes the dynamics of raceways
under the influence of pulverized coal (PC) combustion in an industrial-
scale blast furnace is presented. This model can, for the first time,
describe the dynamics of a raceway with the consideration of the inter-
action between PC and coke as well as the impact of gas combustion on
the raceway. This model considers the lifetime of PC, including its injec-
tion, motion, thermochemical reactions, and interaction with the coke.
Thanks to the model reduction via incorporating coarse-graining and
FGM methods, raceway modeling at industrial scale is conducted with
affordable computational cost by using high-performance computing.

The physical and chemical raceways are shown to differ in size and
shape, suggesting that not all crucial reactions occur in the physical
raceway, especially char oxidation. The PC jet exhibits a crescent-
shaped spatial distribution, which is attributed to the bluff-body effect
and results in particle size segregation within the jet. The utilization of
PC is quantified in terms of burnout. It is shown that smaller PC parti-
cles generally undergo a higher degree of burnout as a result of faster
convective heating and faster oxidation rate as compared to larger par-
ticles. Unburned PC particles penetrate into the coke bed at the end of
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(a) O2 0° lance configuration.

(b) O2 +13° lance configuration.

(¢) CO 0° lance configuration.

(d) CO +13° lance configuration.

Fig. 13. Cross-sectional snapshots of O, and CO mass fraction at pseudo steady state.
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Fig. 14. Burnout in different particle size groups, from 20-40 um, 40-60 um, 60-80 um, 80-100 um, 100-120 um, 120-160 um, and 160-200 pm. Each line displays
information averaged within the corresponding particle size group. The gray dashed line indicates burnout contribution from the devolatilization. (a) 0° lance

configuration. (b) +13° lance configuration.

the physical raceway, resulting in stagnation due to the resistance of
the coke bed. The location of these unburned PC particles closely corre-
sponds to the bird’s nest region commonly observed in industrial blast
furnaces. This finding highlights the necessity for considering both coke
and PC as colliding entities in order to capture this accumulation of PC
or char/ash within the coke channels. However, long-term simulations

12

would be required for understanding the effects of the char/PC accumu-
lation on the char paths through the BF and thereby on the conversion,
and vice versa the effect of bird’s nest on raceway formation.

By varying the pulverized coal injection (PCI) rate, from zero to
0.6 kg/s, the shape and size of the physical raceway within a short time-
scale are found to be primarily determined by the thrust of the blast air.
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Fig. 15. Time-averaged overall PC burnout from three lance configurations. The
gray dashed line indicates burnout contribution from the devolatilization. The
calculation of the overall burnout is the same as that in Fig. 11 except that
residence times other than 20 ms are also considered.

The contribution of gas expansion from the PC combustion is negligible
to the physical raceway dimension in the simulations with current geo-
metrical setup. The chemical raceway shrinks little with an increasing
PCI rate (0.2kg/s to 0.6kg/s) because the mixing of PC with O, does
not improve with increasing PCI rate. From the simulations, the overall
burnout of PC is found to be irrelevant to the varying PCI lance angle,
although the chemical raceway shape and size differ. When the lance
angle is +13°, the CO distribution is more homogeneous in the upper
part of the domain.

The simulations have revealed several aspects associated with the
raceway formation within an injection zone of a blast furnace, includ-
ing the formation of the physical and chemical raceway, the utilization
and trajectory of PC, the effect of PCI rate, and the impact of lance
configuration. To improve PC utilization, it is essential to enhance PC-
blast mixing which however cannot be simply achieved by modifying
the lance angle nor increasing the PCI rate. These findings offer new in-
sights into the optimization of the blast furnace operations and establish
the basis for future research.
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