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Abstract: The CFD/DEM approach was used for investigating the forces playing a role in a furnace
raceway formation and stability. The configuration is an actual pilot-scale hot blast furnace filled
only with coke particles. In such a system, the raceway was unstable, with successively a growing
phase and a collapse. The CFD/DEM numerical simulations were coupled with a core-shrinking
model to mimic coke particle combustion. However, the kinetic reactions and heat transfers were
not numerically predicted. Instead, the characteristic combustion timescale of one coke particle was
imposed, and the combustion zone was adjusted to match the global combustion measured in the
pilot-scale experiment. The results showed that the standard contact model was not enough to resist
the pressure exerted by the granular weight on the raceway. However, the addition of a cohesive force,
through the Johnson-Kendall-Roberts (JKR) model, allowed the qualitative reproduction of the gas
pressure fluctuations and the collapse cycles in accordance with the experiment. A sensitivity analysis
of the flow rate showed that CFD/DEM is able to reproduce quantitatively the time between two
collapses, as observed in the experiment. Predicted raceway size and shapes are also in agreement
with the experimental observations in the range of investigated parameters.

Keywords: blast furnace; raceway dynamics; JKR model

1. Introduction

The iron-making industry produces pig iron in a hot packed-bed gas-solid-liquid
furnace called a blast furnace. At the top of the furnace, coke and iron-bearing materials are
successively loaded. In a quasi-static regime, the materials are traveling downward while a
reducing hot gas is injected at the bottom. In such a system, many complex phenomena
take place, such as heat transfers, chemical reactions, and fluid-solid transport. Hot air
is injected horizontally from tuyeres located at the bottom of blast furnaces and creates
regions with a low solid volume fraction called raceways or cavities. In these regions,
the heat is released and reduced gases are generated by coke combustion. The role of the
raceway is crucial for the gas distribution in the blast furnace and, consequently, to the
production [1]. The raceway results from several associated complex mechanisms, such
as combustion and chemical reactions, diffusion in the matrix of grains, fluid-particle
interactions, and the contacts between the grains and with the walls. Nomura [2] made a
mechanical analysis of the forces acting on the raceway in order to propose a correlation for
predicting the raceway length. The analysis consisted of a balance between the gas pressure
at the raceway boundary and the weight of the coke particles. However, the resistance due
to the formation of arches or cohesive forces between particles was omitted. Nowadays,
the understanding of grains’ physics leads people to reconsider the mechanical analysis
made by Nomura [2]. Indeed, in industrial blast furnace, the extreme conditions, in terms of
temperature and pressure, do not allow for measuring the raceway shape evolution, and the
raceway stability mechanism is not fully understood. Experiments have been conducted at
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different scales to improve our understanding of the main physical phenomena responsible
for the raceway formation and its dynamics. However, many uncertainties lead to an
incomplete picture of the physical mechanisms [3,4].

Since several decades, the numerical simulation has been a powerful tool for investigat-
ing the main phenomena taking place in blast furnaces [5,6]. Basically, two approaches can
be used: the Euler-Euler approach, also called the two-fluid model (TFM), and the discrete-
based approach coupling computational fluid dynamics and the discrete element method
(CFD/DEM). In TFM, both fluid and solid phases are treated as continuous media and
require closure models for turbulent quantities, or subgrid contributions [7], and for taking
into account complex physics like the frictional effects [8]. However, for computational
efficiency reasons, the TFM is very adapted for systems like an actual industrial-scale blast
furnace [9,10]. In the CFD/DEM approach, the trajectory of each particle is individually
computed while the fluid is modeled as a continuous phase. For example, CFD/DEM
has been used for investigating the solid dynamics in a blast furnace [11,12] or the attri-
tion/breakage in raceway [13]. Kuang et al. [14] provides a comprehensive review of the
modeling and simulation of the blast furnace raceway with TFM and CFD/DEM, and later
Roeplal et al. [15] focuses on CFD/DEM.

Recently, many studies have been conducted on the raceways by means of CFD/DEM
numerical simulation. Refs. [16–22] investigate the raceway formation accounting for
the combustion in the raceway and the heat transfers in addition to the fluid-solid flows.
These authors obtained satisfactory results about the combustion behaviors and the CO
and CO2 composition as a function of the tuyere distance, which is a classical measure in a
real blast furnace. Nevertheless, these studies are relevant for the combustion evaluation,
but they do not provide an explanation of the mechanical stability of the raceway. One
observes that the chosen simulated configurations include a very small system quite far
from actual conditions in a blast furnace, notably with the granular pressure exerted by
coke particle above the tuyere being very small due to the choice of the 2D configuration
constrained by walls or due to a small particle column in a 3D configuration. Aminnia
et al. [23] show that 2D numerical simulations overestimate the size of a raceway cavity
compared to the 3D simulation. At the pilot scale, Cui et al. [24] found a very small raceway
and Umekage et al. [25] a larger one, but in quasi-2D configuration. Finally, Xu et al. [26,27]
investigated the reacting flow in one and three raceways in a realistic configuration. In
all of these studies, the focus was on the combustion/reaction of the coke and not on the
representation of the contact forces, namely from the mechanical point of view. In the
present study, a pilot-scale, under actual conditions in terms of thermodynamics and coke
loading, has been numerically simulated by CFD/DEM. The configuration corresponds
to an experiment conducted using only coke particles in hot conditions similar to an
actual blast furnace [4]. The consumption of the coke by combustion is mimicked by
a core-shrinking model with two parameters: the characteristic timescale of the coke
combustion and the global consumption of the pilot. Such an approach allows us to
accurately investigate the forces responsible for the raceway formation.

The article is organized as follows: In the next section, the main experimental raceway
pilot and results are detailed. The CFD/DEM approach, including a coke grain size
modification model for mimicking the combustion of coke particles, is introduced in the
third section. The fourth section is dedicated to the results. The central role of the cohesive
forces in the raceway dynamics is shown. A sensitivity analysis of the gas flow rate on the
properties of the simulated raceway is done in the fifth section. Conclusions and prospects
are drawn in the last section.

2. Configuration and Reference Results of Pilot Experiment

The configuration of the pilot-scale set-up shown by Figure 1 has been developed to
investigate how the raceway dynamics are sensitive to the process parameters [4]. The pilot
has been designed in order to allow observation of the raceway through a large window in
the zone where the combustion takes place. Compared to an actual typical blast furnace, the
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pilot has been downscaled by a factor of five such that it respects the equilibrium between
the gas impulse and the weight of the coke above the cavity. Then the similarity of the
pilot experimental results with a real blast furnace process should be respected. Finally,
the geometry is pseudo-bi-dimensional, with a rectangular section of 830 mm × 100 mm
and 2600 mm in height. The air is injected, at room temperature, through a rectangular
nozzle of 3 mm × 100 mm. The size of coke particles dp is in the range [ 5 mm, 15 mm], and
their shape is irregular, with faceted structures close to industrial coke shapes. The particles
are charged from the top with a hopper, which permits a continuous coke feeding of the
pilot. Note that the particles are charged at ambient temperature initially. The particle
number is approximately about 200,000. The coke is ignited using a burner to start the
combustion since the injected air from the tuyere is cold. For observing the time-evolution
of the cavity, a window has been installed in front of the tuyere (see Figure 1). This window
is made of a double-glazing quartz plate strengthened by metal wire. A brick wall takes
place above the nozzle with an angle of 10◦. Under the coke bed, only the ash and airflow
can pass through a sealed ashtray. Finally, at the top of the pilot, a chimney let the air and
combustion gases escape.

Figure 1. Pilot’s sketch (from [4]) and geometry represented in the numerical simulation.

As shown by Figure 2, an important observation is that the raceway is not stable with
time (here in the case the inlet flow rate is 35 Nm3/h). The cavity grows up to that arches
are formed over the cavity (Figure 2a), then the coke bed becomes unstable and collapses
(Figure 2b). Just before the collapse, the raceway length LR is measured in the x-direction
where the cavity size is maximal (see Figure 1 for reference frame definition). Note that the
first collapses are usually excluded from the analysis in order to get reproducible raceway
length measurements at a constant inlet flow rate. Figure 2 shows that some particles stick
to the refractory walls. These observations are at the origin of the subsequent numerical
tests shown hereafter.

The fluid pressure measured at the middle of the tuyere nose during the experiment is
shown by Figure 3. The pressure decreases when the cavity grows and increases suddenly
during a collapse event. The pressure fluctuates with a period corresponding to the two
successive collapses.

Experiments are also conducted with different flow rates ranging in [ 17 Nm3/h,
71 Nm3/h] for which raceway collapses have different sizes and characteristics time.
The raceway length LR increases with the flow rate, as shown by Figure 4a. The time
between two collapses, denoted tb2collapses, is measured in the experiment and given by
Figure 4b. The time between two collapses increases with the flow rate and the cavity size
is found to be larger, as expected. At a flow rate greater than 40 Nm3/h approximately,
a transition occurs, for which the time between two collapses further increases.
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(a) (b) (c)
Figure 2. Snapshots of raceway collapse during from its maximal height (a), during the collapse (b)
and after (c). The duration of the collapse is approximately 0.5 s for an inlet flow rate of 35 Nm3/h.

Figure 3. Absolute pressure measurement in front of the tuyere with respect to the time. The pressure
fluctuates with the occurrence of the raceway collapses. The red arrows show the moment where a
collapse starts. The data are extracted from [4].

(a) (b)
Figure 4. (a) The raceway length (see the Figure 2a for the definition) and (b) the time between two
collapses as a function of the inlet flow rate in the hot raceway experiment. The data are extracted
from an experimental campaign realized at ArcelorMittal in the following of the work of [4].

3. Numerical Model Description

In this section, the granular flow model based on the discrete element model is
introduced, as well as the fluid flow solver and the unresolved coupling between the
fluid and particle dynamics as used by [28]. The core-size modification model of coke is
also introduced.

3.1. Particle Flow Model

In the numerical simulations, the particles are considered spherical and polydisperse.
The discrete element method is based on the pioneer work of [29] and available in the
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commercial software EDEM (version 2021). In such an approach, the contact force model is
based on the overlapping of the particles. The main advantage of this approach is that it
can be applied to quasi-static granular media with long and multiple contacts. The particle
translational and rotational velocities are both computed with:

mi
dvi
dt

=
Np

∑
j ̸=i

Fc,j→i + Fd,i + (mi − m f )g (1)

Ii
dwi
dt

=
Np

∑
j ̸=i

Mc,j→i (2)

where Np is the number of particles, mi the mass of a particle i, m f the mass of the sur-
rounding fluid contained in the particle volume Vp,i, vi its velocity and Fd,i the particle-fluid
drag force, Fc,j→i the contact force of a particle j on a particle i, Ii its moment of inertia,
wi particle angular velocity, and Mc,j→i the moment generated by the contact forces ex-
erted by a particle j on the particle i. The gravity acceleration, g, is set to 9.81 m· s−2.
The Hertz-Mindlin model is used to calculate the normal contact force [30]. The Mindlin-
Deresiewicz model [31,32] is used for computing the tangential contact force. Damping is
included in both the normal and tangential contact forces [33] and is related to the coeffi-
cient of restitution. The tangential contact force is limited by Coulomb’s law for modeling
the sliding.

In the results section, it will be shown that a cohesive force is required for obtaining
raceway stability. It has to be emphasized that the terminology “cohesive force” does not
refer to the well-known “cohesive zone” found in a blast furnace. Here, it is referring to
a force attracting, or sticking, two grains together. As the actual nature of such a force is
unknown, the standard Johnson-Kendall-Roberts (JKR) model [34] is used. Being available
in the EDEM software, the JKR contact model is used instead of the contact model of
Hertz-Mindlin to account for a sticking phenomenon. The normal component of the contact
force is then replaced by the JKR force, given by

FJKR = −4
√

πγE∗a3/2 +
4E∗

3R∗ a3 with δn =
a2

R∗ − 2
√

πγa
E∗ (3)

where γ is surface energy, E∗ and R∗ are respectively the equivalent Young’s modulus and
radius, and δn and a stand for the interpenetration between the particles and equivalent
contact radius, respectively. The JKR model is activated only when the particles reach a

separation distance below δc defined as in (3) with a3 = 9πγR∗2

2E∗ (3/4 − 1/
√

2). In a nutshell,
the JKR model is a normal contact force that accounts for both contact and cohesive
interactions. Hence, the cohesion force magnitude is a function of the surface energy γ,
which is the main parameter controlling the cohesion strength.

3.2. CFD/DEM Model

The modeling of the granular phase by DEM is performed at the particle scale as
described in the previous section, while the fluid flow is predicted using CFD. Fluid Mach
number inside the raceway remaining below 0.3, the flow is incompressible. The numerical
simulations are isothermal, but the density and viscosity of the fluid are set to 1600 ◦C
corresponding to the coke flame temperature. The governing equations of the flow are
obtained by carrying out an averaging method as in the TFM method [35]. In each compu-
tational cell, the following equations are solved with the commercial software FLUENT
(version 2021.2):
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∂Φ f ρ f

∂t
+∇

(
Φ f ρ f u f

)
= 0 , (4)

∂
(

Φ f ρ f u f

)
∂t

+∇
(

Φ f ρ f∇u f u f

)
= −Φ f∇p +∇

(
µ f Φ f u f

)
(5)

+Φ f ρ f g − Fp→ f .

where Φ f is the fluid volume fraction, ρ f and µ f are respectively the fluid density and
viscosity, u f and p are respectively the velocity and the pressure of the fluid. The particle-
fluid interaction forces Fp→ f = ∑i∈Vf

Fd,i is the drag force exerted by the fluid on the
particles contained in the fluid cell volume Vf , using the drag law proposed by [36], which
combines the correlations of [37,38]. The standard k − ε model [39] is used for modeling
the turbulence in air. In each computational cell, the fluid volume fraction is computed by
considering the total volume of particles having their centers of mass in the cell:

Φ f = 1 − 1
Vf

∑
i∈Vf

Vp,i . (6)

The solid volume fraction inside each cell is obtained by Φp = 1 − Φ f . The time step for
solving the Equations (4) and (5), ∆t f , is larger than the particle time step for integrating the
particle motion governing equation, ∆tp. At each fluid time step, the fluid solver calculates
the velocity and pressure field of the fluid, knowing the particle data from the DEM. These
forces are then transferred to the DEM solver and permitted to update the velocities and
positions of the particles.

3.3. Coke Consumption Model

In a blast furnace, the formation of the raceway is directly related to coke combustion.
Basically, for modeling the combustion of the coke, it is necessary to predict the transport
of the chemical species and to use a combustion model for the coke for predicting the
transfers of mass and of enthalpy (see example [18,40]). In the present study, the focus
is on the mechanistic aspects through hydrodynamics and inter-particle contacts. Hence,
the combustion of one coke particle of mass mp is represented by

dmp

dt
= −

mp

τ
(7)

where τ is the characteristic timescale of coke grain size reduction. Such a simple model
does not consider the combustion of the coke accurately but only the mechanical conse-
quences of the combustion on the size of the coke grains. The main limitation of such an
approach is that the characteristic timescale of the coke reduction is imposed at the same
value for all particles at any time. Whereas, in reality, it is spatially distributed due to the
diffusion of air into the cavity [20]. However, this limitation should not be crucial for the
stability and dynamics of the cavity. Equation (7) has to be applied only to reacting particles
that are close to the tuyere where fresh air is injected and where the combustion zone actu-
ally takes place. To define the reacting particles, a reacting zone having a cylindrical shape
and an imposed position of its center is defined (see Figure 5). The length of the cylinder is
an imposed constant (and of the width of the pilot). For the radius in the experiment, the
consumption of coke is almost constant, meaning that the cavity size increases when the
particles are burned. Here, the cylinder radius is made adjustable in time according to the
overall consumption rate. Hence, for each time step, the cylinder radius changes according
to Rcyl(t + ∆tp) = Rcyl(t)

√
ṁ∗/ṁ(t) where ṁ∗ is the imposed total consumption of coke

in the pilot (the target value). Such a methodology allows the reactive zone to evolve with
time and to keep the overall consumption rate nearly constant, as in the experiment.
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Figure 5. Close up view of the cylindrical coke combustion model in the raceway pilot.

Preliminary tests of the coke consumption model have highlighted numerical instabili-
ties requiring the addition of a numerical constraint. Basically, particles with a diameter
smaller than 1 mm are removed from the numerical simulation. This limitation allows
us to prevent a bad resolution of the fine particles from the DEM. The consumption rate
accounts for the fine particles that are removed from the simulation. It has been verified in
the numerical simulation that the total mass of these fine particles is small enough, namely
0.001%, to not have a significant impact on the gas-particle raceway dynamics.

Finally, the model has two parameters: the characteristic time of one particle consump-
tion, τ, and the global consumption of the pilot, ṁ∗. Practically, the consumption rate is
increased by a factor of O(102) in the simulation compared to the pilot experiment in order
to have a reasonable simulation time.

3.4. Parameters of Simulation and Initiation

The computational domain fits exactly the experimental one described in Section 2.
A log-normal distribution with a mean diameter of 10 mm and a span of 0.17 has been
used to generate the granular phase, namely the coke’s grains. As in the experiments,
grains with a diameter above 15 mm and below 5 mm have been removed. For ensuring
accurate modeling of the contacts, even under high granular pressure, Young’s modulus
is quite large to guarantee the assumption of a non-deformable body [41]. The particle-
particle friction coefficients are identical to those in the work of [42]. The pilot walls are
composed of rough refractory materials; the particle-wall friction is set to a large value of
1. As mentioned earlier, it is reasonable to model the fluid as incompressible. Therefore,
the viscosity and density of the fluid are fixed to the values of air at a temperature of
1600 ◦C (the mean temperature in the cavity during the experiment). The investigated flow
rates in the numerical simulations are in the same range as in the experiment [ 20 Nm3/h,
70 Nm3/h]. Overall DEM and CFD parameters of numerical simulation are given in Table 1.
Approximately 200,000 coke particles are loaded only with DEM code from the top of the
pilot. The fluid cell size is about 45 mm, which leads to approximately 2000 hexahedral
cells. Such a mesh size leads to a poor representation of the inlet jet when entering the
raceway. However, it leads to a mesh size that is three times larger than the larger particle
diameter. This condition ensures a good resolution of the fluid-particle interaction. It takes
about one week to simulate 5 s of physical flow using 1 core (resp. 12 cores) for the CFD
(resp. the DEM).
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Table 1. Fluid and particle material properties.

Particle diameter min/max 5 mm/ 15 mm
Particle density 920 kg/m3

Restitution coefficient 0.2
Particle/particle static friction 0.4
Particle/wall static friction 1
Rolling friction 0.01
Young’s modulus 1 GPa
Poisson ratio 0.3
Particle time step ∆tp 10−6 s
Fluid density 0.1885 kg/m3

Fluid viscosity 5.457 × 10−5 kg/m.s
Fluid time step, ∆t f 10−4 s
Coke reduction characteristic time, τ 0.333 s
Consumption rate, ṁ∗ 0.25 kg/s

4. Role of Cohesive Forces in the Raceway Stability

The numerical simulations are summarized in Table 2. The cases A, B, and C have
been made in order to understand if the drag force and/or the cohesive forces can balance
the granular pressure. A prebuilt raceway was imposed at initiation in the cases of A and B.
The cases D to I have been carried out to investigate the effect of inlet gas flow rate on the
raceway dynamics.

Table 2. Fluid flow rate and models used for the numerical simulation. As a matter of fact, when the
cohesive energy γ is zero, then contact model is the Hertz-Mindlin.

Case Gas Flow Rate Prebuilt Raceway Coke Consumption Model γ

A 35 Nm3/h Yes No 0 J/m2

B 35 Nm3/h Yes No 9 J/m2

C 35 Nm3/h No Yes 0 J/m2

D 20 Nm3/h No Yes 12 J/m2

E 25 Nm3/h No Yes 12 J/m2

F 35 Nm3/h No Yes 12 J/m2

G 50 Nm3/h No Yes 12 J/m2

H 60 Nm3/h No Yes 12 J/m2

I 70 Nm3/h No Yes 12 J/m2

4.1. Effect of Cohesive Forces without Coke Consumption Model

In this section, case A has been carried out with a prebuilt raceway with a size
(LR ≈ 140 mm) and shape corresponding to the cavity observed in the experiment for an
inlet flow rate of 35 Nm3/h (Figure 4). In the numerical simulation, the raceway is imposed
by adding a wall only for the granular phase, which lets the gas flow through the wall.
A steady state is rapidly reached. The velocity field and magnitude are shown by Figure 6.
Using air viscosity and density at 1600 ◦C, the flow rate being 35 Nm3/h, the air velocity
at the tuyere outlet is about 230 m/s. Fluid velocities drop quickly in the raceway, and
two eddies are observed: the first, counter-clockwise, is located above the tuyere, and the
second, clockwise, is below the tuyere. Particle-fluid interaction leads to a slight decrease in
the granular pressure at the boundary between the cavity and the bed of the coke particle.
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Figure 6. Fluid velocity field inside the raceway of the CFD/DEM case A. (a) is the velocity vector
and (b) the magnitude.

After that, the granular media reaches a stable state, the wall holding the grains is
removed while the gas is still injected. Immediately, the granular column falls down, as
shown by Figure 7. It shows that the drag and the contact forces do not balance the weight
exerted by the granular column above the raceway. After the collapse, a tiny cavity is
observed, as well as a clockwise and counter-clockwise motion of particles (see Figure 7).
These observations are similar to those of [43].

Figure 7. Collapse of the raceway in case A when the prebuilt raceway defined by a wall for the
granular phase is removed. (Left): immediately after the wall is removed and (Right): after a long
time. Particles are colored with their velocity magnitude from small values in blue to higher values
in red.

In case B, the initiation is identical to case A, but the JKR model is added to take into
account the cohesive forces. Without taking into account the fluid, for a given surface
energy γ = 10 J/m2, the raceway is frozen, and the cohesion tends to stick to the particles.
At a lower magnitude cohesion energy, γ = 9 J/m2, the upper part of the cavity collapses
vertically, as observed in experiments and shown by Figure 8. In such a case, the raceway
collapsing time is of the order of the time for one particle to cross the raceway, meaning
that the collapse dynamics are driven by gravity. Further numerical simulations (not
shown here) allow us to understand that the greater the surface energy, the longer the
collapse times. Also, using the same surface energy γ = 9 J/m2 and by adding the fluid
flow resolution, CFD/DEM simulation results show that the cavity holds to the granular
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pressure (Figure 9a), meaning that together the fluid drag force and the cohesive forces can
balance the granular column weight. As in the experiment, Figure 9b shows the formation
of clusters, some of which are crumbling at the boundary of the cavity. These observations
enforce the idea that a cohesive mechanism could act on the raceway stability.

(a) t = 0 s (b) t = 0.24 s (c) t = 0.58 s
Figure 8. Time-evolution of the collapse from the prebuilt raceway only the DEM with the JKR
contact model with a cohesion energy of 9 J/m2 (case B). Particles are colored with their velocity
magnitude from zero in blue to 1 m/s in red.

(a) CFD/DEM (b) Experiment
Figure 9. Qualitative comparison of CFD/DEM with JKR cohesion model (a) and a snapshot of
experiment (b). Particles are colored with their velocity magnitude from zero in blue to 1 m/s in red.

4.2. Raceway Dynamics by Adding Coke Consumption Model

Case C is now considered, in which the initiation of the granular phase was performed
by particle rainfall in the pilot without fluid injection and no prebuilt raceway. The contact
model of Hertz-Mindlin is used namely without the effect of cohesion. At time, t = 0 s,
the coke consumption model and the CFD/DEM resolution are both activated. The particle
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flow is shown by Figure 10 for several times. A continuous flow of the particles without
the creation of a raceway is observed.

(a) t = 0.5 s (b) t = 1.0 s (c) t = 1.5 s
Figure 10. Particle flow in the case C at time 0.5 s, 1 s and 1.5 s. Particles are colored with their
velocity magnitude from zero in blue to 0.5 m/s in red.

Case F is similar to case C, but the JKR model is used instead of the Hertz-Mindlin
contact model to account for particle-scale cohesion. Note that the coke consumption
model and CFD/DEM coupling are still used. It must be noted that the cohesion forces are
defined for particle-to-particle as well as for particles-to-wall below the dotted line shown
by Figure 11 at time 0 s in order to mimic the local effect of the cohesion in the raceway
region. case F has the same initialization of the granular phase as case C. The temporal
evolution of the granular flows is shown by Figure 11. It is observed that a raceway can
expand and collapse cyclically, which is in qualitative agreement with the experimental
results. Also, the collapses occur in the vertical direction, as in the experiments.

(a) t = 0.0 s (b) t = 2.9 s (c) t = 3.1 s
Figure 11. Cont.
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(d) t = 3.64 s (e) t = 5.02 s (f) t = 5.22 s

(g) t = 5.4 s (h) t = 8.84 s (i) t = 9.06 s
Figure 11. Particles flow from the case F. Particles are coloured with their velocity magnitude from
zero in blue to 1 m/s in red.

The fluid pressure measured at the injection for case F is shown by Figure 12. The fluid
pressure fluctuates with a strong increase when a collapse starts in a similar manner than
shown by Figure 3 from the experiment. The pressure signal also exhibits plateaus, which
are due to the accumulation of particles by avalanches in front of the tuyere after a collapse
has occurred.

Figure 12. Gas pressure at the tuyere nose as a function of the time in case F. Pressure fluctuations are
observed with a strong increase when a collapse occurs.

The distribution of the particle interaction forces is given by Figure 13 for the three
first successive collapses. One observes that the first collapse tends to decrease the contact
force above the cavity since the collapse propagates to the top of the pilot. This effect is
due to the initialization of the granular system, which was realized with only the DEM.
The first collapse changes the inter-particle force distribution in the granular phase. One
then decides not to take into account in the following analysis the first collapse, which is a
peculiar one, but rather to focus on the following collapse occurrences.
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(a) t = 0.0 s (b) t = 3.1 s (c) t = 5.4 s (d) t = 8.84 s (e) t = 9.06 s

Figure 13. Contact force distribution in simulation F for the three successive collapses. The particles
are colored with the normal contact force magnitude 0 N in blue to 1 N value in red.

5. Effect of Gas Mass Flow Rate on the Raceway Shape

A parametric study on the flow rate using the CFD/DEM model, which includes
cohesive forces and a coke consumption model, has been conducted. The investigated
range of the flow rate is [ 20 Nm3/h; 70 Nm3/h] for the cases D, E, F, G, H, and I, as detailed
in the Table 2. In all cases, in qualitative agreement with all the experiments, successive
granular collapses have been observed. Before each collapse, the raceway length and
its shape have been measured, as well as the time between two consecutive collapses.
As explained in the previous section, the first collapse was excluded from the analysis.
Furthermore, at a low flow rate, large bubbles can stagnate at the top of the pilot but
disappear after a sufficiently long time. The data presented here only take into account the
results after these events that are due to the initialization of the granular flow.

The coke consumption model being accelerated by a factor O(102) in the numerical sim-
ulation compared to reality, the time between two consecutive collapses in the CFD/DEM
simulations can not be compared directly to the experimental one. The mass of the particles
consumed between two consecutive collapses is defined by Mb2collapses = Tb2collapsesṁ that
have been measured in the numerical simulations and deduced also from the experimen-
tal data. The raceway length and consumed mass of coke during the collapse cycle are
respectively shown by Figure 14. The prediction by Nomura’s correlation is also shown
by Figure 14 in order to have a comparison with usual raceway length predictions. At a
high flow rate, the raceway length measured in our simulations increases linearly with
respect to the flow rates with a similar slope to those in the experiments. The offset values
in the raceway length in the experiments compared to the Nomura correlation were not
understood previously. The present numerical simulation results permit us to postulate
that the presence of cohesive forces between coke particles and the wall might explain the
deviation in the raceway length between the one from the Nomura correlation and the one
obtained in the experiments. The results from the CFD/DEM simulations are surprisingly
closer to the correlation at a higher flow rate. At small flow rates, the simulation results
deviate from the experimental ones. In experiment, below 17 Nm3/h, chaotic collapses of
small raceways have been observed, and it was not possible to build a stable cavity. We
found that, at flow rate below 35 Nm3/h, simulated raceway length saturates to a value
nearly about LR ≈ 6dp, which is a value close to the smaller experimental value for a stable
cavity at 17 Nm3/h. The minimal value of the raceway length obtained in our simulations
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is similar to the minimal value obtained in the experiment. We then postulate that the
reason that may explain this deviation is that the magnitude of the cohesion value used in
our simulations may be too small. Indeed, the origin and properties of the cohesion forces
are not known, and a detailed study would be required to prescribe a representative cohe-
sion model, which is out of the scope of the present paper. The consumed mass between
two collapses in the simulation follows the same trend as in experiment, which is a small
increase followed by a higher increase, as shown by Figure 14.

Figure 14. Raceway length LR (left) and the consumed mass between two collapses Mb2collapses
(right). On the left panel, (•) corresponds to the experiments, (□) to the CFD/DEM, and the solid line
is prediction by Nomura [2].

The raceway shapes observed in the numerical simulations have two types of shapes
depending on the flow rate magnitude. At small flow rate, the shape of the raceway before
the collapse is vertically elongated, as shown by Figure 15a. At larger flow rates, the shape
evolves toward a balloon-like shape, as shown by Figure 15c. Experimental raceways for
small and large flow rates are also depicted by Figure 15b and Figure 15d, respectively. It is
observed that the simulated shapes with the CFD/DEM model with cohesion force and
coke consumption model are in good agreement with the experimental raceway shapes
in both cases, although the size magnitude is not the same, as shown by Figure 14 and
previously discussed. These two types of shapes at small and large flow rates might be
attributed to the effects of confinement and the particles interlocking. If the raceway length
is below 15dp approximately, interlocking can play a role in the stability, whereas at a
larger raceway size, the balance at the raceway interface is only a function of the cohesive
forces, the weight, and the drag force. This interpretation needs to be verified with further
simulations and experiments.

(a) (b)

Figure 15. Cont.
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(c) (d)
Figure 15. Comparison of raceway shapes at small and large flow rates from CFD/DEM simulation
and experiment. The particles are colored according to their velocity magnitude, from zero in blue
to 1 m/s in red. (a) CFD/DEM simulation with 35 Nm3/h at time t = 5.02 s; (b) Experiment with
25 Nm3/h; (c) CFD/DEM simulation with 70 Nm3/h at time t = 20.54 s; (d) Experiment with
60 Nm3/h.

It is known that in front of the tuyere a specific solid structure, called bird’s nest,
appears in the blast furnace ([44] for a review on bird’s nest). The presence of the bird’s
nest is important because it may modify the transport of air in the raceway [45] and
the presence of cinder [44]. Figure 16 shows the spatial distribution of small particles
(typically smaller than 6 mm) for case where the flow rate is 35 Nm3/h. It can be seen that
without the cohesion model, the CFD-DEM is not able to predict the bird’s nest. In contrast,
the addition of the JKR model led to the formation of the bird’s nest with a shape similar
to the one given by Nogami et al. [16]. More, Figure 16 shows the effect of the flow rate
on the bird’s nest. As expected, the bird’s nest structure is enlarged when the flow rate is
increased. The quantity of small particles is more important at the bottom of the nest than
in front of the tuyere. The width of the bird’s nest is increased, meaning that small particles
have migrated through the matrix made of coke.

Figure 16. Effect of cohesion model and flow rate on the distribution of small particles in front of the
tuyere. On the left and middle, the flow rate is 35 Nm3/h, but the left panel is without a cohesion
model and the right panel has a JKR model. On the middle and right, the JKR model is enabled, but
the flow rate is 35 Nm3/h (middle) and 70 Nm3/h (right). Left: case C at t = 9 s; middle: case F at
t = 12 s; and right: case I at t = 21 s. Particles of size above 6 mm are not displayed.

6. Conclusions

CFD/DEM simulations have been carried out to improve the understanding of a
hot raceway pilot. The CFD/DEM model provided with a JKR cohesion model was
able to reproduce the stability of a preset cavity and the vertical collapse as in the pilot
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experiment. The results show that a cohesive mechanism of coke exists at the raceway
interface that controls the pilot raceway’s stability. Adding a coke consumption model
to the CFD/DEM with the JKR cohesion model allows to simulate the dynamics of the
successive collapses as observed in the experiment. The gas pressure evolution in the
raceway, the time between successive collapses, and the size and shapes in the simulations
are qualitatively in accordance with experiments. It has been identified that a particle-scale
cohesion mechanism could control the raceway stability and dynamics at the pilot scale.
The present model offers the opportunity to investigate the effect of particle size, cohesion
nature and magnitude, and consumption rate on cavity dynamics. From a numerical point
of view, heat transfers, gas species evolution, and mass transfers linked to coke combustion
should be considered in the evolution of the present simple coke consumption model with
the objective of injection optimizations for CO2 reduction. Furthermore, the nature of the
cohesion mechanism must be clarified. An experiment to measure the nature and properties
of cohesion should be set up to better define a particle-particle cohesion model for coke.
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