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Burdendistribution plays a crucial role in controlling gas flowdistribution and achieving the stability operation of
the melter gasifier in COREX. This work presents a coupled DEM-CFD study on burden formation and gas
injection of a COREX melter gasifier (MG), mainly focusing on the effects of inclination angle and shape of the
DRI-flaps. A one-eighth MG was simulated and compared with the experimental results. The burdens were
analysed in terms of particle segregation index and particle distribution index. It was observed that the particles
were unevenly distributed in the circumferential directions. This phenomenon was further enhanced with de-
creasing flap inclination angles as the burden stream becamewider andmore separatedwith decreasing inclina-
tion angle. To reduce the uneven distribution of particles, flap shapes were changed. It was observed that the
thickness of burden piles was proportional to the area of the flaps. The Arc-shape flap, with a medium size of
cross-sectional area, was able to control the uniform distribution of DRI particle and formed a uniform pressure
distribution in the circumferential direction. The study shows the importance of flaps to maintain the uniform
pressure distribution in the circumferential direction of burden beds for stable operation of the melter gasifier.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

With increasing pressure from diminishing coking coal resources
and strict environmental regulations, extensive efforts have been
undertaken to develop alternative processes for iron making to tradi-
tional blast furnace such as COREX, FINEX and HIsmelt [1,2]. Among
these technologies, COREX is regarded as a cost-effective and environ-
mentally-friendly process because of the removal of the sintering and
coking processes [3–5]. It is a two-stage process which consists of
pre-reduction in a reduction shaft (RS) and final reduction in a melter
gasifier (MG). In the pre-reduction process, lump iron ore, pellet and
some additives are fed into the RS, and the iron ore is reduced to the
so-called direct reduced iron (DRI) with a metallization degree around
80% [6]. The DRI is then continuously charged into the MG through
the DRI-flap distributors and finally reduced to molten iron.

An MG normally consists of eight DRI-flap distributors installed on
the dome to spread the DRI particles. After impacting with the flaps,
the DRI particles are distributed to the burden surface as a ring. It is
observed in practice that the DRI particles are unevenly distributed in
the circumferential direction with more DRI particles accumulated in
the region between two neighbouring flaps [7]. As the burden distribu-
tion directly affects gas flow distribution, heat transfer and reduction

reaction rate inside theMG [8–10], the unwished circumferential imbal-
ance has a negative impact to the stable operation of the MG [11,12]. So
it is necessary to understand the effects of flaps on DRI distribution in
the circumferential direction for optimal design and control of the MG.

In the past, experimental studies have been carried out to investigate
the burden distribution in the COREX process [13–16]. For example,
Chen et al. [13] experimentally investigated the effect of the DRI-flap
angle on the charging law and they observed that the burden trajectory
was concentrated with small flap inclination angles and more scattered
with large inclination angles. You et al. [15,16] built a small-scale exper-
imental model to study the burden distribution with a mixed charging
process. The effects of initial burden profile, charging pattern, burden
bed height and burden material type were investigated in terms of the
radial ore-to-coal ratio and voidage distribution.

Those experimental studies only presented the macroscopic infor-
mation about the burden distribution. It is difficult to understand the
fundamental laws of burden distribution in microscopic scale and the
gasflowdistribution. To overcome these problems, the discrete element
method (DEM) has recently been used to study the burden distribution
and gas flow distribution in blast furnace [17–25], FINEX [26] and
COREX [27–35]. Narita et al. [21] simulated the charging process at
bell-less top by the DEM model, revealing that the particles flowed
decentering in the vertical chute led to the circumferential imbalance
in the rotating chute. Kou et al. [31] studied the burden profile and dis-
tribution along radius in the upper part of the COREX shaft furnace. You
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et al. [28] investigated the effects of Gimbal distributor angle and rota-
tional speed in the COREX MG on burden profile and structure.

However, no study has been conducted to investigate the effect of
DRI-flaps on burden structure and gas flow distribution. This work
aims to obtain uniform distribution of DRI particles in the circumferen-
tial direction with uniform gas flow through combined CFD-DEM simu-
lations. In particular, the effects of DRI-flap shape and inclination angle
on DRI burden distribution and gas flowwill be studied. The findings of
this work will be useful for the control and optimization of MG
operation.

2. Model description

2.1. DEM modelling of particle charging

In the particle charging stage, the effect of air flow can be ignored. So
the discharge of DRI particles from the DRI-flap distributors was
modelled by the DEM model. In the DEM model, the governing equa-
tions for translational and rotationalmotion of a particle i can bewritten
as

mi
dvi
dt

¼
Xki
j¼1

Fcn;ij þ Fdn;ij þ Fct;ij þ Fdt;ij
� �þmig ð1Þ

Ii
dωi

dt
¼

Xki
j¼1

Tij þMij
� � ð2Þ

where mi, Ii, vi, ωi are the mass, the rotational inertia, the translational
and rotational velocities of particle i, respectively; t is the time; ki de-
notes the particle number in contact with particle i. The forces involved
are: the gravitational forcemig and the forces between particles which
include the normal contact force Fcn,ij and damping force Fdn,ij, and the
tangential contact force Fct,ij and damping force Fdt,ij. The equations of
the forces and torques used in this model are listed in Table 1.

2.2. CFD-DEM modelling of gas injection

A CFD-DEMmodel was developed to model the gas injection stage
by coupling commercial software packages EDEM® with ANSYS Flu-
ent®. In the model, the simulation of the solid particles by DEM was
at the individual particle level, while the gas flow was modelled by
CFD was at the computational cell level [29,36,37]. The continuum
fluid flow is described by the Navier-Stokes equations, given by,

∂ερ
∂t

þ ∇ � ρεuð Þ ¼ 0 ð3Þ

∂ερu
∂t

þ ∇ � ρεuuð Þ ¼ −∇pþ ∇ � με∇uð Þ þ ρεg−Fp‐ f ð4Þ

where ρ, ε, u, p and μ are the density, void fraction, velocity vector, pres-
sure and viscosity of gas phase, respectively. Fp‐f is the volumetric parti-
cle-fluid interaction force in a computational cell, given by,

Fp‐ f ¼
PN

i¼1 Fp‐ f ;i
Vcell

ð5Þ

where Fp‐f, i is the particle-fluid interaction force acting on a single par-
ticle by gas (Table 1),N and Vcell are the number of particles in a grid cell
and the volumeof a CFDmesh cell [38–40]. In thiswork, the airflowwas
assumed as a laminar flow.

3. Simulation conditions

The simulation conditions were similar to those in our previous ex-
perimental studies [7,15,16]. Three particle sizes (5, 8 and 11 mm)
were used to represent the particle size distribution. Each simulation
consisted of two stages: particle charging and gas injection. Fig. 1
shows the geometrical model of the DRI-flap distributor and the charg-
ing process in the DEM simulations. There were two inclined pipes,
inner and outer pipes, in the distributor. The flaps were installed at
the end of the outer pipe. In addition, the fixed point of the rotary axis
of flapwas about 25mm from the inner pipe outlet. The flaps controlled
the distribution of DRI particles by adjusting the their inclination angles.
The height from the end of the flap to the burden surface is 1690 mm,
which was the same as the experimental facility used in the previous
work [7]. The effect of burden bed height (similar to the height from
the end of the flap to the particle bed surface) was investigated in our
previous work [16]. The results showed that the burden bed height
had a negligible effect on the burden distribution including ore-to-coal
volume ratio, voidage and particle size segregation index. As the DRI-
flap distributors and furnace stack were symmetrical in the circumfer-
ential direction, a one-eighth furnace stack model with the periodical
boundary conditions in the circumferential direction was adopted to
reduce computational cost.

In the simulations, DRI particles were generated at the top of the
DRI-flap distributor and moved downward in the DRI-flap distributor.
In the particle charging stage, an initial bed with the thickness of
40 mmwas formed at first, then the DRI particles were charged on the
initial packed burden bed after impacting with the flap. The mass flow
rate of 0.14 kg/s (Table 2) was adopted in the current study to match
the experimental condition [7]. It is noted the particle flow rate may af-
fect the burden profiles, such as particle velocity and burden distribu-
tion. For example, the dense flow may have more contacts and
collisions between particles, which reduces the particle velocity. How-
ever, the mass flow rate of DRI particle was almost fixed in the experi-
ments and actual operations based on the melting rate. Therefore, the
mass flow rate was fixed and set as 0.14 kg/s in the simulations.

After a particle burden was formed, the charging process stopped. In
the gas injection stage, the gas (air)was injected from the bottom of the
burden bed to study the effect of burden structure on the gas flow dis-
tribution, as shown in Fig. 1. To ensure that the packed bedwas not flu-
idized, the gas velocity in the inlet was set to 1 m/s, whichwas less than
the minimum fluidized velocity of 3.8 m/s calculated from Ergun
equation.

The flaps were crucial to controlling burden distribution and gas in-
jection. Hence, two important flap-related variables, flap inclination
angle and flap shape, were investigated in this work. The inclination
angle is the angle between a flap and the vertical direction as shown
in Fig. 2(a). In practice, the charging of DRI particles in the radial direc-
tion is controlled by adjusting the flap inclination angle. In this work,
three inclination angles, 10.3°, 15.4° and 19.9°, were selected,

Table 1
Equations of forces and torques acting on particle i.

Forces and torques Symbols Equations

Normal contact force Fcn,ij −4=3E�
ffiffiffiffiffi
R�p

δ3=2n n
Normal damping force Fdn,ij −2

ffiffiffiffiffiffiffiffi
5=6

p
χ

ffiffiffiffiffiffiffiffiffiffiffiffi
m�Kn

p
vn;ij

Tangential contact force Fct,ij −8G� ffiffiffiffiffiffiffiffiffiffiffiffiffi
R�jδnj

p
δt

Tangential damping force Fdt,ij −2
ffiffiffiffiffiffiffiffi
5=6

p
χ

ffiffiffiffiffiffiffiffiffiffiffiffi
m�K t

p
vt;ij

Fluid-Particle drag force Fp-f,i βVi|u− vi|(u − vi)/(1 − ε)
Torque by tangential forces Tij R�n� ðFct;ij þ Fdt;ijÞ
Rolling friction torque Mij −μr|Fn, ij|Riωt, ij/|ωt, ij|

Where, 1/R∗ =1/Ri +1/Rj, 1/E∗ = (1− νi)2 /Ei + (1− νj)2 /Ej, 1/m∗ =1/mi +1/mj, χ ¼

lnðeÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln2ðeÞ þ π2

q
, 1/G∗ =2(2+ νi)(1− νi)/Ei +2(2+ νj)(1− νj)/Ej, δn ¼ ½ðRi þ RjÞ

−jxi−x jj�n, n= (xj − xi)/|xj − xi|, Vn;ij ¼ ðVij �nÞn, Vt;ij ¼ ðVij �nÞ � n, vij= vj − vi +ωj × Rj−ωi × Ri.
E and v are the Young's modulus and the Poisson's ratio. R and G are the radius and the
shearmodulus,while e, μs and μr denote the coefficients of restitution, the static and rolling
friction coefficients, respectively.
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