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Introduction

Approximately 10 million tons of Basic Oxygen Furnace (BOF) slag are produced
annually in Europe.! The BOF slag is conventionally disposed through
landfilling/dumping, leading to land occupation, environmental impact and waste of
material resource.? In order to solve these problems, considerable efforts to reuse
BOF slag have been made in the last decades.®> However, the application of BOF slag
is restricted by its volume expansion due to the presence of free lime.* For the
purpose of stabilising BOF slag through modifying the slag chemistry for high-added
value products, silica-rich additives/slag modifiers are injected into the molten BOF
slag with oxygen or nitrogen as carrier gas.> Therefore, the study of mixing
characteristics of additives in molten BOF slag is of significant importance for process
control and optimisation.

It is very difficult to perform lab experiments to understand the mixing behaviour of
slag modifier in a slag pot. Therefore, a modelling approach is very beneficial for a
parametric study. In the present work, the Volume of Fluids (VOF) model is used for
the gas-liquid two-phase flow and the Discrete Phase Model (DPM) is employed to
track the particle migration. In order to simplify the simulation, the volume fraction
of the solid additives is considered dilute.

The objective of this paper is to develop a 3D numerical approach to study the
migration of the solid additives, which can help industrial operators to understand
the effect of the operational factors, e.g., lance depth and gas flow rate, on the mixing
behaviour of the additives, and therefore to optimise the process.

Numerical methodology

VOF model

In the VOF model the variables and properties are shared by all phases and represent
volume-averaged values. Because of this, there is only one set of continuity and
momentum equations, which are listed as follows:
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o .
o (agpg) + V- (agpgiiy) = 0 (1)
2 (pil) + V- (ptitl) = —Vp + V- T+ pg + Fogy + Fine (2)
a=1-q (3)

where g, ag, a;, p, U, T, p, G, chf and Fint represent the gas phase, gas volume
fraction, slag volume fraction, density, velocity, stress tensor, pressure, gravity
acceleration and surface tension force, respectively. The flow turbulence is simulated
by the Large Eddy Simulation with the dynamic Smagorinsky-Lilly model.®”

DPM model

The solid additives are tracked by solving Newton’s second law. The dissolution of the
additives is not considered in this work. Hence, the interaction between the solid
particle and molten slag is physically interpreted through the momentum exchange
due to interphase forces, e.g., drag force, virtual mass force and lift force. The
mathematical expression of the particle migration is given in Equations (4) and (5).

m%=ﬁD+ﬁVM+ﬁL (4)
dx -
il (5)

where m, 7, ﬁD, ﬁVM and ﬁLindicate the particle mass, particle velocity, drag force,
virtual mass force, lift force, respectively.

Numerical setup

The simulations are performed using the commercial software package ANSYS
FLUENT 16.2. The geometrical information, operational parameters and materials
properties used in the simulation are shown in Table 1. The velocity inlet and pressure
outlet are used for the simulation. The Pressure-Implicit with Splitting of Operators
scheme (PISO)8 is adopted for the solution of the velocity-pressure coupling equation.
The PREssure STaggering Option (PRESTO!) and second order upwind are used as the
spatial discretisation scheme for the pressure and momentum equations,
respectively. In this study, the convergence criterion is 1 x 10®. The time step is
1x10%s.
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Table 1: Geometrical dimensions, operational parameters and material properties

Top diameter of the slag pot, m 3.36
Bottom diameter of the slag pot, m 2.39
Height of the slag pot, m 3.558
Lance diameter, m 0.04
Height of slag level, m 3.0
Submerged depth of lance L, m 0.3,1.0
Gas flow rate Q, Nm3/h 100, 170
Pressure, kPa 300
Density of slag, kg/m3 3000
Viscosity of slag, kg:m™-s 0.1
Density of gas, kg/m3 0.574
Viscosity of gas, kg:m™-s* 5.87 x 10
Interfacial tension of slag/air, N/m 0.55
Solid additive size, m 0.002

Results and discussion

Figure 1 shows that the particle migration varies with the lance depth in slag pot. At
time = 50 s, the mixing zone at the lance depth of 1.0 m (Figure 1b) is much larger
than that at the lance depth of 0.3 m (Figure 1a), as indicated by the particles
occupied region (red colour). Clearly, there is almost no dead zone when the lance
depthis 1.0 m, while a large dead zone exists at the bottom of the slag pot when the
lance depthis 0.3 m. Apparently, increasing lance depth can increase the mixing zone,
leading to a better mixing of the slag modifier.

Particle distribution in slag pot as a function of the gas flowrate is shown in Figure 2.
Increasing the gas flowrate enlarges the mixing zone. This is because the initial kinetic
energy of the injected particle is increased as gas flowrate increases. Therefore, a
larger gas flowrate is needed for a better additives mixing.

Figure 1: Particle distribution at (a) L=0.3 m  Figure 2: Particle distribution at (a) Q =
and (b) L=1.0mat50s(Q=170 Nm3/h) (X- 100 Nm3/h and (b) Q =170 Nm3/h at 50 s (L
Z median plane of a 3D model) = 1.0 m) (X-Z median plane of a 3D model)
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The mixing zone under different operational conditions can be easily inspected by the
particle distribution. However, it is difficult for this method to obtain a quantification
of the mixing time, because the present method does not take the additive
dissolution into account and therefore species diffusion is not considered.
Nonetheless, a semi-quantitative mixing time can be obtained, and the mixing time
of the above cases is listed in Table 2. The mixing time of Case |l is approximately 50 s,
decreasing by 76.2% compared to 210 s of Case |. The mixing time of Case lll, 140 s,
is around 2.8 times larger than that of Case Il. Therefore, increasing the lance depth
and the gas flow rate can significantly reduce the mixing time.

Table 2: Mixing time under different operational conditions

Case Mixing time, s

I:L=0.3m, Q=170 Nm3/h 210

I:L=1.0m, Q=170 Nm3/h 50

M:L=1.0m, Q=100 Nm3/h 140
Conclusions

Three-dimensional VOF+DPM numerical simulations have been performed to study
the mixing behaviour of the solid particles in molten BOF slag. The model is able to
track the additives migration. The numerical results suggest that increasing lance
depth and gas flowrate can significantly improve mixing of the solid additives in the
slag pot. Further simulations are needed to optimise the operational conditions for a
better mixing.
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