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The raceway plays a crucial role in ensuring the stable functioning of the ironmaking blast furnace. It is the key
site where the chemical reaction of coke combustion takes place, providing the necessary heat and reducing gas for
the upper iron ore reduction process. Consequently, the size of the raceway serves as an essential indicator of the
blast furnace’s operational condition. In this study, a mathematical model for the raceway of an industrial-scale blast
furnace was established. Extensive innovation investigations were conducted to explore the characteristics pertaining
to the raceway’s size. The simulation outcomes demonstrate that both the particle size and the inlet velocity exert
significant influences on the raceway dimensions. Specifically, the height of the raceway is predominantly affected
by the particle size, whereas the inlet velocity predominantly influences the depth of the raceway.
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INTRODUCTION

Blast furnace is the main equipment for ironmaking.
Iron ore and coke are loaded in layers in the furnace’,
and hot air is blown in from the lower tuyere to form
the raceway?. In the raceway, the air and coke undergo
intense momentum exchange and combustion reaction?®,
which affects the smoothness of gas-solid flow in the
furnace®. The shape of the raceway cavity is closely re-
lated to the blast furnace efficiency as well because the
deeper cavity will make the flue gas better distributed
in the furnace®. Therefore, a comprehensive study on
the raceway size characteristics is of great significance
for further understanding the operation of blast furnace
and safety production.

The study of blast furnace raceway has been widely
carried out in the past few decades. The research methods
of raceway can be divided into three categories: mea-
surement method, experimental method, and numerical
simulation method.

The measurement method is to measure the size, tem-
perature, and pressure of the raceway by using various
measuring instruments or special technologies. Zhang®
used digital image processing technology to measure
and study the temperature distribution of the raceway.
Li7 proposed a method to predict raceway depth using
a learning model for blast furnace temperature data.
However, due to the high-temperature and high-pressure
environment inside the blast furnace during production,
it is difficult to detect the situation of raceway exactly.
The data obtained by the direct measurement method
is limited.

The experimental method is to study the characteristics
of the raceway by establishing a physical experimental
model. In order to observe the formation and develop-
ment of the raceway clearly, the quasi-two-dimensional
model made of transparent materials is generally used
as the experimental container. Hatano* conducted a cold
state experiment to study the formation of the raceway
and measured the depth of the raceway. Burgess® con-
ducted thermal state experiments to study the combustion
characteristics in the raceway. The work mainly studied
the effects of bed filler (such as coke quality), pulverized
coal, and other new fuel injections on the shape and

size of the raceway and the gas-solid flow characteristics
in the furnace. Rajneesh’ studied the effect of friction
on the formation process of the packed bed cavity by
experimental method. The result shows that friction
has a significant effect on the prediction of cavity size.
With the decrease of the internal friction angle between
particles, the size of the cavity decreases. The friction
angle between the wall and the particles has the opposite
trend. Moreover, Rajneesh studied the influence of gas
velocity on the change of raceway size in the presence
of friction through two-dimensional experiments. Two
prediction formulas of raceway size for increasing and de-
creasing gas velocity are developed, which can effectively
predict the hysteresis of the raceway in the cold model.
Considering the inhomogeneity of coke particle size in
the actual blast furnace, Sastry!' mixed materials with
different particle sizes and carried out two-dimensional
experiments in cold state to study the formation and
fragmentation of raceway. The results show that there is
no significant difference between the mixed particle size
system and the uniform particle size system. In addition,
compared with the glass system, the expansion of the
plexiglass container used in the current work reduces
the reproducibility and accuracy of the results.

With the development of blast furnace coal injection
technology and oxygen enriched combustion technol-
ogy, the reaction of raceway becomes more and more
complex. The experimental method is limited by the size
and operating conditions, and it is difficult to carry out
hot combustion experiments, which is more and more
difficult to adapt to the study of raceway characteristics.
Numerical simulation is an alternative method to fully
reveal the gas-solid flow in the raceway. DEM can track
the movement of each particle and can obtain detailed
information about particle movement and fluid flow in the
gas-solid movement field, which is helpful to deeply reveal
the mechanism of gas-solid flow in the high-temperature
furnace. Nowadays, more and more scholars study the
raceway through the numerical simulation method.

E" carried out the research of granular reaction flow
by CFD-DEM, revealing the dynamic evolution and
internal thermochemical behavior of the blast furnace
raceway. The method considers the change of particle
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diameter caused by coke combustion, and can better
evaluate the characteristic phenomenon around the
raceway. Wei'® discussed the influence of particle shape
on the shape and pressure drop of blast furnace raceway
through experiments and simulations, and improved the
prediction correlation of raceway size. The results show
that the closer the particle aspect ratio is to 1, the larger
the raceway size is. Small resistance and contact force
are the main reasons for spherical particles to form
large raceways.

Based on FRM and WPM methods, Li'* developed
the particle attrition-breakage model for CFD-DEM
simulation and predicted the wear and breakage of coke
in industrial-scale raceway. According to the results, the
raceway is divided into four regions, and it is pointed
out that the attrition zone in the lower part of the cavity
is the main place of wear and breakage.

Wang'® developed a thermochemical sub-model based
on CFD-DEM on the MFIX platform, and used the
shrinking core model to consider the combustion reaction
of coke, which was well verified with the experimental
results. The simulation results based on this model
show that the increase in inlet velocity will significantly
increase the cavity depth of the raceway. Lower inlet
velocity, higher bed temperature, and higher oxygen
mass fraction can increase CO production and improve
blast furnace performance. On this basis, Xu'® further
added the coarse-grained method and the smoothing
method to the CFD-DEM, and further optimized the
DEM model from the capture and calculation cost of
the raceway morphology. The results show that the
coarse-grained method reduces the calculation cost by
78.14%, and the smoothing method is more reliable to
capture the raceway morphology.

So far, although some studies on the raceway have
been carried out, most of them are only on the labora-
tory scale and the raceway size is only involved at the
edge of the main research. There are few special studies
on the size characteristics of blast furnace raceway at an
industrial scale. Under the industrial scale, the size of
coke and the inlet velocity will make the stress of coke
in the furnace different. Therefore, it is indispensable
to carry out special research on the raceway size on an
industrial scale.

The purpose of this paper is to carry out the raceway
simulation according to the industrial-scale blast furnace
to obtain the size characteristic. The classic CFD-DEM
mathematical model is used to investigate the size change
of the raceway during its development and formation.
Then the distribution of furnace internal force chain
under the stable state of the raceway is studied. Finally,
by studying the two variables of particle size and inlet
velocity, the size variation characteristic of the raceway
is obtained.

GOVERNING EQUATION

In CFD-DEM, gas phase is regarded as a continuous
phase, governed by Navier-Stokes equations, solid phase
tracks each particle separately according to Newton’s
second law. The collision between particles is solved by
soft-sphere approach'” ', Momentum transfer between
gas phase and particles is considered according to Gi-

daspow drag model®. The model is briefly introduced
here, more details can be found in the MFIX docu-
mentation®” 1.

Gas-phase

Without considering phase transitions and chemical
reactions, the mass and momentum conservation equation
for gas phase is given by
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where Egr Py Uy, ATC the volume fraction, thermodynamic
density, average velocity of the gas phase, respectively.
I, is the momentum exchange between the gas and
solid phase. S, is the gas phase stress tensor given by
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where P, is the pressure of gas phase. 7, is the shear
stress tensor, Dy is the strain rate tensor, H, is the visco-
sity coefficient, 4, is the second coefficients of viscosity.
The compressible gas follows the equation of state
of ideal gases:
B M,
Pa =R, (6)

where My, is the gas molecular weight, T, is the absolute
temperature, and R is the ideal gas constant.

Solid-phase

The position, linear velocity, and angular velocity of
spherical particles are obtained according to Newton’s
second law, and the governing equation is as follows:
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where m and I are particle mass and particle moment
of inertia, g is the acceleration due to gravity, F, is the
total drag force (including pressure and viscous) on the
particle, F, is the sum of contact force resulting from
other particles, 7 is the total torques on the particle.
The description of the contact force between particles
is based on the spring—dashpot system in the soft-sphere
approach, which has unique advantages in dealing with
dense phase and multi-particle contact. For two particles
i and j, the normal and tangential components (F,; and
F,;) of the contact force F;, are decomposed into the
spring (conservative) force F{; and the dashpot (dissi-

pative) force F}) as*:
Fnij = Fflij + Frlzij = (_kn5n - nnunij)nij (10)

Fyj= F?ij + Ftlr)ij = (_kt5t - Ututij)tij (11)



where n and ¢ denote the normal and tangential direc-
tions, respectively. k and # are the coefficients of spring
stiffness and dashpot damping. n; and #; are the normal
and tangential of unit vector along the line of contact
pointing from particle i to particle j, J,, is the overlap in
the normal direction, 9, is the tangential displacement.

The total contact force and torque acting on particle
i is calculated by

N
F.= Z(Ffj + F} (12)
j=1
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where L' the distance of the contact point from the
center of particle i.

Gas-solid coupling

In this study, for gas-solid force, the gas pressure
gradient and the drag force caused by the velocity dif-
ference between phases are taken into accounted. The
F, expression of the force between the gas phase and
the solid phase is:
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where P,, u, are the gas-phase mean pressure and velocity,

u, the particle velocity, V, = % the particle volume, k is
the number of computational cell where particle located,
B is the inter-phase momentum exchange coefficient, it is
determined by the widely used Gidaspow drag model”,
the accuracy of the model in predicting gas-solid flow
patterns has been verified many times**~%. The expression
for f is as follows:
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where Cj, is the drag coefficient for a single particle. Re,
and d, are the particle Reynolds number and particle
diameter, respectively.

The gas-solid momentum transfer term can be expres-
sed as [, at x;, that enters the gas-phase momentum
conservation equation (2) is computed as:

N
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where K(x¥, x,) is a generic kernel with compact support
and determines the influence of the particle force at x’
on a grid node located at x,, and V) is the geometric
volume of the k" grid cell.
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SIMULATION CONDITIONS

Based on the size of the industrial blast furnace
provided by Li', a geometric model is established for
numerical simulation to study the formation process and
size characteristics of the raceway. The geometric model is
simplified as a 130 mm thick sheet with a height of 3450
mm and a length of 2500 mm. The tuyere is a cylindrical
tube, 130 mm direct, and 400 mm insertion depth. The
model structure and main sizes are shown in Fig. 1. In
the simulation, a pure granular flow simulation was con-
ducted first, piling up particles to a height of 2250 mm,
which was used as the initial state for the simulation.
The main simulation parameters are provided in Table 1.

130mm
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‘s e —

wall

@130mm

T00mm —
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2250mm

Figure 1. Simulation model and initial state: (a) Geometric
structure; (b) Initial packing height of bed

Table 1. Numerical settings and gas—solid parameters used in

simulation
Parameter Value
Particle diameter (mm) 40, 43, 45
Particle density (kg/m°) 1000
Particle number 17978, 15144, 13274
Particle friction coefficient 0.1
Particle spring constant(N/m) 1000
Restitution coefficients 0.2
Damping coefficient factor 0.5
Computational domain(mm) 2700,3450,130
Number of grid nodes(x,y,z) 57,62,2
Tuyere diameter(mm) 130
Inlet velocity(m/s) 225, 235, 245
Gas viscosity(kg/m°) 1.8x10°
Gas molecular weight(g/mol) 29
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RESULTS AND DISCUSSION

Model validation

The validation of the CFD-DEM mathematical model is
performed based on an experimental study on a lab-scale
2D packed bed in the literature®. In the simulation, the
packed bed height is set as 3500 mm, and the bed thick-
ness is set as 88 mm. The particle diameter is 40 mm.
The parameters of the simulation are shown in Table 2.

Table 2. Simulation parameters used in validation

Parameter Value
Particle diameter (mm) 40
Particle density (kg/m®) 1000
Particle number 13325
Particle friction coefficient 0.1
Particle spring constant(N/m) 1000
Restitution coefficients 0.2
Tuyere diameter(mm) 88

Inlet velocity(m/s) 232
Gas viscosity(kg/m®) 1.8x10°

Figure 2 shows the size comparison between simulation
and experimental results in the steady state raceway. It can
be observed that the size of the raceway obtained from
the simulation is very close to the experimental results. In
Wang’s experiment, the raceway exhibited a higher height
than depth characteristic. The simulation validates that
the heights and depths are similar, primarily influenced
by the initial accumulated particle height. The standard
deviation for depth is 8.5%, while for height, it is 6.2%.
Considering the object’s industrial scale, this deviation
is acceptable. Therefore, the mathematical model used
in this paper is rigorous and effective.
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Figure 2. Comparison of raceway size between simulation and
experiment

Size characteristics in the formation of raceway

The stable raceway has a relatively stable size which
can be measured. For simulation, the particle size and
position distribution images under stable conditions
are extracted many times, and clear edges are obtained
through binary processing. The maximum vertical axis
difference and horizontal axis difference of points on
the edge line are calculated as the height and depth.

The development and formation process of the ra-
ceway are illustrated in Fig. 3. The change in size of
the raceway is depicted in Fig. 4. Upon the injection
of air flow, particles located near the air vent are
blown away, and the opening of the air vent begins to

expand gradually, resulting in the formation of a sphe-
rical cavity. As shown in Fig. 4, the height and depth
of the raceway at this stage are approximately equal.
Moreover, as the air flow continues to be injected, the
raceway transforms into a narrow and elongated shape,
exemplifying a scenario where the depth surpasses the
height, as shown in Fig. 3(b). This characteristic can
be attributed to the continuous high-speed transverse
intake of air, generating a significant transverse impact
on the particles. Additionally, Fig. 4 indicates that the
horizontal expansion of the raceway occurs most rapidly
during this phase. By the 3-second mark, owing to the
compact structure of the deadman, the end of the narrow
raceway cavity rises and extends in an upward direction,
prompting the particles to commence a counterclockwise
movement within the raceway. Consequently, the height
of the raceway at this point is greater than that in (b).
At 4 seconds, the cavity shape has essentially reached
its final form, and the increase in height and depth of
the raceway area becomes relatively gradual. By the
6-second mark, a relatively stable raceway cavity with
ellipsoidal characteristics has been established, and
particles continue to move counterclockwise within it.
Notably, the strong interaction forces between particles
and the fluid led to particle detachment from the inner
surface of the raceway, thereby achieving a state of
dynamic equilibrium?®.

Distribution of force chain in the raceway

The velocity and collision force distribution of particles
in the steady-state raceway are shown in Fig. 5. The
particles at the tuyere are directly accelerated by the
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Figure 3. The development and formation process of the raceway
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Figure 4. Size change during the raceway formation

airflow, and the linear velocity reaches the maximum at
the deepest point of the cavity. This is consistent with Li’s
research. The maximum kinetic energy also makes the
cavity deepest point the most worn and broken area'.
Fig. 5(b) shows the particle angular velocity distribution.
It can be seen that most particles are doing their own
rotation in the motion of the raceway. The angular ve-
locity of particles in the lower part of the cavity is the
largest, and the range of particles affected by the cyclotron
motion is also much larger than that in the cavity. E’s
research!>?” shows that when the drag force exceeds the
gravity of particles, the interlocking mechanism between
particles will be destroyed. The increase of the rotational
kinetic energy of the particles themselves in the raceway
is also constantly reconstructing the porous structure of
the raceway nearby.

(a)

Linear velocity (m/s)

(b)
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The collision force on the particle is almost consistent
with the linear velocity distribution. The force in the
lower part of the raceway is large, but in the upper part
of the cavity is obviously small. The upper particles are
mainly supported by air flow. The collision of particles
in the lower part of the cavity has released most of the
kinetic energy, and the kinetic energy is small when
moving above the cavity.

Fig. 6 shows the force chain distribution in and around
the raceway. Fig. 6(a) shows the magnitude non-dimen-
sionalized by the average value, and (b) shows the distance
between the particles and is smaller than the diameter
since there is a small overlap. We can see the lower
part of the raceway and deeper, the deadman, subject
to the largest force. Compared with the periphery of the
raceway, the upper force of the computational domain is
relatively small. In the dynamic state, the static structure
of the upper bed layer is disrupted, resulting in a weak
pressure distribution above the raceway cavity region.
In the deadman, the particles experience compression,
resulting in a denser bed layer structure.

Sensitivity analysis on the raceway size

The sensitivity analysis of the size of the raceway is
mainly carried out for the two factors of inlet velocity
and particle size. Fig. 7 and Fig. 8 show the variation of
the raceway size from the inlet velocity and particle size,
respectively. For different conditions, the cavity always
shows that the depth is greater than the height. The
larger the particle size is, the greater the ratio of depth
to height is, and the flatter the cavity is. Inlet velocity
affects the ratio of depth to height. When the particle
size is 40 mm, the ratio of depth to height increases with
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Figure 5. Particle velocity and collision force distribution in the raceway: (a) Linear velocity; (b) Angular velocity; (c) Collision force
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the increase of inlet velocity. For 43 mm and 45 mm
particles, the depth-to-height ratio decreases with the
increase of inlet velocity. This is because the structure of
the particle layer formed by small particles is not dense
enough, and the air flow is easier to enter the depth of
the cavity. The particle layer formed by large particles
is relatively compact, and the air flow is more moving
upward. Particles with small size are more sensitive to
the height of the raceway at lower inlet velocity. At
225 m/s velocity, the height of the raceway formed by
40 mm particles is about 1.7 times higher than that of
43 mm and 45 mm. As the inlet velocity increases, the
difference in height decreases. The influence of inlet
velocity and particle size on the depth of the raceway is
relatively small. Under the velocity of 225 m/s, 235 m/s
and 245 m/s, the maximum deviation of the raceway
depth of different particle sizes is 21.7%, 11.3% and
18.9% respectively.

Figure 9 shows the three-dimensional surface diagram
of the influence of inlet velocity and particle size on the
raceway size. For height, the smaller the particle size

and the larger the inlet velocity, the higher the height
of the raceway. In the range of particle size from 45 mm
to 40 mm, the influence of particle size on the height
of raceway is always large. However, the inlet velocity
has a greater impact on the height of the raceway when
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it is from 225 m/s to 235 m/s, and the impact tends to
slow down when it is from 235 m/s to 245 m/s. For the
depth, the inlet velocity has the strongest impact on the
depth. With the increase in velocity, the depth increases
significantly. When the particle size is 43 mm, the depth
of the raceway is smaller than that of 40 mm and 45 mm.

CONCLUSIONS

The presented work focuses on thoroughly studying
the size characteristics and mechanical properties of
the industrial-scale blast furnace raceway by means of
simulation. The key conclusions from this research are
as follows:

1. Formation of the raceway begins with the depth
and height values being close to each other, eventually
resulting in the creation of an ellipsoidal cavity with
significantly greater depth than height.

2. The strength of the force chain is higher at the pe-
riphery of the raceway area compared to the upper part.
However, the maximum stress area occurs at the depth,
particularly at the deadman and lower part of the cavity.

3. Both particle size and inlet velocity exert a signi-
ficant impact on the size of the raceway. Changes in
particle size have a high sensitivity to the height of the
raceway, while the inlet velocity directly influences the
depth of the raceway.

Moving forward, the future work will involve conside-
ring the size characteristics of the industrial-scale blast
furnace raceway under thermal conditions. This analysis
will involve taking into account factors such as the oxygen
content of the inlet gas and bed temperature.
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