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Numerical Investigation of the Radial Ore-to-Coke Ratio
in the Blast Furnace Throat during Nonuniform Burden
Descent

Han Wei,* Debanga Nandan Mondal, Henrik Saxén, and Yaowei Yu

1. Introduction

The blast furnace (BF) is one of the largest industrial reactors in
the world, with inner volumes exceeding 5000m3. The BF bur-
den, mainly iron-bearing material (sinter, pellets) and coke, is

charged alternately in layers by the top
charging system. Reducing gas generated
in the lower part of the BF as a result of
reactions between the coke, injected coal,
and the preheated combustion air (blast)
ascends and meets the descending bed,
which is heated, reduced, and finally
melted. Therefore, the BF is a comprehen-
sive multiphase (gas–solid–liquid) system
with heat and mass transfer and chemical
reactions.[1]

The gravity-induced descent of the bur-
den is caused by the shrinking, softening,
and final melting of the ore particles in the
cohesive zone and the gasification and
combustion of coke in the lower region
of the BF. As this descent is influenced
by heat and mass transfer between the
ascending gas and the descending burden,
and the gas distribution is affected by the
burden distribution, the phenomena are
strongly coupled and the system is

extremely complex. The interaction of the burden and gas can
be affected by the top adjustment, by which the initial distribu-
tions of the charged raw materials can be influenced in the BF.
The burden distribution is today usually controlled by bell-less
charging systems.[2] Based on the above facts, it is clear that infor-
mation about how the burden is distributed at charging and dur-
ing burden descent is useful for designing operation and control
strategies and for troubleshooting in the daily operation.

The radial distribution of ore and coke is a key issue for con-
trolling the gas flow distribution because the gas permeability of
a coke layer is considerably higher than that of an ore layer.
Mixed layers, which mainly occur at the interfaces of coke
and ore, have been found to show lower voidage than the
individual layers, preventing gas flow and delaying heating of
the burden.[3] The ore-to-coke distribution also strongly affects
the thermal conditions because the heat capacity of ore is about
4 times higher than that of coke, which means that a larger share
of ore yields slower heating during burden descent. The ascend-
ing gas is, correspondingly, cooled more. Finally, as coke is the
only solid phase that exists below the melting line (of the ores),
the coke layers will act as gas distributors in the cohesive zone
between the impermeable softening and melting ore layers,
which also affects the conditions in the dry (“lumpy”) zone.

Many researchers have investigated the radial distribution of
the ore-to-coke ratio by different methods, such as probe
measurement,[4,5] theoretical analysis,[6–10] and numerical
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The burden descent in the blast furnace throat affects the radial ore-to-coke ratio,
which is directly related to the gas distribution and chemical reactions in the
furnace. Herein, the layer structure and the radial ore-to-coke ratio of the burden
bed under uniform and nonuniform burden descent are studied numerically by
the discrete element method. Two kinds of nonuniform descent are considered,
where the descent rate in the furnace center is greater than the descent rate at the
wall or vice versa. The descent is realized by deleting particles in virtual boxes of
different sizes at the lower end of the simulated domain. The results show that
the ore-to-coke ratio decreases where the descent rate is low and increases where
the descent rate is high. For a burden profile of the “platformþ hopper” type, a
faster burden descent in the center has a much stronger influence on the radial
ore-to-coke ratio distribution than the case with faster descent at the wall. The
size difference between the ore and coke particles and the charging matrix are
also found to play a role in the influence of the burden descent on the distribution
of the ore-to-coke ratio.
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simulation.[1,11] As the reducing gas generated in the raceways
ascends and encounters the descending layered burden, a non-
uniform radial burden distribution also leads to a nonuniform
gas distribution in the BF shaft. Using a 3D semicircular warm
model of the BF, Morimasa et al.[6] confirmed that the ore-to-coke
ratio largely influences the burden descent rate and gas flow.
Furthermore, the cohesive zone shape and liquid flux entering
the hearth showed a strong dependence on the ore-to-coke
ratio.[8] Li et al.[12] carried out a numerical study of the burden
distribution in the top of the shaft with a focus on in-furnace
flows as well as heat and mass transfer, and showed that a uni-
form ore-to-coke distribution presented the highest process effi-
ciency, but a sharp pressure drop across the cohesive zone.

The above research mainly concerned the burden distribution
in a static bed. In reality, the burden bed continuously descends
and the burden distribution may change due to the effects of
shaft angle that increases the shaft cross-sectional area[11] and
the burden “consumption” due to softening, melting, and
gasification. In order to predict the radial ore-to-coke ratio more
accurately, both the charging and descending processes should
be considered.

Some experimental studies on the gas–solid flow have indi-
cated that there is a plug flow zone in the top part of furnace,
where the particles descend uniformly.[9,13,14] However, the bur-
den descent sometimes becomes erratic due to, e.g., the forma-
tion of accretions[15] caused by the solid material adhering to the
wall, which in extreme cases may lead to hangings and slips.[14]

Such abnormal conditions influence the distribution of the
burden descent at the top. For instance, Zhou et al.[14] studied
the effects of nonuniform coke combustion in raceways by con-
trolling particles discharge from the outlet, and found a resulting
nonuniform burden descent and the flow patterns also signifi-
cantly changed.

In summary, the surface descent rate is affected by the
internal state of the whole burden. In spite of the fact that many
investigators have observed or approximated the decent to be
radially uniform,[9,13,14,16] measurements in actual BFs have
indicated the opposite, e.g., that the burden descent rate near
the furnace wall may be up to 50% higher than in the center
of the furnace.[17] Cold BF model experiments[18] have also dem-
onstrated that the burden particles near the burden surface at
the furnace top do not descend uniformly for different radial
coordinates. Using a stock level probe and theoretical analysis,
Kiichi et al.[5] studied the change of layer thickness for different
descent rates, V c > Vw and V c < Vw, where V c and Vw repre-
sent the central and peripheral descent rate, respectively, and
found that the layer thicknesses of the charged ore and coke var-
ied with the burden descent rate. The influence of different
descent rates on the radial ore-to-coke ratio was also studied
by Fu et al.,[9] who found that the ore-to-coke ratio decreases
in regions with slow descent and increases in regions of high
descent. A nonuniform burden descent was also modeled by
Li et al.[19]

In spite of the fact that a number of efforts have been made to
measuring or modeling the burden distribution in the BF, it is
still difficult to obtain reliable estimates of the realized burden
distribution in operating BFs. Dissection of BFs has provided
interesting information about the layered structure of
the burden,[20] but is associated with extremely high costs.

Experimental studies, despite undertaken in small or pilot
scale,[21,22] are laborious and the feasibility of scale-up from
the experimental level to industrial scale is not straightforward.
Mathematical modeling is therefore a plausible alternative for
investigations of the burden distribution in BFs. Many mathe-
matical models have been established.[9,23–26] However, simpli-
fied or continuum models cannot be applied to study complex
behavior such as coke collapse, particle segregation, and perme-
ation, which are phenomena on the particle scale. With the devel-
opment of software and computing power, numerical simulation
methods that consider individual particles have become a choice
for many researchers. In particular, the discrete element method
(DEM)[27] makes it possible to study complex particulate flow
problems. The method has today already been widely used to
study local or global particulate and multiphase flows in the
BF under different conditions. The development and application
of simulation methods in the ironmaking BF have been summa-
rized by many researchers.[28–30]

The present article applies DEM to study the radial ore-to-coke
ratio of multilayer burden beds under uniform and nonuniform
burden descent in the BF throat. In order to reduce the calcula-
tion time, a sector of a small BF throat with a radius of 2 m with a
bell-type charging system was considered. The effect of burden
descent and some other factors, such as particle size ratio and
the charging matrix, on the radial ore-to-coke ratio were also
investigated. Finally, some conclusions concerning the system
studied are drawn and possible lines of future research are
proposed.

2. Methodology

2.1. DEM

The DEM is a popular numerical method by which systems with
granular flow can be studied. DEM was first proposed by Cundall
and Strack[27] and the method has recently attracted a lot of atten-
tion along with the developments in computer hardware and soft-
ware. In the method, the mutual interaction between particles
and between particles and boundaries is considered. The force
acting on each particle is modeled and calculated at each discrete
time step. The position of the particle is updated by Newton’s law
of motion. In this work, the open source software LIGGGHTS
was used with the Hertz–Mindlin no-slip contact model.[31,32]

The governing equations for the motion of a particle (index i)
with mass mi and moment of inertia Ii in contact with N other
particles (index j) can be written as

mi
dui
dt

¼
XN

j¼1

ðFc,ij þ Fd,ijÞ þmig (1)

Ii
dωi

dt
¼

XN

j¼1

ðMk
r þMd

r Þ (2)

where ui and ωi are the translational and angular velocities of the
particle. Fc,ij, Fd,ij,Mk

r , and Md
r are the elastic contact force,

damping force, torques of tangential force, and rolling friction
force, respectively. For the alternative elastic–plastic spring-dash-
pot (EPSD2) model that was used in this study, the viscous

www.advancedsciencenews.com
l

www.steel-research.de

steel research int. 2023, 94, 2200290 2200290 (2 of 11) © 2022 The Authors. Steel Research International published by Wiley-VCH GmbH

 1869344x, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/srin.202200290 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [28/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.steel-research.de


damping torqueMd
r was disabled. The friction force is expressed

with a Coulomb-type friction law, which defines that the damp-
ing force, Fd,ij, of a particle should be no more than the contact
force, Fc,ij, multiplied by the coefficient of static friction, μs, yield-
ing the inequality in Equation (3). More details of the DEM equa-
tions are presented in the literature.[33–35]

Fd,ij ≤ μsFc,ij (3)

2.2. System Studied

The geometry of the model used in this work is shown in
Figure 1. It consists of a rotating chute, a BF throat, and a mov-
able bottom plate. To reduce the calculation time, a 60° (¼θ) sec-
tion of the throat with a radius of 2 m is used which decreases the
number of particles considerably: by comparing the results to
measurements, Liu et al.[36] demonstrated that a sector model
using DEM was able to predict the burden surface profiles accu-
rately. The bottom plate in the present model can move along the
vertical direction to let the burden layers descend after being dis-
tributed in the throat. In the computational experiments, alter-
nate coke and pellet layers are charged into the throat by the
rotating chute. Table 1 shows the DEM parameters of pellets,

coke as well as the wall, which were taken from the literature[37,38]

and earlier measurement work by the present authors.[39]

To model the actual BF charging process, a burden charging–
descending–deleting process was considered, where the effect of
gas flow was neglected. Pellet or coke particles were randomly
generated at the top cylinder of the chute and then distributed
into the throat by the rotating chute (with a speed of 8 rpm).
The particle size and number of pellet and coke generated for
charging are reported in Table 2. The coke size was kept moder-
ate because this serves to limit the pellet percolation. By this mea-
sure, we avoided a need for thicker layer, which would have
increased the number of particles in the system. It is worth not-
ing that fewer particles than the reported numbers form the
layers because only part of the particles from the rotating chute
distribute into the domain considered. The generation rate of the
particles was set such that a layer of sufficient thickness for the
purpose of the study formed in the bed, still limiting the particle
number to avoid a prohibitive calculation time. In the simula-
tions presented in the article, forming a bed in quasistationary
state requires 1–2 weeks of computation time. The original stock-
line (i.e., distance between the burden surface and the lower edge
of the distribution device) was 1.25m. The charging program
selected shows resemblance with programs applied in industrial
BFs, using a charging matrix with the chute angles 45°, 43°, 40°,
37°, and 34° for pellets and 45°, 43°, 40°, 37°, 34°, and 20° for coke,
where the reported values express the angle between the chute
and the rotational axis. One ring of particles is charged for each
angle. Thus, the charging starts with rings close to the wall and
progresses toward the center, where the final coke ring (at 20°
chute angle) distributes to reach the very center of the throat.

A schematic of the simulation process is presented in
Figure 2, which can be divided into three main steps. The first
step is charging a larger amount of coke on the horizontal plane
to form an inclined bottom layer as a base, with an angle of about

Figure 1. Geometry of the system used in the simulations.

Table 1. Parameters used in DEM simulation. p–p, p–c, p–w, c–c, and c–w
represent the coefficients between pellet and pellet, pellet and coke, pellet
and wall, coke and coke, and coke and wall.

Parameters Pellet Coke

Time step [s] 1� 10�5

Density [kg m�3] 4837 1050

Poisson’s ratio 0.24 0.22

Young’s modulus [Pa] 1.3� 109 5.4� 108

Coefficient of static friction (p–p, p–c, p–w, c–c, c–w) 0.4. 0.2, 0.2, 0.3, 0.3

Coefficient of rolling friction (p–p, p–c, p–w, c–c, c–w) 0.2, 0.1, 0.2, 0.25, 0.2

Coefficient of restitution (p–p, p–c, p–w, c–c, c–w) 0.4, 0.3, 0.35, 0.39, 0.3

Table 2. Size and number of pellet and coke particles used in this
simulation.

Burden type Diameter [mm] Particle number

Pellet 11 2.2� 105

Small coke 25 2.7� 104

Large coke 40 1.1� 104
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30°, forming a starting point for the alternating layers to be
charged. In order to realize a nonuniform burden descent, it
is necessary to have a sufficient thickness of the original burden
bed. Therefore, the second step creates an initial layered burden,
obtained by alternate charging and descent of the bed. To keep a
constant stockline level at the moment when charging is trig-
gered, the bottom plate was lowered after charging the last ring
of each layer. The descent of the movable bottom plate
(cf., Figure 1) leads to a downward motion of the burden bed,
and this process is repeated until a layered initial bed of a suffi-
cient thickness is formed, as seen in subpanel 3 of Figure 2.
The cross section of these base layers (four pellet layers and four
coke layers) in a simulation can be seen in Figure 3. The burden

surface can be characterized as “platform þ hopper,” which is a
shape encountered in many industrial BFs. After forming the
base burden layers, the third step consists of alternate charging
and deleting of burden. After charging, the particles contained in
virtual boxes at the bottom of the domain are deleted to realize a
burden descent in a more realistic way.

The burden discharging (deleting) was started when the final
dump of one charged burden layer was finished, and the
charging–discharging process was then repeated. Totally eight
new layers—four pellet layers and four coke layers—were charged
on the base burden layers. The total time of charging and dis-
charging one pellet layer is 21.25 s, which is 4 s less than that
of one coke layer due to the central coke charging. The total thick-
ness (height) of the virtual boxes should meet the requirements of
keeping the height of the stockline unchanged at the moments
when the charging of a new layer starts. Nonuniform burden
descent can be realized by deleting particles in three virtual boxes
(V1, V2, and V3) with different radial extent, as shown schemati-
cally in Figure 4. In this simulation, a faster burden descent
locally was achieved by deleting more particles in the area.
Three kinds of burden descent were studied in this work, i.e.,
faster central descent (V c > Vw), uniform descent (V c ¼ Vw),
and faster peripheral descent (Vc < Vw). A schematic of the
virtual boxes for nonuniform descent is shown in Figure 5.
The lengths of the three boxes along the radial direction from
the smallest to the largest are 0.8, 1.2, and 2.0m. It should be
noted that the box heights applied for the cases of nonuniform
descent are different (Δzc 6¼ Δzw) in order to delete equal vol-
umes for both cases. Here Δzc and Δzw represent the heights
of the virtual boxes in the center and at the wall, which are also
different for sinter and coke (cf., Table 3). The alternating charg-
ing and deletion processes were repeated a sufficient number
of times until the bed reached a quasistationary state
(cf., Subsection 3.4). The height of the burden bed was kept con-
stant (at approximately 1.5m) to represent a fixed stock level. For
the faster center descent (V c > Vw), the rate in the center is 90%

Figure 3. a) Charging process and b) cross section of the base burden
layers. Red color represents coke and blue represents pellet.

Figure 4. 2D sketch diagram of nonuniform burden descent. Subpanels a,c,e) show the burden deleting process and b,d,f ) show the burden descent.

Figure 2. Schematic of the simulation process, including burden charging, deleting, and descent.
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faster than the mean descent and about 40% slower than the
mean at the wall. For the faster peripheral descent (V c < Vw),
in turn, the rate is 16% slower in the center and 80% faster at
the wall. The reason for studying such large differences was that
they make it easier to see the effects despite the randomness that
is always involved in studying particulate flow by DEM and the
limited domain considered to make the computation time
feasible.

As we study the effect of the burden descent on the radial
ore-to-coke ratio in the BF throat, the burden bed was divided
into ten “virtual boxes” of equal width (0.2 m) in the radial direc-
tion. The height of each box was chosen to include all the par-
ticles in, but not the void above the bed, as indicated in Figure 3b.
The ore-to-coke ratio was calculated by determining the number
of coke and pellet particles in each box under the condition that
the central point of particles included should fall within the box.
It should be pointed out that the sector-like domain studied leads
to quite few particles near the shaft centerline, so the results for
the first box were disregarded. Except the disregarded part, the
width of the sector model was sufficient to exceed 10 times the
diameter of largest coke particle, which was deemed enough to

suppress strong wall effects. Another fact worth noting is that the
simulated descent rate is much bigger than in the practical sys-
tem, which was a necessary to make it possible to undertake the
study without prohibitive computational efforts. Spherical par-
ticles with adjusted coefficients of rolling friction to consider
the effect of the true particle shape are used to represent pellets
and coke. The use of spherical particles serves to limit the com-
putation time of the simulations.[40,41]

3. Results and Discussion

3.1. Nonuniform Burden Descent

Vertical cross sections of the simulated burden bed for uniform
and nonuniform burden descent are shown in Figure 6 for the
cases where the beds have reached a stable quasistationary state
with the charging program. During the charging–descending
process, eight layers were charged. The different radial distribu-
tions of the burden descent rate are seen to yield fundamentally
different shapes of the layers. For uniform burden descent
(Figure 6b), the burden surface close to the BF wall is flatter than
close to the center. For the cases of nonuniform burden descent,
the shapes of the layers change considerably from the top to the
bottom of the system.

Figure 7 shows the transient velocity magnitude distribution
of the cross section where the beds have reached a stable quasis-
tationary state with the charging programwhen the burden in the
virtual boxes is deleted nonuniformly. For the two kinds of non-
uniform burden descent, the instantaneous velocity when the

Figure 6. Cross sections of the burden bed in the BF throat for uniform and nonuniform burden descent: a) Vc > Vw, b) Vc ¼ Vw, and c) Vc < Vw.

Table 3. The height of the virtual boxes in the center and at the wall when
charging pellet and coke.

Particle type Δzc [cm] Δzw [cm]

Pellet 8 6

Coke 5 4

Figure 5. 2D front and top views of the virtual boxes used for nonuniform burden descent, for a) Vc > Vw and b) Vc < Vw. The variables Δzc and Δzw
represent the height of the virtual boxes in the center and at the wall.
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burden starts to descend is about 0.6m s�1. The figure shows the
velocity of the burden moments after deleting the particles in the
bottom box that spans the whole shaft cross section (subfigures
numbered 1 and 2), the middle box (subfigures 3 and 4), and the
top box (subfigures 5 and 6) for the case where the descent rate of
center is larger in the center (Figure 7a) or larger at the wall
(Figure 7b). As the particles in the virtual boxes are deleted,
the closest overlying particles of the bed first collapse and rapidly
descend and the effect is then propagating upward.
The effect also propagates radially, making the whole bed

descend. As the time between the deletions of the particles in
the virtual boxes is short, the overall effect is a nonuniform
descent of the whole bed.

The change of the discharge rate can be realized by changing
the volume of the deleting virtual boxes. Obviously, the larger the
volume, the higher is the discharge rate. Figure 8 shows the
radial ore-to-coke ratio for cases with different discharge rate.
The volume difference of the virtual boxes was 0.05m3, which
was realized by increasing the length of the top two virtual boxes
(cf., inset in Figure 8). It can be seen that the ore-to-coke ratio

Figure 7. Velocity distribution of particles for nonuniform burden descent at times after deleting particles in the virtual boxes. a) Vc > Vw; b) Vc < Vw.
Subfigures 1, 3, and 5 in the top rows show the velocity distribution when the deletion of burden starts in the virtual boxes, while subfigures 2, 4, and 6
show the velocity distribution 0.05 s later when the whole burden descends.
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increases somewhat with the discharge rate, and that the change
is more notable in the middle of the bed, where the change was
implemented. The likely reason is that more ore will permeate
into the void between the large coke particles (because of their
smaller size and larger density) when the discharge rate
increases. Still, the descent rate does not change the overall
appearance of the ore-to-coke distribution, so the effect must
be deemed minor.

The radial mass-based ore-to-coke ratio of the burden bed in
the throat for uniform and nonuniform burden descent is
shown in Figure 9, where the dashed line represents the overall
ore-to-coke ratio based on all particles in the bed. For this specific

charging matrix, the maximum of the ore-to-coke ratio occurs
roughly halfway between the furnace center and wall, and the
maximum point is seen to be shifted toward the point where
the descent rate is higher. At the center and the wall, the ratio
is relatively small, and the ratio decreases at the points where
the descent rate is low and increases where it is high. This effect
is more clearly seen for the case withVc > Vw. Fu et al.[9]

explained this by the fact that the angle of repose is smaller
for ore than coke, causing more ore particles to be spread from
the impact point. In fact, both coke and ore particles will slide or
roll along the increased slope caused by nonuniform burden
descent, simultaneously leading to more percolation of ore (with
smaller size) into the voidage between large coke particles, which
serves to increase the ore-to-coke ratio. This was also noted in the
small-scale experiments and DEM simulations by Yu et al.[42] in
an expanding bed.

3.2. Particle Size Ratio

The results of Subsection 3.1 indicated that the percolation of the
smaller ore particles explains part of the influence of the nonuni-
form burden descent on the radial ore-to-coke ratio distribution.
To further study this effect, a burden bed with larger coke size
(40mm instead of 25mm) was simulated using the same charg-
ing matrix. However, the volume of the layer with large coke was
selected to be about 50% larger than for the small coke to guar-
antee a sufficient layer thickness for the former. This reduces the
overall ore-to-coke ratio from 6.2 to 4.2. In order to facilitate a
comparison between the results despite this change, the
ore-to-coke ratio was normalized by

S ¼
�
O
C

�
i �

�
O
C

�
tot�

O
C

�
tot

¼
�
O
C

�
i�

O
C

�
tot

� 1 (4)

where S is the normalized ore-to-coke ratio, O
C

� �
i is the radical

ore-to-coke ratio at a point i on the radius, and O
C

� �
tot is the overall

ore-to-coke ratio.
When the size ratio, α ¼ dp=dc (diameter of the pellet/

diameter of the coke), decreases, more of the (smaller) ore par-
ticles will permeate into the void between the coke particles.
Figure 10 shows the normalized radial ore-to-coke ratio for small
(α¼ 0.44) and large (α¼ 0.275) coke for beds with uniform and
nonuniform burden descent. It can be seen that the overall trend
of the normalized ore-to-coke ratio is similar for the two coke
sizes. Compared with the small coke, the large coke increases
the ore-to-coke ratio near the center and decreases it near the
wall. The tendency of a higher ore-to-coke ratio in regions of
slower decent is still noted in Figure 11, which shows the radial
ore-to-coke ratio for beds with the larger coke, but not as marked
as for the bed with small coke (cf., Figure 9). A reason for this
may be that when the size difference of the ore and coke is large,
the permeation of small particles reaches “saturation” at an early
stage forming a compact bed structure, which is less affected by
the slope of the layers.

Figure 8. Radial (mass-based) ore-to-coke ratio of the burden bed for
Vc > Vw at two different discharge rates. The inset figure shows the dif-
ference of the virtual boxes where particles are deleted.

Figure 9. Radial ore-to-coke ratio of the burden bed with uniform and non-
uniform burden descent. The overall ore-to-coke ratio is indicated by a
horizontal dashed line.
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3.3. No Center Coke

A final set of numerical experiments was undertaken with a
charging program that omitted the center coke ring charged at
a chute angle of 20° in the base program (cf., Subsection 2.2).
The total mass of coke was reduced correspondingly to keep
the other coke rings unaffected, which increased to overall
ore-to-coke ratio to about 5. Figure 12 depicts vertical cross sec-
tions of the burden layers for nonuniform burden descent with
(Figure 12a) and without (Figure 12b) center coke. The burden
profile is seen to become more inclined for the case with
Vc > Vw, whereas for V c < Vw, the center-coke charging has
much less effect on the burden profile.

Figure 13 shows a comparison of the normalized radial ore-to-
coke ratio of the bed with (solid lines) and without (dashed lines)
center-coke charging for the two cases of nonuniform descent.
Compared with the results for center-coke charging, the bed
created without center coke has, as expected, a clearly higher
ore-to-coke ratio for r

R < 0.4. For r
R > 0.5, the bed created without

center coke has a lower ore-to-coke ratio because the declination
of the burden surface (in the funnel part) promotes pellet
sliding/rolling shifting to the center, which reduces the share

of ore in the outer parts of the bed (cf., Figure 12b). This shifting
of the pellets gives rise to a quite dramatic change on the ore-to-
coke ratio at r

R ¼ 0.4� 0.5 for charging without center coke. Still,
the general effect of the burden descent on the ore-to-coke dis-
tribution is the same for the two charging programs.

3.4. Dynamics of Layered Bed

To keep a constant stockline, the burden bed was descended with
the particle removing from the virtual boxes before a new mate-
rial dump was charged and the process was repeated to create a
bed of layers. The white triangles in Figure 14 follow the descent
of one burden layer from top to bottom for beds consisting of
four, six, and eight layers charged on the base bed (cf.,
Figure 2) under nonuniform burden descent. The two top
subpanel sets show the burden bed with small-size coke for

Figure 11. Radial distribution of ore-to-coke ratio of burden with large
coke (40mm) for uniform and nonuniform burden descent.

Figure 12. Vertical cross sections of the burden bed for nonuniform bur-
den descent a) with and b) without center-coke charging. Left: Vc > Vw,
right: Vc < Vw.

Figure 10. Comparison of the normalized radial ore-to-coke ratio for beds of small (left cross sections) and large (right cross sections) coke: a) Vc > Vw,
b) Vc ¼ Vw, and c) Vc < Vw.
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(a) V c > Vw and (b) V c < Vw, while subpanel (c) shows the
results for V c < Vw of a bed with large coke. Quite naturally,
the nonuniform burden descent deforms the topmost layer very
little, while a stronger deformation is observed below this point.

After charging more than six layers on the base bed, the
changes in the bed structure are small, which was a motivation
for studying bed charged with eight layers in the simulations pre-
sented in this article. Another observation that can be made is
that even though the radial distribution of the ore-to-coke ratio
was found to be affected by the particle size ratio, the general
layer structure of the bed remains largely unchanged, as seen
by comparing Figure 14b with Figure 14c.

Figure 15 shows the change of the radial ore-to-coke ratio dis-
tribution during burden descent for the same cases as studied in
Figure 14. Charging only four layers overestimates the share of
ore in the intermediate part of the radius (r=R � 0.5). Including
more layers in the analysis stabilizes the results: the curves for
the six- and eight-layer beds are almost identical. Thus, one may
conclude that beds formed by six layers or more (charged on the

Figure 14. Vertical cross sections of the burden bed during descent for different descent-rate distribution and coke size, showing the state after charging
four (left), six (middle), and eight (right subpanels) layers on the base layer (cf., Figure 2). The two top figure rows shows beds with small coke for
a) Vc > Vw and b) Vc < Vw, while c) shows a bed for large coke and Vc < Vw.

Figure 13. Normalized radial ore-to-coke ratio for bed of nonuniform
descent with or without center-coke charging.
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base layer) represent the quasistationary state of the bed, irre-
spective of the type of burden descent. A likely reason is that
the base burden layers (cf., Figure 3b) are formed uniformly.
When the new layers are charged on the base bed under nonuni-
form burden descent, the burden layers start to incline to the
direction where the descent rate is high, but when only four
layers have been charged on the base bed, the burden bed is still
relatively uniform (cf., Figure 14). Charging more layers will
remove the dependence of the results on the initial state.

4. Conclusions

The conditions of the alternating layers of ore and coke in the
upper part of the BF were studied computationally by the
DEM. The system simulated is the top of a small BF with a charg-
ing device and a 60° sector model of the furnace throat. The study
mainly focused on the role of the burden descent on the radial
distribution of the ore-to-coke ratio, but some other factors were
also considered. Initial burden layers were first charged and low-
ered uniformly by moving a bottom plate, followed by a more
realistic description of the descent by a controlled removal of par-
ticles in virtual boxes in the lower end of the domain. After charg-
ing a sufficient number of alternating layers of ore and coke to
reach a quasistationary state under uniform or nonuniform bur-
den descent, the burden profile and radial ore-to-coke ratio of the
bed were determined. Three burden descent patterns were stud-
ied, with higher descent rate in the center (V c > Vw), uniform
descent rate (V c ¼ Vw), or higher descent rate at the wall
(Vc < Vw). The effects of the size ratio of ore and coke, and
the application of center coke in the charging matrix were also
studied.

The basic findings of the investigation can be summarized as
follows: 1) A nonuniform burden descent gives rise to layers that
will be gradually deformed during their descent, but the upper-
most layer pair is only slightly affected for a charging matrix with
a center-coke dump. 2) The overall trend observed is that the
ore-to-coke ratio decreases where the descent rate is low and
increases where it is high. 3) For a program without center coke,
the rolling/sliding of the ore toward the center is considerable
and increases the ore-to-coke ratio in the central part. The effect
is stronger for the case of a high burden descent rate in the cen-
ter. The center shifting of (primarily) ore leads to a decreased
ore-to-coke ratio in the peripheral parts of the bed. 4) When

the size ratio of ore and coke decreases, the increased permeation
of the ore leads to a more uniform radial distribution of the ore-to-
coke ratio, with less radial shifting of the burden after charging.

The work reported in the article has yielded deeper insight into
the effect of burden descent on the layered burden in the BF
throat. The findings are expected to be helpful for the design
of charging programs under different states of operation of
the furnace, and also for a more accurate interpretation of signals
from profile meters. The results may also be used to make more
accurate assumptions concerning the behavior of the burden in
mathematical models that disregard themotion of individual par-
ticles. However, as the simulations undertaken in the present
work were limited to the top region of the throat of a small
BF, future work should address the problem in larger scale,
extending the domain to the part where the shaft diameter
increases. This will give a more realistic view of the true
conditions. Furthermore, different charging programs should
be studied, possibly also relating the burden descent rate to
the local ore-to-coke ratio. An experimental verification of the
findings would also strengthen the conclusions.

Acknowledgements
The authors acknowledge financial support from China Scholarship
Council. The discrete element method simulations and analysis were con-
ducted using LIGGGHTS 3.5.0 open source. The work and the criticism
provide by the reviewers are also gratefully acknowledged.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Keywords
blast furnace, discrete element method simulation, nonuniform burden
descent, ore-to-coke ratio

Figure 15. Radial distribution of the ore-to-coke ratio of a bed charges with an increasing number of layers (on the base layer), with small coke for
a) Vc > Vw and b) Vc < Vw, and c) large coke for Vc < Vw (cf., Figure 13).
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