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The cohesive zone,where ore particles soften andmelt into liquid, plays a significant role in determining the layer
permeability and structure, hence the flow of gas and liquid in a blast furnace. In this paper, the softening
andmelting behaviour of particles, coupledwith gas flow and heat transfer, is investigated bymeans of the com-
bined approach of computational fluid dynamics (CFD) for gas phase and discrete element method (DEM) for
solid phase. In connection with the previous experimental study, wax and glass particles are used to simulate
ore and coke particles, respectively, and the particles are arranged in different alternative layers in a packed
bed to simulate the furnace operation. The effects of different variables such as layer configurations and gas prop-
erties on the softening andmelting ofwax particles are examined. It is demonstrated that the layer thickness and
position have an obvious effect on the layer deformation and permeability, and hence gas flow; improved gas
flowcan be achieved inmultiple layer operations. The approach andfindings should be useful to the establishment
of a comprehensive picture about softening and melting behaviour of particles, and their effect on blast furnace
operation.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In an ironmaking blast furnace, ferrous materials such as lump ore
and sinter experience a series of processes such as reduction, softening,
melting, and dripping to the hearth. At temperatures between softening
(~1200 K) and melting (~1400 K), the so called cohesive zone (CZ)
can be formed. CZ was firstly observed in the dissection of Higashida
No. 5 blast furnace in Japan [1]. It is generally believed that temperature
gradient and permeability in CZ change significantly, and have substan-
tial influence on the blast furnace performance. It is a challenging task to
develop a comprehensiveunderstanding of CZ. In particular, the annular
layers of ore and coke alternatively exist in the CZ [2]. Such a layered
structure of CZ plays a critical role in determining the fluid flow, tem-
perature, and concentration fields [3–6].

Numerous efforts have been made to understand the internal state
of CZ using different techniques such as dissection studies, in situ mea-
surements, physical experiments, and mathematical modelling. These
methods have their own advantages and disadvantages in investigating
CZ phenomena. For example, physical experiments can provide particle
scale information [7–11], but lack of ability in connecting microscopic
understanding of particles to the macroscopic CZ phenomenon. The

continuum approach (e.g. two-fluid model) suffers difficulties in
obtaining particle scale information, and the explicit assumption of CZ
formation has to be made. Many attempts have also been made to
treat CZ as layered structure, such as the MOGADOR model [12] and
the sequential solution procedure [4]. These simulations can predict
the CZ permeability, and provide an overall picture of blast furnace
operation. But the assumptions on CZ position and shape are required.
Recently, A discrete approach, e.g., particularly the combined approach
of computational fluid dynamics (CFD) and discrete element method
(DEM), has been demonstrated as a promising and effective model in
generating detailed particle–scale information such as interaction
forces, velocity, coordination number and local porosity, and simulta-
neously presenting the macro-characteristics of gas flow [13], which
are key to elucidating the mechanisms governing CZ phenomena.

The CFD–DEM approach coupled with heat transfer has been
established in the literature, and successfully applied to study various
particle–fluid systems such as fluidised beds [14,15], pneumatic con-
veyer [16], rotary kilns [17], and coal combustion [18]. Recently, such
an approach is used to study blast furnace CZ phenomena [19–21].
For example, by establishing the correlation between Young's modulus
and temperature, the particle softening–melting process is naturally
coupled with gas–solid heat transfer [21]. The model established
in [21] can capture the key softening–melting features of wax layer,
e.g. sharp increase and decrease of pressure drop, temperature retard
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period in wax layer, and the low layer permeability in connection
with particle deformation. More importantly, gas flow paths in the
fused wax layer can be observed, and it is closely related to the opera-
tional conditions, e.g. gas flow and bed configuration. These findings
are qualitatively consistent with experimental observations [7,22].

In connectionwith the previous study [21], the CFD–DEMestablished
and validated for the single layer softening–melting simulation is ap-
plied in this work to investigate the CZ behaviour with multiple wax
layers. A base case with two wax layers is used to discuss the soften-
ing–melting process in detail first, and followed by the examination
of effect of different variables. Finally, a case with triple wax layers is
investigated to demonstrate the effect of layer numbers on the soften-
ing–melting process.

2. Model description

The CFD–DEM approach used for particle softening and melting be-
haviour has been established in the previous study [21], which gives a
complete description of the model. For convenience and completeness,
it is briefly given below.

2.1. DEM model for solid phase

The DEM model originally proposed by Cundall and Strack [23] is
well established and documented in the literature. Generally speaking,
a particle can have two types of motion: translational and rotational.
According to Newton's second law of motion, the governing equations
for the translational and rotational motions, together with energy
governing equation, for particle i with radius Ri, mass mi and moment
of inertia Ii can be written as:

mi
dvi
dt

¼ fp f ;i þ
Xkc

j¼1
fc;i j þ fd;i j
� �

þmig ð1Þ

Ii
dωi

dt
¼
Xkc

j¼1
Mt;i j þMr;i j

� �
ð2Þ

micp;i
dTi

dt
¼
Xki
j¼1

Qi; j þ Qi; f þ Qi;rad þ Qi;wall ð3Þ

where vi andωi are the translational and angular velocities of the parti-
cle, respectively, and kc is the number of particles in interaction with
the particle. The forces involved are: particle–fluid interaction force fpf,i,
the gravitational forcemig, and inter-particle forceswhich include elastic
force fc,ij and viscous damping force fd,ij. The torques acting on particle i
by particle j include: Mt,ij generated by tangential force, Mr,ij commonly
known as the rolling friction torque. The equations to determine the par-
ticle–particle interactions forces and torques have been well document-
ed, andwidely used in the literature, as reviewedby Zhu et al. [24]. In this
work, the simplified nonlinear force model based on the Hertz–Mindlin

and Deresiewicz model is adopted due to its simplicity and intuitive-
ness. In this force model, a direct force–displacement relation for
the tangential force, and the Hertz theory for the normal force and
Coulumb friction force are used. For convenience, the force models
used are listed in Table 1.

In the energy governing equation, Q f,i is the heat flux between fluid
and particle i which locates in a computational cell, and Qf, wall is the
fluid–wall heat flux. Qi,j is the heat flux between particles i and j due
to conduction, Qi,f the heat flux by convection between particle i and
its local surrounding fluid, Qi,rad the heat flux between particle i and
its surrounding environment by radiation, Qi,wall particle–wall heat
flux. The equations to calculate the different heat fluxes above are listed
in Table 2. They are briefly discussed below.

The convective heat transfer rate between particle i and fluid is
calculated according to Q i,f = hi,conv · Ai · (Tf,i − Ti), where Ai is the
particle surface area, Tf,i is fluid temperature in a computational cell
where particle i is located, and hi,conv is the convective heat transfer
coefficient. hi,conv is associated with the Nusselt number, which is
given by equation (a) in Table 2. Note that Pr is assumed to be constant
in this work, set to 0.712 corresponding to that for air at 300 K. a= 1.2
and b = 0.5 are adopted as used in the reference [14]. Fluid–wall
convective heat transfer rate is given by equation (b) in Table 2.

Conduction between particles mainly includes (i) particle–fluid–
particle conduction heat transfer; and (ii) particle–particle conduction
heat transfer. For particle–fluid–particle conduction heat transfer,
Cheng et al. [25] formulated an equation to determine the heat flux,
given by equation (c) in Table 2. For particle–particle conduction heat
transfer, it includes two mechanisms: heat transfer through the static
contact area between particles i and j, and heat transfer due to collision.
Both heat flux can be respectively calculated by equation (d) and (e) in
Table 2. Note that c′ is the coefficient determined by a set of correlations,
and the expressions can be found in the reference [14,26].

For the radiative heat transfer, an isolated domain for each particle is
chosen to be its environment. In this specified enclosed cell, an environ-
mental temperature is assumed to represent the enclosed surface tem-
perature around such particle. Zhou et al. [14] calculated the heat flux
due to radiation using the local environmental temperature to replace
the bed temperature, and the equation is given by equation (e) in
Table 2. Note that εpi is the sphere emissivity, assumed to be 0.8 in this
work. The parameter Tlocal,i is the averaged temperature of particles
and fluid.

2.2. Fluid phase governing equations

The motion of the continuum fluid is calculated from the Navier–
Stokes and continuity equations based on local mean variables over a
computational cell, which can be written as:

∂ε f

∂t þ∇ � ε fu
� �

¼ 0 ð4Þ

Table 1
Components of forces and torque acting on particle i.

Forces and
torques

Symbols Equations

Normal elastic force fcn,ij − 4
3 E

� ffiffiffiffiffi
R�p

δ3=2n n
Normal damping force fdn,ij −cn 8mijE

� ffiffiffiffiffiffiffiffiffiffi
R�δn

p� �1=2
Vn;i j

Tangential elastic force fct,ij −μs fcn;i j
�� �� 1− 1−δt=δt;max

� �3=2� �
δ̂t δtbδt;max

� �
Tangential damping force fdt,ij ‐ct 6μsmi j fcn;i j

�� �� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− vtj j=δt;max

p
=δt;max

� �1=2
Vt;i j δtbδt;max

� �
Coulumb friction force ft,ij −μs fcn;i j

�� ��δ̂t δt≥δt;max
� �

Torque by tangential forces Mt,ij Rij × (fct,ij + fdt,ij)
Rolling friction torque Mr,ij μr;i j fn;i j

�� ��ω⌢n
t;i j

where R* is the reduced radius of the particle i and j at the contact point. 1
R� ¼ 1

Rij j þ 1
R jj j, E

� ¼ E
2 1−v2ð Þ,ω

⌢
t;i j ¼ ωt;i j

ωt;i jj j, δ̂t ¼
δt
tj j, δt;max ¼ μs

2−v
2 1−vð Þ δn, Vij= Vj− Vi+ωj× Rj−ωi× Ri, Vn,ij=(Vij ⋅

n) ⋅ n, Vt,ij = (Vij × n) × n. Note that tangential forces (fct,ij + fdt,ij) should be replaced by ft,ij when δt ≥ δt,max.
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