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Simulation of Ladle Degassing in Steel Making Process M. Al-Harbi

Abstract

A multi-phase-species (steel/gas/slag and dissolved elements such as, Al, O, and S)
mathematical model based on the fundamental transport equations has been developed.
This model was used to study the refining of steel in a ladle, in particular
desulphurisation. In this approach, a Computational Fluid Dynamics (CFD) analysis was
used to predict the flow pattern of the gas-stirred ladle system. The thermodynamic
analysis package MTDATA from the National Physical Laboratory (NPL) was linked to
the CFD model to predict the mass transaction at the steel/slag interface during the
refining process. A successful linkage between the Fluent (CFD) package and the
MTDATA thermodynamics package has been achieved using a Visual Basic 6.0
environment. The predictions have been compared to data from the literature and a good
agreement has been found.

In this present work, the capability of the model to predict the desulphurisation rate under
various operational conditions has been demonstrated. The slag viscosity has been
predicted using the NPL slag viscosity model and this has been successfully implemented.
Therefore, it is possible to study the influence of the slag system composition variation
during the refining process. Also, it will be possible to extend the present model to study
other types of steelmaking processes involving slag-metal reactions.

In this present work, the influence on the desulphurization rate of allowing the Ca™
mobility and the CaS precipitation in the molten slag (slag system CaO-Al,03-SiO,-
MgO) was examined.
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1. Introduction

Steel is the most extensively used metallic material, mainly due to its relatively cheap
cost and its mechanical properties. The steelmaking process can be divided into two
main parts namely, primary and secondary steelmaking. In the primary phase, there
are two main different routes, electric arc furnace (EAF) and blast furnace as
illustrated in figure 1. In the steelmaking process using EAF, first the iron ore is
reduced and the oxygen is removed to produce a metallic iron called Direct Reduction
Iron (DRI). Then, different fractions of scrap and/or reduced iron ore are melted in the
EAF furnace to produce molten steel. However, in the steelmaking process using the
blast furnace the route is different. The iron ore is reduced in the blast furnace to
produce molten pig iron. Then this molten iron and a scrap material are mixed in the
Basic Oxygen Furnace to produce molten steel. In secondary steelmaking, the molten
steel coming from the primary phase is transferred into the ladle furnace for chemical

adjustment and refining prior to continuous casting, as illustrated in figure 1.

Electric Arc Furnace o
Produces tnoCon M Steel Reining FaclRty

Coal Injection

Continuous Casting:

Direct Reduction

Produces toMd.
metallic iron
from Iron ore.

Recycled Steel

Basic Oxygen Furnace
Produces rnolen steel.

Coal C°ke° ven
Byproducts

Limestone

Blast Furnace
Produces molten pig kon from Iron ore

Pig Iron Casting

Figure-1. Schematic of steelmaking process.
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The first bottom blown steelmaking process was invented by Sir Henry Bessemer
over hundred and fifty years ago [1], Over the years, steelmaking technology has
improved. Higher quality steel products are produced within less production time to
cover the huge market demand for high quality clean steel. The secondary
steelmaking process becomes a key stage for clean steel production and the

continuous casting process.

In the secondary steelmaking gas stirred ladle system an inert gas is injected from the
ladle vessel bottom through a porous plug/nozzle to circulate the molten steel inside
the vessel to achieve a proper chemical and thermal homogenisation, and enhance the
reaction rates. During the molten steel circulation with gas bubbles, the unwanted
elements, dissolved gases, and inclusions are absorbed by the top slag layer and
removed from the melt as illustrated figure 2. This refining process is enhanced under
vacuum operation conditions. Therefore, the ladle-degassing system shown in figure 3
is usually applied for high quality clean steel production but this increases the final
product cost as a result of the high technology used. Lime, bauxite, and dolomite are
usually added during molten steel tapping into the ladle vessel to form a suitable slag
for desulphurization. During the refining process, chemical reactions occur at the

steel/slag interface zone resulting in sulphur removal from the molten steel.

~ Schematically drawing

*

t Ladle full of molten steel

Figure-2. Schematic of steelmaking process.
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Sulphur is considered to be a harmful impurity, because it causes hot shortness in
steels. In the modem continuous casting route, sulphur should be 0.02 wt%. However,

for special steel grades, the sulphur limit becomes as low as 0.005 wt%.

RH lyp« dsgassmg un< Ladl# furnace Argorvoxygen Vacuum-oxygen Vacuum-degasing unit
(RH) (Ip) decarbenzaUon lumace decartxinzation furnace ivni
(AO00) (VOO) '
ABoy hopper
Vacuum vessel
Electrode
To vacuum Alloy hopper
allvt?:lln::il?izrie“g Lance (or pure oxygen gas A»oy hopper Aloy hopper
Submerged A
arc heating Vacuumyve?el Lade
Argon gas
Vessel 'for stirring
To vacuum!
Tuyeres
' Snorkel(up-leg)
Argongas lor shmng Pure oxygervargon mature

Figure-3. Schematic of typical facilities for secondary steelmaking refining process.

In certain application, e.g. shell plates, plates for off-shore oil industry and line pipes,
the sulphur content should be less than 0.002 wt%, and there is more demand for Ultra
Low Sulphur (ULS). An extensive steel desulphurisation can be achieved in the
vacuum degassing unit (VD) in addition to hydrogen and some nitrogen removal. The

vacuum degassing unit (VD) is shown schematically in figure 3.

Extensive efforts have been made to investigate and improve the secondary
steelmaking process since Sir Henry Bessemer first envisioned it. Many mathematical
and physical models of the gas stirred ladle system have been published in the past.
Mazumdar and Guthrie [1] published a comprehensive review in the mid-nineties
illustrating the great potential of mathematical modeling for metallurgical process

enhancement.

Today, mass and heat transport in the secondary steelmaking process can be predicted
by solving the fundamental transport equations using Computational Fluid Dynamics
(CFD). Two phase (steel/gas) and three phase (steel/gas/slag) mathematical models
based on the fundamental transport equations have been reported in the literature.
Jonsson et al. [2] established a new approach to steel refining simulation. The Jonsson

et al. [2] three phase axi-symmetric model was the only multiphase model accounting
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for the slag phase found in the open literature to investigate the gas stirred ladle
system. Therefore, it was taken as an example to follow. In the Jonsson et al. work,
the three phase (steel/slag/gas) model was linked with a thermodynamic model to
simulate the desulphurization process. Some simplifications were made. Only the
effect of aluminium, oxygen and sulphur dissolved elements were accounted for in the
desulphurization based on the assumption that the concentrations of other elements do
not change significantly during the process. The oxygen activity was determined only
by the aluminium and alumina activity in the melt and slag respectively, which were
used to determine the sulphur partition ratio between the melt and the slag at constant
slag sulphur capacity. The sulphur was assumed to be completely dissolved in the

slag.

In this present work, a multi-phase-species (steel/gas/slag and dissolved elements such
as Al, O, and S) mathematical model was developed using the Fluent commercial
CFD package. In our analysis, this CFD package is iteratively linked with a
thermodynamic prediction package called MTDATA and supplied by the National
Physical Laboratory (NPL). MTDATA was used to predict the species exchange at
the metal/slag interface. Figure 4 illustrates the core difference between the present
model in comparison with the work of Jonsson et al. In the Jonsson work, the
thermodynamic data is obtained initially and inserted into the CFD simulation. In
contrast, in our approach, the iterative linkage allows updating of the thermodynamic
parameters during the simulation. The MTDATA package gives enhanced
thermodynamic prediction in comparison with Jonsson et al. , due to its capability for
multi-component systems containing up to 30 elements. MTDATA is equipped with
four different databases named NPLOX3, NPLOX trace, TCFE, and SUB_SGTE
from NPL.

Desulphurization is taken as an example in this analysis. The two commercial
packages were linked together using the Visual Basic 6.0 environment. Also a simple
data exchange code using a text file mechanism was created. As a result, in future this
simulation model can be adapted to study other types of steelmaking processes
involving slag-metal reactions. Comparison of the results calculated with data from

the literature show the potential of this model.
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Computational Fluid Dynamics Model Computational Fiuid Dynamics Model
{CFD) (CFD)
SoNing the transpart equations Sowing the transport equations
(steey/siagigas) (steeysiagigas)
[ttt h
iThermodynamic Model:

i Implementation of selecled :
\ equations describe a pre |
1 defined sleel rethirg process E

1l

Thermodynamic Package (MTDATA)

Four detabeses used to soive the target slee!
refining process, for example desuphurization.

Figure-4. Sketch to illustrate Jonsson et al. approach (left), and the present approach
(right).

The aim of this project was to link the Fluent CFD package and the MTDATA
thermodynamic package in order to simulate ladle refining. Ladle refining is a very
dynamic process. Therefore, in this present work, the different physical phenomena
occurring in the multi-phase gas stirred ladle system, e.g. the two-phase region plume
development, were investigated prior to building the mathematical model. In addition,
attention was given to study the role of slag thermo-physical properties in the refining
process. Due to the complex nature of slag structure, usually some of its properties,
e.g. viscosity, are very sensitive to temperature and composition variation during the
refining process. Therefore, different mathematical models of the slag melt properties

were investigated to implement in this present mathematical model.

In this present work, the desulphurization process was taken as an example. The
developed three phase (steel/gas/slag) mathematical model was used to study this
refining process in secondary steelmaking. During the refining process the slag
chemistry and temperature vary and this can have a dramatic influence on the slag
physical properties as discussed later. In addition to the temperature influence, the
Ca™ cation behavior in the multicomponent slag system CaO-A1,03-Si0,-MgO was
monitored at the steel/slag interface during the desulphurization process. A
particularly novel aspect is that the precipitation of the CaS is allowed to occur in the
molten slag once the solubility limit is exceeded. An advanced slag viscosity model
was used to monitor the local slag viscosity changes due to the variation in CaO

concentration.
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The literature review and the established background related to gas stirred ladle
refining is described in chapter 2. The three phase (steel/slag/gas) model development
and the coupling approach for linking the CFD model with the thermodynamic
package is given in chapter 3. In addition, analysis and comparison between the
different available correlations/models describing particular issues for the system
behavior, such as bubble size, drag coefficient, and slag viscosity are given in chapter
3. Results and discussion are given in chapters 4 and 5 respectively. Finally the

conclusions and future work are given in chapters 6 and 7 respectively.

The following papers have been published on this work.

M. Al-Harbi, H. Atkinson, and S. Gao, “Modeling methodology to simulate of
molten steel refining in a gas-stirred ladle using a coupled CFD and
thermodynamic model” Modeling of Casting, Welding and Advanced
Solidification Processes-XI, Opio, France, May 2006, pp. 1089-1096.

e M. Al-Harbi, H. Atkinson, and S. Gao, "Gas stirred ladle: Multi-phase-species
mathematical model” presented at The Association for Iron & Steel Technology
(AIST), Indiana Convection Centre, Indianapolic, Ind. USA, May 7-10, 2007,
(CD ROM AIST Proceedings)

e M. Al-Harbi, H. Atkinson, and S. Gao, "Simulation of secondary steelmaking
refining process; gas-stirred ladle multi-phase-species mathematical model”,
presented at Saudi Innovation Conference 2007, Newcastle, UK, May 12, 2007.

in press.

e M. Al-Harbi, H. Atkinson, and S. Gao, "Sulphide solubility limit in
multicomponents slag system and its influence on the desulphurization rate in
steelmaking” presented at Seventh International Conference on Clean Steel,

Balatonfiired, Hungary, June 4-6, 2007, in press.
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2. Literature survey

In steelmaking, and especially in secondary steelmaking many physical and chemical
phenomena are important including fluid flow, thermodynamics, material property
variations, and issues with the slag system that could influence the final product

quality. In this chapter, these phenomena will be discussed.

Fundamental background about the fluid dynamic phenomena associated with the
secondary steelmaking process is described below in section 2.1. The roles of slag in
the steelmaking process, slag thermo-physical properties, and other issues with slag
are described in section 2.2. The gas refining mechanism in the ladle degassing
system and the multiphase gas stirred system simulation are described in sections 2.3

and 2.4 respectively.

2.1 Fluid dynamic phenomena in the gas stirred ladle system

Numerous physical phenomena occur associated with the multi-phase (steel/slag/gas)
gas stirred ladle system. Several physical issues can be seen from the sketch in figure
5, namely gas/liquid interaction, two-phase region (gas/liquid) plume development,
mass transfer between the steel and top layer slag, gas bubble behaviour, and so on.
The plume characteristics and bubble behaviour are described in section 2.1.1, bubble
size prediction is discussed in section 2.1.2, and mass transfer and mixing phenomena
are described in section 2.1.3. Finally, the influence of convection on molten steel

circulation is discussed in section 2.1.4.
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Slog

Refractory Steel
Lined wall

WA =m0 mmmi

Porous plugl Argon

Figure-5. Schematic of gas stirred ladle.

2.1.1 Plume characteristics and bubble behaviour in liquid

The two-phase gas stirred molten steel within the ladle vessel can be divided into four
different regions namely, primary bubble, free bubble, plume region and spout region
as illustrated in figure 6. The plume region is the main section and is distinguished by

a separate cap bubble in an air-water model [1].

Figure-6. Characteristics of the two-phase air-water plumes in

cylindrical vessel [1]

A two-phase plume region is formed due to the gas injection into the liquid phase
within a cylindrical vessel using a nozzle located at the bottom as sketched in figure 5.
This two-phase region consists of gas bubbles and liquid. The rise of the gas bubbles
results in sufficient liquid circulation. In the secondary steelmaking refining process,

inert gas injection is used as a driving mechanism for molten steel circulation to
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achieve the target chemical and thermal homogenisation. The gas plume within
molten steel was initially scaled/visualised from water model measurements, with

significant uncertainties due to the huge difference in the density ratios and interfacial

tensions [3].

It is widely accepted now that the fully developed region of the two-phase system
within the control volume is independent of the gas injection device and pressure inlet
conditions [1]. The influence of the gas injection device used (nozzle/porous plug)
and the gas input kinetic energy is limited to the local area near the inlet [1, 4]. The
injected gas velocity is drastically reduced within a short distance from the inlet due

to the gas kinetic energy losses [4], as illustrated in figure 7.
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Figure-7. Gas and liquid phase axial velocities along the centre
line [air/water model at 0.6 sec] [4].

Generally, any large bubbles at the inlet break down into an array of smaller bubbles
shortly above. Bubble equilibrium size in the plume region is determined by the
thermo physical properties of the system and not by the gas inlet pressure and velocity
conditions. Furthermore, Komarov and Sano [5] found similar results, where the gas
bubble size depends on gas flow rate, physical properties of the gas/liquid and
temperature of the injected gas. Their experimental results using different kinds of
gasses and injected into different liquids with variation in gas temperature are

illustrated in figures 8 and 9. Helium produces larger bubble sizes than nitrogen for
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10

similar experimental conditions due to the difference in gas properties, as shown in

figure 9.

The surface tension influences the bubble diameters. The rising bubble average

diameter at constant gas flow rate decreases with decrease in surface tension as

illustrated in figure 8 [5]. Excluding the free surface and the primary region near the

gas inlet the measured average bubble rise velocity at the axis of the plume is

reasonably independent of the axial height at any given gas flow rate [1], as shown in

figures 10 and 11.

Liquid N,, T=300K
324 o w
0o BEG
& BoGl
v MC
2.8
€
2 3
e
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o
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3 6 9 12 15

Qx10% (Nm¥s)

Figure-8. Gas bubble size as a function of flow
rate in various liquid baths. [5]. The liquids W,
EG, EG-GL, and MC are water, ethylene glycol,
ethylene glycol glycerin and methyl carbitol
respectively. The surface tension (kg/a?) for W,
EG, EG-GL, and MC (at 293-373 K) are 0.07,
0.047, 0.05, and 0.036 respectively.
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Figure-10. Bubble rise velocity as a function of axial
height at the plume centreline [1]. The figure key
was not defined in reference (1). However, U, is
expected to be the inlet gas injection velocity, d, is
the inlet nozzle diameter, and h, is the vessel
height.
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Figure-9. Gas bubble size as a function
of flow rate for N, at 296 k and 373 K
and He at 295 K [5] in Ethylene glycol
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In a two phase system, bubble break up can be due to the following reasons [6]:

e Break up due to density variation; the maximum stable bubble size as a

function of density variation can be expressed as:

dyoax #4-+JO/g - Ap 6))

e Break up due to velocity gradients; a bubble in a shear field tends to rotate and
deform. If the velocity gradients are large enough, interfacial tension forces
are no longer able to keep the fluid bubble in one piece, and it breaks up into

two or more smaller bubbles.
e Break up due to a turbulent fluid flow field.

Generally, it is reasonable to assume a spherical bubble shape with low Morton

number (M < 10'®) system [6)].

The plume diameter near the top surface is expected to be larger in molten steel than
water due to the higher density difference resulting in greater bubble expansion as the
bubbles get closer to the top surface [7]. Xie et al. [8] studied the bubble behaviour
using a low melting temperature alloy called Wood’s metal of density (9.4 g/cm®) as a
liquid to model operation. The measured radial distribution of injected gas phase
fraction using a centric nozzle at the bottom of the vessel is shown in figure 12. The
plume is narrow at the base but gets wider towards the top. Figure 13 shows the gas
fraction profile using an eccentric nozzle. The plume is different from the centric case,
and it shifts towards the wall due to the difference in flow field velocity of the
surrounding liquid that results in a pressure difference around the plume. This plume
shift due to the use of an eccentric injection nozzle must be accounted for in the
selection of the porous plug eccentric position at the bottom of the ladle to avoid

extensive erosion of the refractory lining.
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levels [8]. Z is the distance from the vessel injection case [8]. V, is the gas volume flow
bottom, and V, is the gas volume flow rate. rate, and @ is the local gas fraction.

The presence of the top buoyant slag phase in the system results in a significant
reduction of the system kinetic energy of motion at any given gas flow rate. The
system energy is dissipating due to the deformation and entrainment of the slag phase
within the bulk liquid phase. This results in slowing down the bulk motion of the
liquid. Such a phenomenon is illustrated in figure 14 for dissimilar upper phase
conditions [1]. Also, Mazumdar et al. [9] Iguchi et al. [10] and Ilegbusi et al. [11]
reported a similar conclusion of the significant influence of the presence of the top
slag layer on the molten metal motion at the recirculation region of the stirred metal.
Furthermore, Iguchi et al. [10] define a critical viscosity value of the oil top layer in a
water/oil model, where an oil with viscosity above this value would play a major role

in the general overall water recirculation.
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Figure-14. Total specific kinetic energy in recirculation vs.
energy input rate for various slag conditions{1].

2.1.2 Bubble size prediction correlations

Turkoglu and Farouk [4] assumed an average bubble size of 10 mm over the entire
domain of the gas injected iron bath numerical model. Xie et al. [8] suggest the
correlation below to determine the mean spherical bubble diameter at a height of 10

(cm) above the nozzle position:

0.1
Ay pean =146+ [ . %‘H jl )

where, d, .., is the bubble diameter in (cm), Q is the injected gas flow rate in

(cm®/sec), and z and H are the vertical position and the metal path height respectively
in (cm). However, the authors reported an insignificant gas bubble size change with
respect to the vertical height as illustrated in figure 15. On the other hand, Mori et al.
[12] present an empirical correlation to determine the bubble size immediately above

the porous plugs on molten iron path:

d,

1/6
{(6—0&) +0.0242(¢?D,, )"867} )

Pg
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where o; and p; are the surface tension and the density of the liquid respectively, g, is

the gas flow rate, and D;, is the inner diameter of the nozzle.
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Figure-15. Volume/surface mean bubble diameter for various
gas flow rate and heights [8).

Wang et al. [13] reported about the concept of the maximum stable gas bubble size in
a turbulent flow. The bubble size is dependent on the flow turbulence intensity as per

the following empirical formula.

W 0.6 1

e g

db.max = ( < : J : 0.4 (4)
P €

where o; and p; are the surface tension and the density of the liquid respectively, and

We, is the critical Weber number that was suggested to have the values 1.2 to 1.3, and

¢ is the dissipation rate of turbulent kinetic energy. In the turbulent region, the large
bubbles would split into smaller bubbles due to the high velocity fluctuation that
creates a large shear force on the bubble surface. Therefore, the bubble size decreases
with increase of the flow turbulence intensity. The maximum stable bubble size for a
given turbulent intensity can be estimated using equation (4); the bubbles larger than
dbmax Would collapse into smaller bubbles less than dym.. However, the smaller
bubbles created would combine into a large bubble due to the relatively weak
turbulent intensity in the ladle stirred system. Also, Oeters [14] proposed a
relationship to determine the gas bubble size as a function of the drag coefficient in
the complete flow domain except the region immediately above the porous plug

position.
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{ 6 % o, 6
d,= 2(—} . L % 5)
Co)  052-g-(p,P)"

where Cp is the drag coefficient.

Relatively large gas bubbles in motion are subject to deformation resulting in breakup
into small bubbles. The drag force applied by the liquid on moving bubbles
encourages rotational and most likely a turbulent motion of the gas inside the bubble.
This motion forms a dynamic pressure on the bubble surface; causing bubble breakup
when this force exceeds the bubble surface tension. The associated energy with the
drag force is much greater than the kinetic energy of the gas bubbles, due to the large
ratio difference between the gas and liquid densities. Therefore, the gas velocity
inside the bubble will be similar to the bubble velocity. On the basis of this theoretical
analysis, the following equation was proposed for the critical bubble size as a function
of bubble velocity [15]:

3 3 20
"=
Capep,

db,c = ( (6)

)
u,

where Cq4, o, and u, are the drag coefficient, the surface tension and bubble rising

velocity respectively.

Ilegbusi and Szekely [3] implement the bubble size expression in equation (7) with

the assumption it is applicable to the gas stirred system:

d, =0.091()° .U Q)
Py
U, =% ®
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where o and p; are the interfacial tension between the two phases (liquid and gas) and
the liquid density respectively. Also, Q and d, are the gas flow rate and the nozzle

diameter respectively.

2.1.3 Mixing, heat and mass transfer phenomena in the gas stirred ladle

In an earlier study it was suggested that the mixing phenomena in metallurgical
reactors occur mainly due to eddy diffusion and not by the bulk liquid phase
recirculation. However, Mazumdar and Guthrie [1] illustrate that mixing phenomena
are a function of both bulk circulation and eddy diffusion in the ladle gas stirred

system.

Various investigations of mixing time have been reported over the years. The mixing
time can be defined as the gas stirring time required to achieve 95% homogenisation
[16]. Proposals for the correlation of mixing time with operating conditions and vessel
geometry are shown in table 1 [1]. The discrepancies could be accounted for by the
differences in gas flow rate and vessel aspect ratio (L/D), which do not match with the
industrial expected conditions in the operation of the ladle refining. The industrial
ladle in gas stirred systems tends to have an aspect ratio lying in the range of (0.5-
2.0), and the molten steel is stirred with gas flow rate in the range of 0.0015 to 0.01
Nm*/(min‘tonne) (N indicates ‘normal’ conditions i.e. 1 atm pressure and room

temperature, “tonne” is a unit of mass equal to 1000 kg) [1].

In the system energy balance it is reasonable to consider the input kinetic energy of
the injected gas. However, this energy contribution in the overall energy balance of
the system is insignificant and typically less than 5% or so. On the other hand, the
potential energy provided by the gas bubbles rising up due to the density difference
can be considered as the main energy source of the system [1]. Expressions for the

total specific energy input rate are given in table 2 [1].

Figure 16 illustrates the relation between the experimentally measured mixing time
and the energy input rate for three different groups of researchers. In all of these
results, two distinct ranges are present that suggest there is a transition from laminar

to turbulent flow.
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Table-1. A summary of mixing time correlation and applied experimental configuration reported by various
researchers [1]. The reference numbers inside the table refers to the original source reference list, and are
not listed in this report.

Vessel dimensions and Specific gas flow rates

Investigators Exp. tech. Mixing criteria mass of fluid (m/min/T) Mixing time correlation
Nakanishi ¢f al.*™ pH Undefined Lw=0.465m, 0.015 to 0.06 1,= 800474
Dw042m; 64kg
A ¢t ol Electrical 9% D=0.405, 0.2 £ 0.10; Numerous; say, 0.019 1, =274s %33~ 1R! -3¢
conductivity L/D=05to I; to 0.90 with ref. to
52kg (max) & 0.4kg D=0405m &
(min) L=040m
Sinha & McNallan*® pH 97.7% L=0.48m, 0.02 to 0.4 1069247050
Dw=0.45m; 76kg
Themelis and Stapurewicz’®  Photocell 95% L=0.67 10 1.0m, 0.13 to 0.96 T,= 164450301999
D=0.66m; 310kg
(max)
Mietz and Osters*® Blectrical 95% L=1.0m, D=0.63m; 0.038 to 0.29 1=C,0;* C, and n are
conductivity & 3likg fanctions of tracer
locations
Mazumdar and Guthrie*® Blectrical 95% L=051t0 l.Im, 0.012 to 0.06 T 3747033 1R1 46
conductivity Bulk D=1.12m; 1000kg
Krishnamurthy et al.?® Blectrical 99.9% L=0.] t0 0.45m, 0.11 to 2.67 1.=C,0,° C, and n are
conductivity D=048m; 81 kg functions of flow regime
(max) and liquid depth

However, an outstanding correlation of the mixing time that gives a prediction of the
mixing time with accuracy of 95% for a variety of gas stirring system in water models

as well as actual industrial system is as follows [1]:

Tm = 71-84(Qg pg,n )—0.38 DZ.OL—O.66 ©

g.B

where O, is the gas flow rate, (Pex) is the gas density ratio at the normal and bath
p 8.8

temperature, D is the ladle vessel diameter, and L is the height of the vessel.
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Table-2. “Various expressions for rate of potential energy input to the gas
stirred system and the corresponding estimates in an aqueous system for
typical experimental situations. (L=1.0m, D=1.0m, Q=1.10“Nm?s, T, =298Kk)" [1].
The reference numbers inside the table refer to the original source reference
list, and are not listed in this report.

. Value of total
. Expressions for total specific .
Investigators . specific energy
energy input rate input rate (W/t)
L 0.0285-QT, L
47 U60C ¥k —_—
Nakanighi et al. 7 log(l + 7 “) 14.54
[L (cm); Q (Nifmin); W ()]
Themelis and
, 742- QT, L
33) ————— —
Stapurewicz > In( + 10.34) 2.5
[for water model only; Q (m3/s)]
Mazumdar and
. 36) p9QL
Guthrie KL 113
(2 (m?/9))
Mcanallan®® 84- 0T, log(l +2 ""L) 13
W P e
[Q (m*/s)]
Krishnamurthy 4QP,T, pugL
) xfe’L L
et al. 2982xD°L ln(1 . ) 13
[Q (Nm*/s)]

Mixing time, s

10
05 1 $ 10 50 100 1 10 20
Specitic anergy input rete ., kg/ms

40 70 W0 200 » [Y3 »e7
Specific anergy Input rete, kg/ms? Gas flow rate, m¥/s

Figure-16. Relationship between mixing time and specific energy input rate/gas flow rate reported in
the literature [1). The figure key is not defined in reference (1). However, the parameters (1), (), (Q),
and (H) can be the specific input energy, vessel diameter, gas flow rate, and vessel height
respectively.
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Han et al. [17] investigated the ladle flow characteristics using a water model with a
top layer of oil. The mixing time decreased with the increase of gas flow rate. The
presence of the top oil layer inhibited mixing, as illustrated in figure 17. Furthermore,

mixing time increased with the increase of the thickness of the top oil layer as shown

in figure 18.
1300 1400
1200 | 4  oll thickness of 0.005m [ —=—tow rate : 0.8Umin §
1100 - = without ol 1200 =
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900 . 1000 -
§ o :
=~ 100} - v S0P
£ wl £
soo | E 000 |-
g wor 3 0}
300 - []
200} 200 |
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o C:# 0:‘ Oll 0:0 ;7 .fl .:l 1; 00.002 0.0.08 O.D.M 0.0‘Oi ..0.0. 0.;01 .;‘l 0.000
Gas flow rate (Vmin) Thickness of slag layer(m)
Figure-17. Gas flow rate influence on Figure-18. Slag layer thickness influence on
required mixing time [17]. mixing time at constant gas flow rate [17].

Figure 19 illustrates the effect of nozzle position on the required mixing time [18], but
as discussed earlier, there must be sufficient distance between the wall side and the

nozzle position to avoid extensive erosion/corrosion of the refractory lining.

140
ArR=0
120} Y ¢/R = 0.3
X /R =05
3100
g w'
@ oo ‘
2 :
E 40}
20{'
0 5 10 15 20 25 30 35 40 45 50

fiow rate(l/min)

Figure-19. Nozzle position influence of mixing time [18). The
vessel radius value is R, and r is a point in the radius.
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The reactions, which occur between the gas bubbles and the bulk liquid, play an
important role in the removal of dissolved gases such hydrogen and nitrogen from the
molten steel. Therefore, the gas injection device is playing an important role in the
absorption rate in the system. A porous plug enhances significantly the gas absorption
rates in comparison to a tuyere injection device. With a porous plug, a uniform
distribution of small gas bubbles are obtained; this enhances the gas/liquid mass
transfer rate due to the increase of the interfacial area between the gas and the bulk
liquid (in comparison with a tuyere injection device). The mass transfer phenomenon
between slag and molten steel in a gas stirred ladle was investigated using water
models [1].

In a water-oil model, a flow visualization of the mixing zone between the bulk liquid
and the buoyant phases was investigated as sketched in figure 20. It was found that a
high gas flow rate led to a significant disturbance of the water oil interface, resulting
in the creation of oil ligaments, droplets and entrainment, etc. In contrast, the interface
would remain intact with a relatively low flow rate. However, the creation of the oil
ligaments and droplets at the interface would results in a significant increase of the
interfacial area, which enhances the mass transfer rate. Therefore, the gas flow rate
must lie in the optimum range to provide sufficient mixing at the interface between
the slag top layer and the bulk molten steel without any significant disturbance of the
interface. Figure 21 illustrates the mass transfer coefficient as a function of gas flow
rate [1].

o1 b de =75 cm
L TLRRT {\m&‘!ﬁ“r “E my=37-38cm
; '@!{1&" *?ﬁ" 3 005 het=1Ecm o**
7 Y, Y » 3 L]
¥ N 7‘ ",\(‘_‘{‘gi?““%w \E ! M
et Wu);‘ ‘-ﬁ{'_f"‘-,»z l,: |
&7/ @
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Figure-20. Schematic of plume, water, Figure-21. Influence of gas flow rate on mass
and oil top layer interaction in water-oil transfer coefficient in gas/slag/metal high
model [1]. temperature system {1]. The parameters (d.)

(hy) and (h,) are the vessel diameter, meits
height and the slag thickness respectively.



Literature survey 21

More investigation demonstrates experimentally that the mixing between the upper
slag and the bulk lower phase depends mainly on the density difference between the
two phases. For low-density differences, the remixing was less at the interface and

there was less entrainment [1].

Turkoglu and Farouk [4] used the classical Ranz and Marshal [19] heat transfer
coefficient correlation to simulate the heat transfer during the ladle treatment. The
Ranz and Marshall correlation which is applicable for a wide range of Reynolds

number (Re > 300) [20] is expressed as follows:

Nu=2.0+0.6-Re"?.Pr'’? (10)
where, Nu = Nusselt number.
Re = Reynolds number, based on the bubble diameter, liquid

phase properties, and the slip velocity.
Pr = Prandt]l number.

A comprehensive theoretical and experimental investigation to study the heat transfer
in gas bubble driven systems has been reported by Taniguchi et al. [21, 22]. This
study demonstrates clearly that the classical Ranz and Marshall correlation
underestimates the heat transfer rates by about 40 to 50% [1, 22]. In 1972, Whitaker
[23] proposed a modified version of the classical Ranz and Marshall correlation. The
Whitaker correlation produces a better estimation of the heat transfer rates, which
become more suitable to be used for high temperature gas stirred bath systems [1].

The Whitaker correlation is expressed as follows:

(Nu—2) = (0.4-Re"'?+0.06-Re?'?) - Pr**. (22, 1)
y7,

o

where the fluid viscosity ratio (u,/x,) is the ratio of the viscosity evaluated at the

mean bulk temperature to the viscosity evaluated at the mean wall temperature.
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2.1.4 The role of convection in the molten steel circulation

In the industrial ladle vessel, the refractory lining usually includes an insulation layer
to reduce the heat losses to the surroundings. However, due to the high working
temperature of the molten steel (~1600° C), and the large size of the industrial ladle
vessel, the heat losses cannot be eliminated. Therefore, during ladle holding, whilst
waiting for processing, temperature variation within the molten steel occurs due to the
heat losses from the ladle sidewalls, the ladle bottom and the top slag layer. This
variation in temperature results in natural convection within the liquid phase. Xia and
Ahokainen [24] conclude that, at an early stage of the ladle holding time, a single flow
recirculation is formed where the molten steel flows upward at the ladle central region
and downward along the wall side. This single recirculation loop provides the highest
flow velocity due to natural convection. However, for holding times of more than 40
seconds more vortices are formed, leading to reduced flow velocity. The flow pattern
gradually becomes unstable. Austin et al. [25] report that the flow velocity magnitude
of the standing ladle decreases with the holding time as shown in figure 22, and the

formed recirculation regions shrink.

Generally, during ladle gas stirring thermal homogenization is occurring. Therefore,
the natural convection is eliminated. Furthermore, the maximum velocity magnitude
reported by Xia and Ahokainen [24] due to the natural convection phenomena is
roughly less than 20% of the maximum velocity magnitude reported by Jonsson and

Jonsson [26] for a gas stirred ladle simulation of a similar size (100 tonne).

10 o
Cooling rate = 0.5°C/min

Maximum Velocity (crrvs)
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Figure-22. The melt circulation velocity variation with
stand time [25).
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2.2 The role of the slag in the steelmaking process

The metal sources of iron ores and scrap materials used in steelmaking production are
usually mixed with various oxides and sulphides. The unwanted impurities for
example, silicates, aluminates, and phosphates, remain as insoluble phases in the
primary metal during the process. Furthermore, the product mechanical properties are
affected by the presence of these impurities. Slags are designed to extract the
unwanted elements from the molten metals. There is an old saying in steelmaking that
illustrates the important role of the slag in the steelmaking industry, “Take care of the
slag and it will take care of the metal”.

Lime (Ca0), bauxite (Al(OH);) , and dolomite (CaCO3.MgCQ;) are usually added
during molten steel tapping into the ladle vessel to form a suitable slag for
desulphurization. This type of slag composition can be reasonably well illustrated
using the Ca0O-Al,03;-MgO-SiO; system because these components represent more
than 95% of the total slag composition. Usually, ladle slag compositions are designed
to get close to lime and MgQO saturations to achieve a maximum desulphurization

potential and reduce slag refractory lining erosion respectively [27].

Herasymenko and Speight [28] established the ionic theory of slag-metal equilibria
which considered an ionic slag structure. Molten slags consist of positively and
negatively charged ions known as cations, like Ca*2, and anions, like S, respectively.
X-ray and neutron diffraction investigation of glass and slag is the foundation of the
knowledge of the slag structure. Silicate and phosphate glass structures are random
networks in which the small atoms with a large positive oxidation number, called the
“network formers”, such as Si* and P*5, are tetrahedrally surrounded by oxygen
atoms (O*?) that form bridges between positive ions. In pure silica, the SiO4
tetrahedra, sharing with neighbouring tetrahedra form complex networks as illustrated
in figure 23, where the slag viscosity increases with the increase of silicate ion size. In
steelmaking slag, the acid oxide network structure (SiOs4) is demolished due to the
oxygen bridges being broken by the addition of basic oxides such as CaO, as
illustrated in figure 24. This addition of basic oxide provides free ionic oxygen that
improves the engineering properties of the slag. The acid slag that contains a high

concentration of network formers cannot be used to extract impurities such as sulphur
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from the melt. This is due to its low capacity for these impurities. Also the acid slags
have a high viscosity, which reduces the mass transfer rates. Therefore, sufficient
addition of basic oxides provides a molten slag with the required viscosity to achieve
the objective of metal refining as a result of the broken network, and also provides

free oxygen ions to increase the slag capacity [29-31].
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Figure-23. Crystalline silicates [29]. Figure-24. Crystalline silicates [30).
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Thermodynamic fundamentals about slag are discussed in section 2.2.1. More details
about slag thermo-physical properties and models of ionic melt properties are
discussed in sections 2.2.2 and 2.2.3 respectively. Also slag cation diffusivity is

discussed in section 2.2.4.

2.2.1 Thermodynamic fundamentals

Metallurgical thermodynamics predicts the possibility of the metallurgical process
chemical reactions. All reactions are likely to move towards the thermodynamic
equilibrium if sufficient time is provided and there are no kinetic barriers. In
steelmaking processes, some of the reactions achieve the thermodynamic equilibrium

within the given short time due to the high operation temperature [32].

The slag thermo-physical properties play a major role in the refining process.
Therefore, the slag composition used in the modern secondary steelmaking process

must be designed carefully to provide the target thermo-physical properties required
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for a high quality refining process. Slag basicity and sulphur capacity are essential in

the desulphurisation refining process. More details and discussion are given below.
i) Slag basicity

Slag basicity is a ratio between the basic and acid oxides in the slag. Slag basicity
control is key to the steel refining process. In the early days, “CaO/SiO,” was the
simplest basicity ratio used by steelmakers, but other oxides were not considered in
this ratio such as MgO, Al,O;, and FeO, which are often present in steelmaking slag
[32]. Ladle furnace slag basicity can therefore be measured using the following mass

concentration ratio [33]:

_ %Ca0 +1.4x %MgO
Y %810, + 0.6 x %Al,0,

12)

The free ionic oxygen present in the slag increases with increasing basicity. Actually,
basic oxide dissociates into cations and ionic oxygen in the molten slag [32].
However, in practice, steelmaking slag usually contains undissolved CaO and MgO.
Therefore, the slag chemical analysis must be corrected with respect to these oxides.
Otherwise, the ratio would give unrealistic values of slag basicity that are much

higher than those of the molten fraction of the slag.

Duffy and Ingram were the first to establish the concept of optical basicity (A) in
1976, but it was first applied to steelmaking slags in 1978. In the procedure for
experimental measurement of optical basicity, a Pb>* is used as a probe ion in the
transparent media to trace the frequency changes. The electron donation by oxygen, in
the slag, results in a reduction in the (6s-6p) energy gap, and this in turn makes a shift

in frequency in the ultraviolet (UV) spectral band [32, 34].

The following empirical correlation was proposed to obtain the optical slag basicity

based on experimental measurements [32, 34].

-1-\1— =1.35(¢; - 0.26) (13)

i
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where «; is the Pauling electro negativity of the cation in a single oxide i. (A;) is
known also as theoretical optical basicity (A, ;). However, slag optical basicity can be

calculated using the following correlation [32, 34].
Ay =2 XAy, (14)
where X; is the equivalent cation fraction of oxide i.

Several methods have been published in the literature to estimate the slag optical

basicity, but the above correlations are the most widely employed methods.

ii) Slag sulphur capacity

In the secondary steelmaking process, calcium-aluminate based slags are widely used
in the ladle furnace due to their superior sulphide capacity. Turkdogan [35] showed
that the CaF, which is added to the slag to achieve a low melting temperature has little
or no effect on the sulphide and phosphate capacity of the slag. However, its use is
limited because it is corrosive to the regular ladle refractory lining. Also molten slag
is usually saturated with MgO for refractory protection [27, 36]. This also probably
helps to achieve a fluid slag at steelmaking temperatures despite the high
concentration of metal oxides [27, 36, 37]. In practice, according to Schuhmann [36]
“it is satisfactory to assume that the behaviour of MgO in slags is substantially the

same as that of CaQ”.

Richardson and Fincham [38] and Richardson [39] have shown that the sulphur is
held in the slag totally in the form of sulphide at oxygen partial pressures less than

10~ =107 atm. Its concentration is controlled by the equilibrium:
1 2 1 2
-2—S2 (gas)+ O “(slag) = 502 (gas)+ S “(slag) 15)

At oxygen partial pressures greater than 10°-10* atm, then the sulphur is held

completely as sulphate and its equilibrium description is:
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-;—Sz + %Oz (gas) + O7*(slag) = SO;*(slag) (16)
Furthermore [38, 40], sulphide capacity (C;) is shown to be constant for a given
temperature and composition for oxygen partial pressures less than 10°-10¢ atm. In
the steelmaking industry, the oxygen partial pressure is within the range of 10%-10"°2
atm. Therefore, the sulphur tends to be present as sulphide rather than sulphate.
However, the overall desulphurization reaction for steelmaking refining is expressed
as [41].

(Ca0),e +[S)iea +2/3[41],s > (CaS),,, +1/3(41,0,),,, a7
The solubility of CaS in calcium aluminate melts at 1600°C and lime saturation is
(4.77 wt% CaS = 2.12wt% S) [42]. During desulphurization using an insufficient
amount of ladle slag, or when refining molten steel with a high sulphur content, the
excess CaS which is formed can result in a decrease in the dissolved CaO content of
the slag leading to a low rate of desulphurization. However, the local accumulation of
sulphide in slag beyond the solubility limit could result in the precipitation of CaS
phase [43]. The precipitation of CaS in slag is most likely to be in a solid form given

the estimated melting temperature of 2600-3100 °C [44].
Richardson and Fincham [38] and Richardson [39] formulate the slag sulphide

capacity (Cs) as a function of gas partial pressures in the molten slag and sulphur

concentration present in the slag as:

P, 172 a.
C, =(Wt%S) x : =K| -2 18)
psz }/52-

where K is the equilibrium constant for the reaction. Richardson and Fincham

suggested this should be defined as follows:

1/2 ( ) 1/2
K =[a"’ Jx[-&-} A X[Pon (19)
ao" p-‘z aoz‘ psz
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where, a; and y,; are the thermodynamic activity of the dissolved element (i) and the

activity coefficient of the element (i) respectively. The thermodynamic activity is
defined as the ratio between the vapour pressure of components (i) in solution and the
vapour pressure of pure components [45]. Thermodynamic activity can also be

expressed as [45]:

a,=x,y; (20)

where x; is the mole fraction of the component (i) in the solution.

2.2.2 Slag thermo-physical properties

Ladle refining is a very dynamic process. The slag composition is usually changing
during the process due to inclusion and impurity pickup, reaction with the slag
refractory lining, and other reactions. Nzotta et al. [46] reported an increase in the
concentration of silica and alumina in the slag during ladle treatment. This is most
likely to be due to inclusion absorption by the slag. However the slag chemical
analysis used in this study before ladle treatment had shown an average SiO; slag
content of (17.7 wt%). A recent study showed that the alumina inclusions contain
between 10% and 40% silica [47]. Hence, slag composition is varying during the

process and this changes its physical and thermal properties to different degrees.

Nzotta et al. [48] illustrate the dramatic effect of CaO concentration changes on
sulphur capacity in a slag system containing about 50%wt CaO as shown in figure 25.
Generally, slag sulphur capacity is sensitive to temperature and composition variation
[48-50], as illustrated in figures 26 and 27.
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Figure-25. lIso-sulphide capacity of
Al;0;-Ca0-MgO0-Si0, system with (0.1
wt%) MgO at T=1873 k [48].
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In the field of process metallurgy, viscosity is an important melt property that must be
measured to study the fluid flow behaviour and the kinetics of the melt-slag-gas
reactions. For example, the rate of mass transfer of impurities such as sulphur and

phosphorus from molten metals to slag is strongly affected by slag viscosity [51].
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Figure-26. Replacement of Al,0; by CaO influence Figure-27. Composition effect on sulphide capacity
on slag sulphide capacity at constant content of in the AlLO;-MnO system [48]. Xy, is the molar
MgO and SiO, [48].(X)) is the molar weight of the weight.

component (i).

The mixing zone created at the interface between the slag and the molten steel that is
essential for the refining process increases with a decrease in the slag viscosity [51].
However, slag viscosity must be high enough to avoid any entrapment of the slag
phase into the molten steel. Numerous investigations of the slag viscosity are reported
in the literature. Slag viscosity is found to be very sensitive to temperature and

composition changes as illustrated in figure 28.
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Figure-28. lllustration of slag viscosity sensitivity to temperature and composition variation. (a)- Measured
viscosity of (30wt% Al,0;-60wt% Ca0-7wt% MgO-13wt%Si0,) slag system as a function of temperature (51].
(b)- Replacement of CaO by MgO influence on the viscosity [51). (c)- Replacement of CaO by Al,O,
influence on the viscosity [61]. (d)- Calculated viscosity of Al,0,-Ca0-SiO, slag system [67], where X is the

molar weight.

Sulphur and oxygen dissolved in the molten steel have some effect on the slag metal

interface tension. However, the oxygen has a greater effect [52]. Generally, the slag

metal interface tension is influenced by the variation of the slag composition and

temperature [52-54]. However, a constant interface tension value was suggested and

applied in the multi-phase simulation models reported in the literature [2, 26].



Literature survey 31

2.2.3 Models of ionic melt properties

In the field of metallurgical process simulation, usually reliable extrapolations of the
available experimental data over a wide range of temperature and slag compositions
are required for effective simulation. Due to the complex nature of slag structure
usually some of its properties like sulphur capacity and viscosity are sensitive to
temperature and composition variation as illustrated above. Many mathematical
models of slag melt properties have been reported with different degrees of
complexity and success. Two models suggested by Nilsson et al. [50] and Sichen et al.

[55] are described below to simulate slag sulphur capacity and viscosity respectively.

i) Slag sulphur capacity

As illustrated in the Slag Atlas [34], Sosinsky and Sommerville derived a temperature
dependence correlation to describe the slag sulphur capacity over a range of optical
basicity, but Young (in the Slag Atlas) has shown that this correlation is only
applicable over a limited range of optical basicity and provides two correlations

applicable for other ranges of optical basicity.

Nilsson et al. [50] established a mathematical model to predict the sulphur capacity as

a function of temperature and slag composition. According to Nilsson et al. the

equilibrium constant for the reaction (15), [1 S, +07? —102 +s2], can be expressed as
2 2

follows.

K= exp( 'RATG) @1)

where AG is the standard Gibbs energy change of the reaction. The Gibbs function
difference is the driving force for phase change, just as the temperature difference is
the driving force for heat transfer [56). R and T are the gas constant and temperature
in (K) respectively. Furthermore the authors provide a new expression of the

(a, /7, ) ratio.
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o ( q ) 22
= exp| — =
o @2)

The & parameter is a polynomial function of both temperature and composition for a

multi-component system and is expressed as:

¢= inéi + Gonix 23

By combining equations 18, 21, and 22, the sulphide capacity, Cs,can be expressed as

follows:

AG® £
C, =exp| - -2 24
; exr{ RTJexr{ RTJ 24)

where the subscript i denotes component i, and (x;) is the mole fraction of this
component in the system. The first term of the equation represents the “linear”
variation of & for the pure component without considerations of any interaction with
other components of the system. The second term represents the interaction between
the different species of the system. In order to make reliable model predictions of
sulphide capacities of multi-component slag, the model parameters up to ternary
interactions should be used. Based on experimental studies, Nzotta et al. [48]
optimized the model parameters of the multi-component slag system [Al,O3-CaO-
MgO-MnO-Si0;]. The model parameters of the multi-component slag system [Al;Os-
Ca0-Mg0-Si0,] used for this work exclude the MnO component and are presented in
table 3. The term y; shown in the table is the cation fraction of cation (i), defined as

the number (N) of cation (i) over the total number of the system cations:

yi=5- @5)
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Table-3. Slag sulphur capacity model parameters [48]).

Unary $
ALO, 1.57705276x10°
Ca0 -3.3099425x10*
MgO 9.57307326x10°
Si0, 1.68872587x10°
Binary interaction Sinteraction
ALL,0;-Ca0 Y o Vs [9-82827968 x 10* + 55.07340941x T
Al,0,-8i0, Y g Ve [1.86850468x10° ]
Ca0-Si0, Yoo ¥ e [9:712717695x 10* +72.8749746 x T']
MgO-Si0; Y g Yo+ [6.97403222 x10° —2.24084556x 10 x T']
Ternary interaction Sinteraction

Y ar Vg Vpggr [4.1659555x10° —1.0665663x10° x T
ALO;-CaO-MgO 6
—3.04080189x10°x y .. ]

ALO5-Ca0-Si0, Y g Yogre Yoo [-2.03579264 x 10° + 6.86044695 x 10° x T

Y Yrgr Vit [1.56192588x10° —2.90498555 x 10°xT
Ale;-MgO'SiOZ s
+9.49447247x10° x y .. ]
Al
Year Vg Ysio [-1.52649771x 10° +6.25663842x10*> x T

Ca0-MgO-SiO; ]
+1.48525598x10°x 3, ,. ]

The & expression for the slag system [Al,03-CaO-MgO-MnO-SiO;] is presented
below. This can be down-graded to a lower order system, when the absent component

mole and cation fractions are set to zero.

&= X,uzo,’}::,uzo3 + X cobcao XMgo'fMgo + XsmoSmmo + XSiozé:s.'o2

Al,0,-Ca0 Al,0,~-8i0, AlL03-MnO Ca0-Si0,
+ é interaction + gimeracﬁon + fimemcu'on + ginlenction

MgO-Si0, MnO-Si0, Al,0;-Ca0- MgO Al,0,-Ca0-Si0,
+ éintemction + gimeraction + éimeraction + fintenction (26)

Al,0,-MgO-SiO, A1,05-MgO- MnO Al,0,-MnO-Si0,
+ éintemcdon + gintemction + 5intemction

Ca0-MgO- SiO, Ca0-MnO-SiO, MgO-MnO-SiO,
+ 5 interaction + éinteraction + gimeraction
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The results reported in the literature show a reliable prediction of sulphur capacity
with good agreement with the experimental measurement for different slag systems
including (Ca0-Al,03-Si0,-MgO) [48-50, 57].

i) Slag viscosity

In simulation of the role of the slag in the metallurgical process, usually a huge
amount of data on slag thermal properties is required over a wide range of complex
slag compositions and temperatures to run the model. Various workers show dramatic
increases in slag viscosity with the content of network formers such as SiO, that come
within the range (1-100 Ns/m?) [30, 58-60], as illustrated in figure 29.

Unfortunately the available experimental results do not provide enough data over this
wide range of complex compositions and temperature to run very dynamic models.
The need for mathematical models that enable the estimation of the viscosities of

complex slags systems is noticeable.

Figure-29. Isoviscosity lines of the slag system (Ca0-Al,0,-
Si0,) at temperature 1500 °C, given in Poise (1 poise = 0.1
Ns/m?) [30].

A great effort has been made and a number of models have been developed [61].
Mills et al. [62] ran a “round robin” project to determine the accuracy of the
prediction of the slag viscosities and the reliability of various sophisticated models.

The different types of industrial slag were classified into various groups such as
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mould slag, ladle slag, and more. The model performance was described by the
difference between the calculated and the measured slag viscosities as per the formula

below:

5 = ncal - nmea % 1 OO (27)
nmea
A== a8)
N

where 6 and A are the parameters describing the variation between the calculated and
the measured values of the slag viscosity. Also 1ca and mMmea are the calculated and

measured slag viscosity respectively. N is the number of samples.

More than ten models applicable for different slags were investigated in the “round
robin” project. However, in this present work, the ladle slag system for the
desulphurization process is of concern; this is a non-fluoride system. For such a non-
fluoride slag system, the “round robin” project found A parameters of around 20% for
Zhang and Jahanshahi [63] and the Royal Institute of Technology (KTH) [64] models.
On the other hand the National Physical Laboratory (NPL) model [65] shows A
parameter values to be in the range of (25-35%). This is considered to be very
reasonable compared with the experimental errors (x20%). Detailed descriptions for
each of the above models:- KTH; NPL; and Zhang and Jahanshahi; are given below.
Further analysis and discussion of the model compatibility with the CFD analysis is

given in section 2.2.3 (iii).

a) KTH slag viscosity model

Sichen et al. [55] developed a mathematical model named the KTH model in the
“round robin” project- to estimate the multi-component ionic melt viscosity as a
function of temperature and compositions. The composition of the ionic melt is
represented by analogy with Temkin’s theory [66]. In this model, the slag viscosity

(1) can be expressed as follows:
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n= hNp ex AG” 29)
M P RT
where h = Planck’s constant.

N = Avogadro’s number.

p = Density of slag.

M = Molecular weight.

AG’= Gibbs energy of activation per mole, calculated from

experimental viscosity data.
The molecular weight of the melt can be expressed as follows:
M=) X M, (30)
where X; and M; represent the mole fraction and the molecular weight of the

component (i) in the solution, respectively. Also, the density of the multi-component

melt in the model is expressed as follows:
p=Y.X,p, @1)
where p; is the density of the pure components (i) in the liquid state.
AG'in equation (29) can be expressed as follows:
AG" =) X,AG; +AG,, (32)

where AG; is the Gibbs energy of activation of the pure component (i) in the liquid

state which is usually a linear function of temperature. The second term on the right
side of equation (32) represents the interaction between different species. More details

are presented elsewhere [55, 67].
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The model prediction shows good agreement with the experimental results, and good
reliability in extrapolating the viscosity values of complex slag systems as a function
of temperature and composition [55, 67]. The expression of the Gibbs energies for the

viscosity for the system, for example, (CaO-Fe,0-MgO-Si0,) is as follows [68].

AG’(CaO - Fe, O - MgO - Si0,) =
[Xcu0AGeo + X g, oAGr, o + X 4yeoAGryeo + X0, MG, 1+ AG,,, (CaO - Si0,) (33)
+AG,,, (Fe,O - Si0,) + AG,,, (MgO - SiO,) + GCAFESI + GCAMGSI + GFEMGSI

The parameters, AGy, AGro, AGyo, AG,, AGg, , AG,,(CaO-Si0,),

AG,,, (Fe,0 - Si0,), AG,, (MgO - Si0,), AG,,, (MnO - Si0,), GCAFESI, GCAMGSI,
GFEMGSI, and more are illustrated in table 4 and table 5. Unfortunately, the model
parameters for the Al;O; component are not published in the open literature at the
time of issue this report due to copyright restrictions. Therefore, this slag viscosity

model cannot be implemented in the current ladle degassing system simulation model.

Table-4. Slag viscosity mathematical model parameters.[68)

Component i Density Molar weight AG’
(g/em’) (2/mol) a ,mc;l)
Ca0 3.3 56.079 1.853x10°
Fe,0 4.7 71.846 1.3371x10°-18.033.T
MgO 3.58 40.311 1.865x10°
MnO 5.43 70.937 1.327x10°

Sio, 2.3 60.085 5.331x10°-53.298.T
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Table-5. Slag viscosity mathematical model parameters.[68]

AG;ﬁx (J/mol)

Binary Interaction

AG,, (CaO - Si0,) =yl ys [-8.56218889 x10°

Ca0-5(0; +103.733092 -T +2.64594343 x10°(y% — yi)]
AG,, ([Fe,0 - Si0,) = yi yg [-9.70281422 x10°
Fe0-510: +242 480930 T +1.90586769 x10°(y2 — yih)]
AG,,; (MgO - Si0,) = yi ys'[-8.18430330 x10°
Mg0-510: +91.3638027 T +1.35009560 x10°(y% — y&')]
AG,, (MnO - Si0,) = i v [-7.30955356 x10°
MnO-SiO,

+85.8415806 -T —7.47554681 x10*(y%: - y4*)]

Ternary Interaction
AG,, (CaO - Fe,0 - 8i0,) = AG,,, (CaO - SiO,)
+AG,,, (Fe,O - 8i0,) + GCAFESI
GCAFESI = yZ y y& (1.14932406 x10° —139.466890 - T
-1.05268958 x10° y¢; —1.18703224 x10° y )

CaO0-Fe,0-Si0,

AG,,, (CaO — MgO - Si0,) = AG,,, (CaO - $i0,)
Ca0-MgO-SiO, +AG,,, (MgO - Si0,) + GCAMGSI
GCAMGSI = yZ y¥ y&r (1.07014539x 10° - 324.501809 - T)

AG,,, (CaO - MnO - Si0,) = AG,,,. (CaO - SiO,)
Ca0-MnO-SiO; +AG,,, (MnO - SiO,) + GCAMNSI
GCAMGSI = y% y y ¥ (-6.75779022x10° +504.161763-T)

AG,,, (Fe,O - MgO - Si0,) = AG,,, (FeO - Si0,)
Fe,0-MgO-SiO, +AG,,, (MgO - Si0,) + GFEMGSI
GFEMGSI =y}, yi. ys (1.83484279x10° ~271.089792-T)

AG,,, (Fe,O — MnO - Si0,) = AG,,, (FeO - SiO,)
Fe,0-MnO-SiO; + AG,,, (MnO - SiO,) + GFEMNSI
GFEMNSI = y% y2 & (1.66129998 x10° —891.715429 - T)
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b) NPL slag viscosity

Mills and Sridhar [65] in the NPL slag viscosity model, which is based on the
corrected optical basicity [69], provide a reasonable estimation over a wide range of
industrial slags. The model assumes Arrhenius behavior, as expressed by the

following correlation:

Inp=InA+B/T (34)

where 7 is the viscosity. T is the temperature and A and B are functions of the

corrected optical basicity (A“") as expressed below:

nB _ 2.88

=-1.77+ 35)
1000 AT
In 4 =-232.69(A*")* +357.32- A" —144.17 (36)
nA.
A = 2 xmA, 37

- Zx,.n,.

where x; and n; are the component (i) mole fraction and the number of oxygen atoms
in the molecule, e.g. one for CaO, respectively. Also, A; is the optical basicity of

component () as listed in table 6.

Table-8. Slag oxide optical basicity [65].

Ca0O AlLOs SiO, MgO MnO P,0s

1.0 0.60 0.48 0.78 1.0 0.40

c) Zhang and Jahanshahi slag viscosity model

Zhang and Jahanshahi [63, 70] follow a different approach to develop their slag
viscosity model. Various models proposed over the past decades were based on the

equations for the viscosity of simple liquids, such as Weymann’s equation. A slag
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structural related model was developed. In this approach, the slag viscosity is linked
with the degree of polymerization of the silicate melts. It is well known that in silicate
melts viscosity decreases with the temperature increases for a given slag composition,
also the melt viscosity increases with silica content for a given temperature.
Therefore, Zhang and Jahanshahi define some parameters in their model to describe
the influence of the temperature and composition on the melt viscosity. The proposed

melt viscosity equation is expressed as follows:
n=A"Texp(E, / RT) (38)

. . . w W . . .
where 7 is viscosity, A" and E,’ are a pre-exponential term and activation energy

respectively, T is temperature and R is the gas constant. The viscosity composition

4

N which can be

dependence is described by the activation energy parameter £

expressed as follows:
2
E] =a+b(N,)’+c(N,)" +d(N,.) (39)

where a, b, c, and d are fitting parameters to be optimized against experimental data.

N is the fraction of oxygen, where N, and N, are the oxygen bonded to two silicon

atoms and the free oxygen ion respectively. These parameters can be obtained from
experimental data or calculated from molecular dynamics simulations of silicate melts

[63]. Also, the pre-exponential term A" can be expressed as follows:
In(4") = a‘+b‘E;" (40)
where ¢’ and b’ are unique coefficients for a particular system fitting to experimental

data. Furthermore, the model was extended successfully to estimate the viscosity of a

silicate melt containing alumina [71].
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iif) Note on the use of the NPL model in the present work.

The slag viscosity estimation models due to KTH, NPL, and Zhang and Jahanshahi
have been described in section 2.2.3 (ii). For the present work, a model must be
integrated with the Fluent CFD package. Unfortunately, the KTH model cannot be
integrated due to missing parameters covering the presence of Al,O; in slag (in the
present work the slag system includes 30 wt% Al,03). This is essentially a copyright
issue. The Zhang and Jahanshahi model cannot be implemented because model
parameters have been developed specifically for a silicate slag system containing a
minimum of 20 wt% SiO, (private communication with Dr. Ling Zhang). Therefore,
the NPL model was employed in the present work. However, an experimentally
determine relation between slag viscosity and temperature was used for some of the

cases (see section 3.4).

2.2.4 Cation diffusivity in molten slag

“Diffusion is the process by which matter is transported from one part of a system to
another as a result of random molecular motion” [72]. Slag is ionic in nature
consisting of positively and negatively charged ions called cations and anions
respectively. Cations are mobile species in slag and show much higher diffusivity rate
than anions [73]. In addition the diffusivity coefficient of an element is of an order of
magnitude greater in a liquid metal than in a molten slag [74, 75]. The diffusion
coefficients are influenced by species concentrations in slag. Variations of the species
concentration result in composition and viscosity changes of the slag, which in turn
alter the coefficient of diffusion. Silicon concentration gradient has a significant
influence on species diffusivity in silicate slags [74]. Also, the calcium cation
diffusivity coefficient in lime-alumina slag is about four times the value in a silicate
slag for the same temperature. In ternary silicate slag, the diffusivities for some
cations are in the following order [Dge>Dna>Dca>Dar>Dsi] [76]. In addition
diffusivity coefficient variation with temperature gradient is not great [75]. Some of

the interesting cation diffusivity coefficient values are given in table 7.
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Table-7. Diffusion coefficients for some cations of interest in molten slag.

Slag composition Cation Diffusivity Temperature Ref
Wt% (x10®) cm?s °c

38Ca0.20A1,0,.42Si0;, Ca 45 1450 (75]
Si 0.047 1365 [76]

Si 0.105 1430 [76]

50.1Ca0.49.9Al,0, Ca* 19 1450 [75]
40Ca0.20A1,0,.40Si0; Ca"? 0.2-0.45 1350 [76]
40Ca0.20A1,0,.40Si0, Ca* 1.5-4.0 1500 [76]

2.3. Gas refining in a ladle degassing system

In the continuous casting process, the subsurface blowholes tend to occur due to the
high content of the H, N and CO dissolved in liquid steel [77]. Only a small amount
of the hydrogen will diffuse out during the rapid cooling of a heavy casting section of
steel. Due to the reduction of hydrogen solubility in steel with temperature drop,
hydrogen gas pressure will build up in the steel matrix during the rapid cooling
process. Therefore, internal cracking and flaking can occur in heavy sections if the
hydrogen content is too high. Nowadays, heavy sections for critical applications are
degassed to reduce hydrogen content. On the other hand slow cooling allows the
diffusion of hydrogen out of the steel casting [78]. Nitrogen affects toughness and

enhances the tendency for stress corrosion cracking [79].

During vacuum treatment process, the dissolved hydrogen is transferred from the
liquid metal into the argon gas bubbles. In contrast, slag picks up hydrogen from the
atmosphere and transfers it to the liquid metal. Actually, the slag hydrogen pickup is a
result of the reaction of the slag with water vapour; hydrogen gas does not dissolve in
significant amounts in slag [80]. Due to the moisture content of the lime-base slag
[Ca0-Al1203-Si02-MgO0], the initial hydrogen level is most likely to increase during
the desulphurization process according to the reaction (H,O = 2[H] + [O]) with the
liquid steel [81].

The hydrogen removal mechanism in the degassing system gas stirred ladle can be
described in three steps. First, the dissolved hydrogen in molten metal comes into

contact with the argon gas bubbles. Secondly, hydrogen gas is formed at the surface
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of the argon gas bubbles according to the chemical reaction (2[H] = H; (gas)). Finally,
the mass transfer of the gas formed into the argon gas bubbles. At steelmaking
temperatures, the chemical reactions are usually very fast. The hydrogen gas
formation at the bubble surface is occurring much faster compared to the hydrogen
mass transfer in the liquid metal [82]. Therefore, the hydrogen removal rate is
controlled by how fast the hydrogen rich steel can be transported into the gas plume
region [82, 83]. In other words, the first step of the mechanism is controlling the

hydrogen removal rate.

During the vacuum oxygen decarburization (VOD) process, Kitamura et al. [84]
assumed that the nitrogen removal was controlled by the mass transfer of dissolved
nitrogen in the liquid steel and by the chemical reaction [2[N] = N; (gas)] occurring at
the interface with the gas bubbles. Kitamura et al. [84] concluded that the early stage
of the decarburization chemical reaction mainly happened at the interface with CO
bubbles; however, as the CO bubble formation decreases during the process, then
70% of nitrogen gas formation occurred at the bath surface and only 30% occurred at

the interface with the injected argon gas bubbles.

2.4. Gas stirred system simulation

Multiphase fluid flow modelling has received enormous attention over the last few
years. Many mathematical models of the two-phase gas stirred system have been
reported in the literature. The plume phase was predicted from first principles with
good agreemént with the experimental results. The transport equations were solved
for each phase and connected with interaction parameters. The Launder and Spalding
[85] k- turbulent model is widely used in the field of gas stirred ladle system

simulation.

Ilegbusi and Szekely [3] report results of a mathematical prediction of a gas stirred
system with an excellent agreement with the experimental measurements as illustrated
in figure 30. Furthermore, their mathematical model predicts a much narrower plum
width for molten steel in comparison with the water model. More mathematical
models studying different phenomena within the gas stirred system by solving the

transport equations have been reported in literature with good prediction results [4,
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17, 86-88]. However, recently a three phase model of a gas stirred bath including the
top slag layer, has been developed by Jonsson and Jonsson [26]. The agreement of the
steel surface velocity prediction with the experimental measurement was five times
better than their previous two phase simulation model which had not considered the

slag phase. The model was capable of predicting the slag and molten steel fractions in

the mixing zone.
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Figure-30. Mathematical model prediction compared with experimental measurement [3). (a) Mean axial
liquid velocity at 68% of the total liquid height from the vessel bottom (x/H=0.68). (b) Gas fraction variation
along the axis in water model measurement and model prediction. (R) is the vessel radius and (r) is a point
located on the radius. (d,) is the axis length and x is a point on the axis.

Jonsson et al. [2] established a new approach to steel refining simulation. The multi-
phase steel/slag/gas model was linked with a thermodynamic database to simulate the
desulphurization process. The desulphurization thermodynamic equations were solved

for each node every instant. However, some simplifications were made.

e Only the effect of aluminium, oxygen and sulphur dissolved elements were
accounted for in the desulphurization, based on the assumption that the
concentrations of other elements do not change significantly during the

process.

e The oxygen activity was determined only by the aluminium and alumina
activity in the melt and slag respectively; these activities were used to

determine the sulphur partition ratio between the melt and the slag.
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* Thermodynamic equilibrium was assumed to be achieved at each time step of

the process.

The mass balance for each dissolved element (Al, O, and S) was determined at each

time step based on the predictions of'the thermodynamic changes.

The prediction results were in acceptable agreement with plant data. The success of
the model illustrates the great potential of coupling the CFD analysis with
thermodynamic modelling. Figures 31 and 32 show the predictions of sulphur
concentration variation with refining time as well as other dissolved element content

changes in molten steel as a result of the desulphurisation process.

Slag/metal
interface
wt% wt%

0.001 1.1E-4

0.003 - 1.4E-4

0.005 6 1.6E-4

0.007 9 1.9E-4

0.010 1

0.012 2.5E-4

0.014 7 « 0.17

bl ~ G

0.020 8‘,82% 35E-4

0.022 1 0.059 3.8E4

0.025 0.061 41E-4

0.027 ‘ 0.064 4.4E-4

0.029 | 0.067 4.6E-4

0.031 0.070 4.9E-4

Figure-31. The sulphur, aluminium and oxygen content in molten steel phase, and sulphur
content in slag phase 1 min after of the gas stirring process started [2].
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Figure-32. The sulphur content in molten steel changes with refining time [2].
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The same model approach with some modifications was applied elsewhere for further
investigation of other applications within gas stirred ladle systems with great success
[83, 89-92].

In this present work which will be described in the next chapter some features are:

e Addition of a vacuum zone on the top of the slag layer, to avoid restricted heat
losses from the top surface, and provide more freedom for the slag phase

motion.

e Advanced thermodynamic prediction with minimal assumptions using the
MTDATA thermodynamic package from National Physical Laboratory (NPL),

using three different databases (see section 3.5).

e An easy upgrade to study more phenomena in steelmaking processes involving
slag-metal reactions e.g. decarburisation at the steel/slag interface, due to the

use of a separate thermodynamic package.
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3. Simulation of the ladle gas stirred system

The aim of this project is to make a coupling between the ladle degassing system CFD
model and the thermodynamic prediction package. A three phase (steel/gas/slag)
mathematical model is developed using the Fluent commercial CFD package.
MTDATA is used to predict the species exchange at the metal/slag interface. The
CFD mathematical formulation and boundary conditions used are described in
sections 3.1 and 3.2 respectively. The role of the drag coefficient correlation is
discussed in section 3.3. More about the coupling methodology and the model

development is discussed in sections 3.6 and 3.7 respectively.
3.1 Mathematical formulation

A 2D mathematical model of a gas-stirred ladle accounting for the steel, argon and
slag phases was created as illustrated in figure 33. The Eulerian multiphase model
approach was used to solve separate transport equations for each of the dissolved
elements of interest such as Al, O, and S. Additional species (Ca"" and CaS) were
accounted for when allowing Ca™" mobility and the precipitation of CaS phase in the
slag phase. The simulation assumptions are described in section 3.1.1. A detailed list

of the implemented transport equations is given in section 3.1.2.
3.1.1 Assumptions:
The simulation was based on the following assumptions:

e The ladle vessel is a symmetric system;
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The transient solution approach (as defined in Fluent) was used to run the

simulation;

A free vacuum zone occupied by gas on the top of the slag layer was
assumed [4]. The return gas temperature at the outlet surface was assumed
a constant. This temperature value was taken from steelmaking plant of a

similar system;

Gas Outlet

[T

Symmetry Plane

ab Bettom wall c

Noazzle (gas inlet)

Figure-33. Schematic diagram of the two dimensional control
volume domain of the gas stirred ladle system

A non-slip boundary condition was assumed at the ladle sidewall and the
bottom. An enhanced wall treatment provided by Fluent was used to define
the velocity profile, turbulent kinetic energy, energy dissipation rate, and
turbulent viscosity in the region near the wall. This method combines a
two-layer model with enhanced wall functions. The two-layer model is an
integral part of the Fluent enhanced wall treatment approach and is used to
specify both the turbulent kinetic energy dissipation rate and the turbulent
viscosity in the near-wall cells. The enhanced wall function is an

amalgamation of the turbulent and laminar wall flows to obtain a
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reasonable representation of velocity profiles and resolve the different
conditions near the wall region (i.e., laminar sub-layer, buffer region, and
fully-turbulent region). A constant heat loss rate (24600 W/m?) from the
molten steel to the refractory lining was assumed [2];

e A homogeneous molten steel and slag composition and temperature were

assumed as an initial condition prior to calculation;

3.1.2 Transport equations:

Based on the above assumptions in section 3.1.1, the following transport equations

were solved to conduct the simulation.

e Mass conservation equation for each single phase and dissolved elements of

interest.

op -
—4+V. =S 41
o (pv)=35§, @1

-
where v is velocity. Equation (41) is the general form of the mass conservation

equation, where S, is the source mass term.

e Momentum equation

Ea;(p;)+v-(p33)=—Vp+V-(:)+p§+F @)

= - -
where p is the static pressure, 7 is the stress tensor described below, and pg and F

are the gravitational and external body forces respectively.

= - >T -
t=p[(Vu+Vv )—%V-ul] (43)
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where u is the molecular viscosity, 7 is the unit tensor, and the second term on the

right hand side is the effect of volume dilation.

e Energy conservation equation
a - . = —
-67(/015) +V-(U(PE +p)) =V (k VT - Zhjj,- +(Tg -ON+S, @44
J

where ker is the effective conductivity, 4; and j; are the sensible enthalpy and the
diffusion flux of species j respectively, and S} is the volumetric heat source e.g. heat

of chemical reaction..

The turbulent flow was solved using a k-¢ model [85]. The turbulence kinetic energy,

k, and its rate of dissipation, &, are obtained from the following transport equations:

0 0 0
E(pk)+a(plwi)=—{(ﬂ+”')a—]+0 +G,-pe=Y, +S, (9
j

i J

0 0 0 g’
_ét—(pg) + a"(pwz) = g[(ﬂ + £ )_] + C (Gk + C3sGb) - CZSPT + Ss (46)

f) 1
where w; is the velocity tensor, and . is the turbulent viscosity described as:
k2

=pC,— @7

Cie, C2, C3, 0, , and o, are the model constants shown in table 8. These constants

have been estimated to fit a water/air experimental measurements, and its used widely

in the field of steelmaking process simulation [93, 94].
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Table-8. The K-¢ turbulent model constants [85].

Cie Cae Cse Cy o, c

1.44 1.92 1.3 0.09 1.0 1.3

G « is the generation of turbulence kinetic energy due to the mean velocity gradients,

described as per the following equation.

G, = —puTuT

: 5;— @8)

where uu; is the Reynolds stress. The term (Y ) represents the influence of the

compressible flow on the overall dissipation rate that is usually neglected for

incompressible flow, as in the present model.

For a non-zero gravity field and temperature gradients, the generation of the
turbulence kinetic energy due to buoyancy is accounted for by the term G, expressed
in equation (49). In Fluent, the influence of the buoyancy on the production of k is
well known and can be described by the term Gy. On the other hand, its influence on
the production of € is less clear. Therefore, the term Gy, is set to zero in equation (46)

to neglect the buoyancy influence. However, it can be accounted for if required.

oT
G = ﬁ‘___ 49
b ﬂga Pr, axi ( )
where Pr; is the turbulent Prandtl number and g; is the gravity vector in the ith

direction, and f is the thermal expansion coefficient.

The turbulent Prandtl number (Pr,) is defined as the ratio of the eddy diffusivity of
momentum to eddy diffusivity of heat. Turbulent Prandtl number for fluids with very
low Prandtl number (Pr << 1) such as liquid metals, is noticeably greater than 1.0 [95-
97]. A proper estimation of Pr, is important to accurately predict the heat transfer rate
by solving the energy equation [95]. Figure 34 illustrates the variation of Pr; moving
away from the wall in a fully developed flow in a flat duct for different Prandtl

numbers.
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Turbulent Prandt! aumber

.

Figure-34. Calculated turbulent Prandtl number for a boundary layer in a fully developed
flow in a flat duct [95]. y* is the viscous sublayer thickness at the near-wall region.

Kays and Crawford proposed a correlation to estimate the value of Pry:

Pr, = L - (50)

L, CPe, L (CPe,)*| 1—exp -1
2Pr, 2Pr, cpe \[Pr,

where

Pe, = priu (51)
v

Pe is the turbulent Peclet number, €y is the eddy diffusivity of momentum, Pr, is the

value of Pr, far from the wall, and C is a constant. Pr, and C are suggested to be 0.85

and 0.3 respectively [95, 96]. A plot of equation (50) for three different Prandtl

number’s is presented in figure 35.

Weigand et al. [97] propose a modification of Pr, in equation (50). Pr, is then not

fixed to a constant value of 0.85 but expressed as follows:

D

52
Re (32)

0.888

Pr, =0.85+
= Pr

where Re is the Reynolds number and D is a constant suggested to be 100.
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8 Pr = 0.01

Turbuleat Prandt number

Figure-35. A plot of equation (50) Schematic diagram of the two
dimensional control volume domain of the gas stirred ladle system
[95]. y* is the viscous sublayer thickness at the near-wall region.

Fluent can only accept a constant value for the turbulent Prandtl number. Therefore,
equation (50) cannot be implemented in this present model. Fluent uses a default
value of 0.85 which is widely accepted. However, further discussion to evaluate the

optimum Pr;, constant value for this present analysis is described in section 4.1.1.

3.2 Boundary conditions

A diagram of the two-dimensional domain mesh is shown in figure 33 (page 48). The
area (h-e-d-i) is occupied by slag phase of thickness 9 cm at the start of calculation.
The free vacuum zone (h-g-f~e) on the top of the slag layer is occupied by gas under
vacuum. The surface (a-g) stands for the system symmetrical plane. A homogenous
temperature of value 1873 K was assumed at the start of calculation; this is the same
value as used by Jonsson et al. [2]. The applied boundary conditions are described in

the following sections.
3.2.1 Gas inlet nozzle:
Argon gas is injected into the domain volume by a nozzle located in the centre of the

ladle bottom (position a-b) with a volume flow rate of 801/min; again this is the same

value used by Jonsson et al. [2]. The turbulence intensity is defined as the ratio of the
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root-mean-square of the velocity fluctuations to the mean flow velocity. Fluent
suggested that the turbulence intensity is ‘low’ if it is of order of 1% or less, and
‘high’ if it is of order of 10% or more. For internal flows, the turbulence intensity at
the inlet is dependent on the history of the flow. If the flow is under-developed and
undisturbed, then low turbulence intensity can be used. If the flow is fully developed,
then the turbulence intensity at the core of a fully developed duct flow can be
estimated from the following formula given in Fluent 6.2 documentations derived

from an empirical correlation for pipe flows:
1=0.16-(Re)"'* (53)
where [ is turbulent intensity and (Re) is Reynolds number.

The turbulence intensity at the nozzle inlet for the ladle degassing system is required.
As discussed in section 2.1.1, the fully developed region of the two-phase system
within the control volume is independent of the gas injection device. Also the
influence of the gas injection device used (nozzle/porous plug) and the gas input
kinetic energy is limited to the local area near the inlet, and the gas velocity is
drastically reduced within a short distance from the inlet due to the losses of the gas
kinetic energy. For simplicity, equation (53) was used to calculate the initial
turbulence intensity at the inlet. It was found to be (0.02%). The turbulence intensity
can therefore be defined as ‘low’. The system then does not show any sensitivity to
the turbulence intensity value at the inlet. The gas temperature injected at room
temperature is increasing rapidly while it goes through the nozzle before it hits the
steel at the nozzle steel side, therefore, the inlet gas temperature can be assumed to be
1273 K [26].

3.2.2 Ladle side and bottom walls:

A non-slip condition was assumed with the Fluent enhanced wall treatment which was
applied. This non-slip condition was used to account for the wall friction influence on
the flow velocity profile near the wall and the general flow pattern. The cells attached

to these walls and merged with the molten steel phase were loaded with a volumetric
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source term as described in the energy conservation equation (44). This energy source
term was used to describe the assumed constant heat loss rate in (W/m3) from the

molten steel to the refractory lining [2] as described in section 3.1.1.
3.2.3. Pressure outlet;

Fluent provides a number of outlet boundary conditions for different applications such
as compressible/incompressible flows. The process was operated under vacuum
pressure condition. Therefore, the pressure outlet boundary condition was selected to
define the outlet surface and applied a vacuum pressure at the gas exhaust surface (g-
f). Also, as recommended by Fluent, the use of a pressure outlet boundary condition,
instead of an outflow condition, not only provides an easy route for the application of
the operational vacuum pressure, but also results in a better solution convergence.
However, gas backflow is expected due to gas circulation in the free vacuum zone

shown at the top in figure 33.

3.3 Interactions between two fluids

3.3.1 Drag coefficient models

The drag coefficient model is required to specify the drag function used in the
calculation of the momentum exchange coefficients describing the interactions

between the different phases.

Fluent provides different drag coefficient correlations to specify the interaction
between two fluid phases. Kuo and Wallis [98] investigate bubbles rising in water
(clean and tap water). The corresponding drag coefficient of the bubble behavior in

various regions with rising speed is illustrated in figure 36

Jonsson et al. [2] (as discussed in section 2.4) and [26, 51, 89] used the Kuo and
Wallis [98] drag coefficient correlations in regions 2, 2B, 4, and 5, as shown in figure
36, to specify the interaction between the three phases (steel/slag/gas). Detailed

descriptions of selected drag coefficient correlations are given below.
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The root taken by Jonsson
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Figure-36. Drag coefficient for various regions with air
bubbles rising in water{98] .

These correlations were selected because they have been used in ladle gas stirred
systems. Fluent provides three drag coefficient models:- “Schiller and Naumann®;
“Morsi and Alexander”; and “Symmetric” models, which are used to specify the drag
function between two fluid phases. “Schiller and Naumann” [99] is the default model

in Fluent, where the drag coefficient (C;) is expressed in the following correlations.

_ 24(1+0.15-Re**")

C
a Re

for (Re < 1000) (54)

and,

Cy = 0.44 for (Re > 1000) (55)

where Re is the Reynolds number.

Fluent recommends the Morsi and Alexander model as the most complete. The Morsi

and Alexander [100] model adjusts the drag coefficient over a large range of Reynolds

numbers as illustrated in the following correlations.
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Cy=24.0/Re for Re<0.1

Cy=22.73/Re + 0.0903/Ré” + 3.69 for 0.1 <Re<1.0

C4=29.1667/Re — 3.8889/Ré” + 1.222 for 1.0 <Re<100

C,=46.5/Re - 116.67/Re’ + 0.6167 for 100 <Re<100.0 (56)
C,=98.33/Re - 2778/R& + 0.3644 for 100.0 <Re<1000.0
C,=148.62/Re — 4.75x10*/Ré’ + 0.357 for 1000.0 < Re < 5000.0
C,=-490.546/Re + 57.87x10%Ré* + 0.46 for 5000.0 < Re < 10000.0
C,=-1662.5/Re + 5.4167x10%Re* + 0.5191 for 10000.0 < Re < 50000.0

where Re is the Reynolds number.

The symmetric model is recommended for flows in which the secondary phase is
continuous in a region of the domain, just like the top slag layer, where the slag is a

continuous secondary phase.

In addition, more drag coefficient correlations are published in the literature used for
steelmaking process simulation. Xia et al. [94], suggests the following modified drag

coefficient correlation for a ladle gas-stirred melt system:

C,= %E:/Z (57
where, E, is the Eotvos number defined as follows:
- d?
E = §_(_/Z’___pg_)_b_ (58)

o

o

where, p; and p, are the liquid and the gas phase densities respectively. Also, dy is the

gas bubble diameter in meters, and ¢ is the liquid phase surface tension.

Kuo and Wallis [98] suggested correlations for different ranges (regions 2, 2B, 4, and
5 in figure 36) of Reynolds and Weber number to determine the drag coefficient for
the interaction between the gas bubbles and the liquid phase in a two-phase flow

system as follows:
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16

C,=— Re <0.49
Re
20.68
Cd = —in 0.49<Re<100
Re™
6.3 2065.1
C,=——— Re> 100, AND We < 8, AND Re < ———— 59
d Reo.385 Wez.6 ( )
We 2065.1
C,=— Re > 100, AND We <8, AND Re > ———
3 We*
8
Cd=§ Re> 100, AND We > 8

where, Re and We are Reynolds and Weber numbers respectively.

In the Turkoglu and Farouk [4] mathematical model of the gas injected iron bath
system, the drag coefficient in the bubbly flow regions was calculated after Clift et al.
[101] proposal correlation.

_ 24(1+0.15-Re,®") L 042
Re, 4.25x10*
1 + Rel.16
b

Co

(60)

where Rey, is the Reynolds number based on the bubble diameter, the local continuous

phase properties, and slip velocity.

In this present work, the Morsi and Alexander model is used to define the interaction
between the molten steel phase (primary phase) and the gas phase (secondary phase).
It is also used to define the interaction between the two secondary phases (molten slag
and gas) due to the high stability compared with other models provided by Fluent.
However, the symmetric model was used to define the interaction between the molten
steel phase (primary phase) and the molten slag phase (secondary phase). Other
models suggested in the literature have been compared with the Fluent built-in models

and are discussed below in section 3.3.2.
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3.3.2 Identification of the most appropriate drag coefficient and bubble size models

The drag coefficient models provided by Fluent and implemented in the gas stirred
ladle system simulation were described in section 3.3.1. In this section the available

drag coefficients model are evaluated to decide on which is to be used in this present

work.

Figure 37 illustrates the estimated drag coefficient value using the available models
plotted against Reynolds number. From inspection, the correlation suggested by Xia et
al. [94] was excluded because it provides a constant value independent of the
variation of the Reynolds number for the drag coefficient. This is not consistent with

the estimated drag coefficient for air bubbles rising in water given in figure 36.

—— Kuo and Wallis - Clift et al.
~§— Morsi and Alexander ~5— Symmetric
—g— Xiaetal
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Figure-37. The estimation of the drag coefficient using a various
correlations. A constant bubble size of 10mm was used in this calculation.

A significant divergence in the estimated drag coefficient value using the correlation
proposed by Kuo and Wallis [98] starts at about (Re=1000). This sudden increase in
follows the variation shown for regions 2, 2B, 4, and 5 in figure 36. In regions 4 and 5
in figure 36, the bubble shape is a spherical cap. As discussed in section 2.1.1 a
spherical gas bubble shape was assumed in this present work. Therefore, the Kuo and
Wallis [98] correlations for regions 4 and 5 in figure 36 are not consistent with the
assumption of the spherical bubble shape. Furthermore, the correlation used to
estimate the gas bubble size is applicable for a spherical bubble shape. However, the

estimated drag coefficient value as per Kuo and Wallis [98] (as shown in figure 36)
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for the spherical shape bubble is equivalent to the Morsi and Alexander [100]
estimation and others shown in the figure. Therefore, Morsi and Alexander [100]
correlation was selected as recommended by Fluent as the most complete model to be
used in this present work to define the drag coefficient between the molten steel and
the gas phase. The symmetry correlation recommended by Fluent was employed to

define the interaction between the steel and the slag phase.

The gas bubble size estimation models based on drag coefficient discussed in section
2.1.2 were excluded (i.e. those due to Oeters [14] and Turkdogan [15]). This is due to
the fact that the bubble size estimation is related to drag coefficient in these models
but here we are aiming to calculate drag coefficient and hence an internal
inconsistency develops. The model of Xie et al. [94] was excluded because the
predicted bubble size is increasing with the path height and does not reduce once the
steel/slag interface is reached, where bubble break up is expected (as discussed in
section 2.1.1). The Mori et al. [12] empirical correlation to determine the bubble size
immediately above the porous plugs was excluded because it predicted a relatively
large bubble size which could not be resolved by the solver resulting in a solution
collapsing. This correlation was implemented in parallel with Oeters [14] correlation
[2, 26, 51, 82, 89] to predict the bubble size immediately above the nozzle and in the
bulk respectively. Both correlations work smoothly with each other because Oeters
correlation was predicting a relatively large bubble size. However, we have already
excluded Oeters [14] correlation for reasons explained at the beginning of this
paragraph. On the other hand Mori et al. [12] correlation didn’t work successfully
with Wang et al. [13] correlation due to the relatively smaller bubble size predicted by
Wang et al. [13] in the region close to the nozzle which make a confliction resulting in
a solution collapsing. In this present work, Wang et al. [13] correlation was selected to

be used in the analysis.

3.4 Steel/slag physical and thermal properties

Table 9 illustrates the density and viscosity properties used for steel/slag/gas phases in

the calculation. These are the same values as those used for Jonsson et al. [2] work.
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Table-9. Steel/slag/gas material density and viscosity properties.

Phase Density (kg/m’) Viscosity (kg/ms)
- 3 _ .t
Steel  p=8.586x10°-0.8567-T [102] 41 = 0.3147 x10°* - exp( 46480 ) [102]
8.3144 -T
Slag  p=2977.6-0.1536-T[89] 4= 4.1909 10 - exp( 164022 9]

Argon 1.6228 " 2.125x10%°

T is the temperature in (K). * i‘emperature range is (1812-1923 K). ** Data taken from Fluent materials
database.

The slag thermal conductivity is in the range 0.5 to 1.2 W/mK [103]. Based on

experimental data, the following correlation [103] can be used to estimate the slag

thermal conductivity.
k= 1.8x10°° 61)
14
where
=M ©2)
P

¥V and M are the molar volume and molar weight respectively. Using equation (61)
with the slag system of concern in this study (55%Ca0-30%Al;03-7.5%Si0;-
7.5MgO) the thermal conductivity is (0.7689 W/mK) at 1600 °C.

The slag heat capacity is a combination of the individual component heat capacities as

expressed in equations (63-67).

4.1868x10°
= —yX

C = 63
p.Ca0 56.079 3)

5
(11.86+1.08x10‘3n—M]

T2

4.1868 x10°

g 11.56x10°
pahor = 07 061 x(28.804+2.197x10 T,—T (64)

s

4.1868x10°
= ———x

9.335x10°
o 17.119 +0.452 x 107 T — 222X 20 65
Psi0; = 760 084 ( x4 ) (©65)

T2
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_ 4.1868x10° 5
pMsg0 40.304

T2

5
(1 1.707 +0.751x 10T, — 2—'7-31’20—) (66)

Cosig = (%Ca0)C, s + (% ALO,)C, 40, +(%Si0,)C, 50, +(%MgO)C, 4o (67

where C,; and T are the heat capacity and slag temperature respectively for the ith

component. The present slag system (55%Ca0-30%Al1,03-7.5%Si0,-7.5Mg0) heat
capacity at 1873 K was calculated using equation (67). The variation in the heat
capacity value over the working temperature range was neglected because Fluent can

only accept a constant value for the heat capacity.

3.5 Basis for the use of the thermodynamic prediction package

In the steelmaking industry, the oxygen partial pressure within the steel/slag system is
within the range of 10%-10°2 atm. Therefore, the sulphur tends to be present as
sulphide rather than sulphate (see section 2.2.1 (ii)). In addition, the aluminum present
in the fully killed steel means that a reasonable assumption is that the desulphurization
process is limited to the three main control elements (Al, O, and, S) (see section 2.4)
[2]. However, the influence of the presence of CaO on sulphur removal during the
fully-killed steel refining process is illustrated in the overall desulphurization reaction
expressed as {16]:

(Ca0),uy +[Skiees +2/3[A1).0es > (CaS),,, +1/3(41,0;),,, (68)
Figure 38 illustrates the influence of SiO, slag content on desulphurization. In
addition, the notable influence of the initial content of FeO in the slag has been

published in the literature [83].

The thermodynamic prediction of the desulphurization process is expected to be
enhanced using the MTDATA package, due to its capability for making

thermodynamic predictions for multi-component systems containing up to 30
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elements. MTDATA is equipped with four different databases named NPLOX3,
NPLOX trace, TCFE, and SUB_SGTE. The database [NPLOX3] contains the data
for the oxide system CaO-Al1203-MgO-Si02-Fe-O, [NPLOX _trace] is used to trace
the sulphur in the oxide phase, [TCFE] is the multi-component alloy database specific
to steels containing the data about O/S solubility in steel, and finally, [SUB_SGTE] is

the gas phase data source.

E ---------- Slag metal equilibrium
r T27777 us. Steel plant data
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Figure-38. Slag/metal sulphur distribution ratio after desulphurisation with
lime-saturated Ca0O-MgO-Al,0,-SiO, slags at 1600 +/- 15 °C [14].

3.6 Solution method strategy

A pre-defined CFD file was built and solved until the injected gas penetrates the top
slag layer and a free slag hole is created which is called the ‘open-eye’ as illustrated in
figure 39. This is taken as the start point for the coupling analysis (i.e. the iterative
linking of the CFD program with the thermodynamic prediction package MTDATA)
due to the stability of the system after the complete development of the two-phase
plume and creation of the open eye. Also, there is high uncertainty about the required
time for the gas phase to reach the top surface. This time is very sensitive to the
numerical solution parameters used e.g. “time step” and also the grid used. In
addition, before the development of the open eye, the steel circulation at the steel/slag

interface is expected to be minimal.

A pre-defined thermodynamics file was created. The multiphase thermal system
components are defined as (Ca0Q-SiO,-MgO-Al-Fe-O-S). In MTDATA the chemical
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system can be defined either by its components like (CaO- A1203-Si02-Mg0 ) or by its
elements like (Ca-Al-Si-Mg-0), or a mix of both. In this present steel/slag system,
aluminium dissolved in the molten steel is being lost at the steel/slag interface during
the refining process. Therefore, to allow easier tracing of the aluminium element at
the steel/slag interface, the alumina component of the slag system was defined by its
elements. The aluminium element mass defined in the system is a combination of the
aluminium forming the alumina from slag phase and the dissolved aluminium in the

molten steel.

Open eye

Slag

Steel

Plume region
(steel/gas mixture)

Gas inlet

Figure-39. A schematic diagram showing the plume region and

the open eye created at the top slag layer

A data exchange control macro was created using the Visual Basic 6.0 environment.
Figure 40 illustrates the coupling flow chart. First, Fluent is executed to run the pre-
defined file for a defined At time step. Then the volume fractions of the different
phases in the mixture, temperature, and pressure values for each single cell are stored
in a defined text file. Next, the macrocode reads the CFD results text file, and in each
cell with steel/slag mixture, the molar weights of the multiphase thermodynamic
system components are calculated from the steel/slag volume fractions. MTDATA is
only executed for each cell that contains sufficient steel/slag mixture at the steel/slag
interface (as opposed to the cells which contain steel or slag alone) as illustrated in
figure 41. “Sufficient”” mean that the steel/slag mass mixture fractions should satisfy
the required conditions to call MTDATA for analysis. These conditions are:- (1) the
steel and/or slag volume fraction should not be less than 5x1 02 of the cell volume,

(Fluent predicts incorrectly a tiny amount o f these phases is present in some cells due
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to the numerical errors. This error cannot be avoided and does not influence the
overall flow pattern); (2) the minimum mass values accepted by MTDATA are
controlled to run the analysis with accepted accuracy. With reference to this second
condition, the Gibbs energy minimisation algorithm used in MTDATA provides a
very stable computation with high accuracy prediction, but does not allow the
calculation of very small amounts of species down to six decimal places in
composition. The MTDATA thermodynamic analysis was run for different steel/slag
mass mixtures to define the criteria values. The minimum masses of steel and/or slag

accepted to run the thermodynamic analysis properly are (0.001kg) and (0.0001kg)
respectively.
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l END }‘ n= n=n+1
n<N
[ Call a pre-defined Fluent! case J
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v+ 3
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(staealag/ges) Read the new species predicted mass
R ; concentration results from
Mase conservation MTDATA enalysis.
*Momentum conservation l
*Energy equation
Ludm_;t_ﬂn_nnunumm
v
Data saving to a text file Fluent species mass transfer UDF?
will update the mass transfer
Fiuent UDF? macros will write the rate of the different species of interest
solution output results into a text file at at the steelslag interface based on
the end of the sslected number of time MTDATA prediction output results.
steps, for each single cell of the entire
domain
Call a pre-defined MTDATA? m-| MIDATA Thermodynamic
analysis
L 2 Run the analysis to predicts the Data saving to a text file
Reading Fluent results file phass change end the new phase .
formed at time (f). The amount of M‘!‘DTA analysis results are
Reading the steel/slag/ges fractions 3| sulphur dissolved in slag cen be written on a text file. The new
volume from Fluent data text file. Then V| predicted using NPLOX_trace > mass fractions for the species
calculate the slag componsnts weight of databese in addition of NPLOX3, of interest, like sulphur, are
the system (Ce0-A1,0;-5i10,-Mg0). TCFE, and SUB_SGTE databases. saved.
1. Computational fluid dynamics packege.
2. Fluent User Defined Function to customise the model.

3. Thermodynamic packege from National Physical Laboratory (NPL).

Figure-40. Flow chart diagram of the coupling strategy method used to link Fluent CFD analysis with
MTDATA thermodynamics package.
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The selected values can be justified because of the large mass scale of the simulated
system (100 tonne ladle). In addition, these minimum masses make the MTDATA

computational analysis work very smoothly and with high accuracy.

Gas outlet ujider vacuum pressure

Cells at the steel/slag

Gas inlet

Figure-41. Sketch of the gas stirred ladle system. In each cell at the steel/slag
interface, the mass mixture fraction is calculated. The steel/slag thermodynamic
analysis is only solved for the cells which meet the mass mixture criteria (see section
3.6).

The thermodynamic results are stored in a text file. This first step is repeated until the
end of the refining process. However, starting from the second step, at the beginning
of the Fluent session, the species mass concentration at the steel/slag interface is
updated by reading the MTDATA results text file from the previous time step, using
the customised species mass transfer Fluent user define function (UDF). The
predicted data is used by Fluent to calculate species mass transfer rate of elements of
interest (Al, O, and S) at the interface. This mass transfer rate is updated to absorb the
variation in chemistry and mixture mass fraction at the steel/slag interface. The time
At determines how often Fluent interfaces with MTDATA. This is referred to later as

the “interface rate”.
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3.7 Mathematical model development stages

3.7.1 Grid development

The grid shown in figure 42 is the mesh chosen for use in this present work. Figures 1
to 8 in appendix-A illustrate some of the meshes tested during the early stages of this
project with a rejection commentary. In 2D analysis the grid can be created either

using triangular or quadrilateral cells or a combination of the two. The choice of
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Figure-42. Quadrilateral cells grid. The grid used in this present
analysis.

which mesh type to use depends on the application. In this present work, the slag
phase is floating on the top of the molten steel primary phase, and also an extra gas
phase is present on the top of the slag layer. Therefore, the grid cells at the interface
zones between these three phases need to be carefully selected. They should be small
enough to resolve reasonably the mixing phenomena occurring but the overall number

of cells should be controlled to reduce the computational running time. The number of



Simulation of the ladle gas stirred system 68

cells covering the mixing zone at the steel/slag interface needs to be controlled to
reduce the overall thermodynamic analysis computational running time; the number
of times the thermodynamics package (MTDATA) is called equals the number of
cells at the interface with a sufficient steel/slag mixture (for a definition of ‘sufficient

steel/slag mixture’ see section 3.6).

It has been found that the use of a quadrilateral mesh in this application gives a better
solution with far fewer cells than using a triangular mesh. The final chosen mesh
consisted of (3744) quadrilateral cells as shown in the figure. The zones of concern in
this system are reasonably refined, i.e. the steel/slag interface, gas/slag interface,

gas/steel-mixing zone, and near the wall zones.

The creation process of this simulation model was to start simply with a two-phase
water /air model. Water is used in the physical/numerical simulation of molten steel
process due its equivalent kinematic viscosity [1, 18, 86, 88, 104-107]. In advancing
this model from a two-phase water/air model into a multi-phase-species (steel/slag/gas
+ S/0/Al) model, many mesh grids were used. The grid that was suitable for a certain
stage was not qualified for another. Figure (9) in appendix-A shows a grid that was
suitable for the three-phase thermal analysis. The cells with high aspect ratio
(length/width) in the slag phase caused a spurious rapid increase in the molten slag
flow velocity, at variance with published results for a similar application [2, 26, 51],
when the species formulation was added into the system. This is illustrated in figure
43,

Additional work was carried out to modify the final chosen grid to reduce the number
of cells at the steel/slag interface and hence the overall thermodynamic analysis
computational running time. However, at the time of issuing this thesis no mesh with
fewer cells at the interface had been successfully created. Fortunately, this running
grid was working very smoothly with the complexity of the present mathematical
model. Other grids with fewer cells could not resolve the interaction between phases
with high-density ratio at the slag/gas interface. In contrast with the Jonsson et al. [2]
model grid (which has 1036 cells and one interface), the present model grid involves
two interface zones namely, steel/slag and gas/slag interface zones. This results in an

increase in the total cell number in the grid.
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©
Figure-43, (a) Slag phase volume fraction after 40 sec., (b) Slag phase volume fraction
after 45 sec., (c) Velocity magnitude vector (m/s) of slag phase (see dashed line in (b))

after 45 sec - the highlighted area shows the unrealistic growth of slag velocity.

3.7.2 Gas escape mechanism

The use of a top wall/symmetrical surface with a gas escape allowance is very popular
to simulate the free surface in ladle stirred gas system [2, 17, 26, 51, 86, 89, 107-109].
Therefore, it was an obvious approach to start with in this present project. A simple
source code allowing the gas phase escape was linked to the top wall surface.

However, the source code was insufficient to allow a proper escape of the gas phase

in a two-phase system without influencing the flow pattern below the escape surface.

It was found that less than 30% of the gas left the system and the rest was recirculated
as illustrated in figure 44, resulting in a collapse of the numerical solution before the

injected gas phase reached the steel/slag interface zone.

A highly complex macro was then located in the Fluent UDF library. This macro links

with Fluent 6.0 to define the free liquid surface boundary condition for a degassing
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system. This macro was tested with the water/air two-phase system. The high
complexity level can be seen clearly from the size of this macro; it is about twenty-
text pages in length. It would be very complicated to modify it to work with the
present multi-phase-species system. Therefore, it was more convenient to follow the
Turkoglu and Farouk [4] approach and to add an extra zone on the top of the slag
layer occupied by gas phase. This approach avoided the complexity of creating a

source macro, allowing a proper escape of the gas phase from the top slag surface.

Figure 45 illustrates the successful gas phase escape from the primary phase (molten
steel) and penetration o f the top slag layer moving toward the occupied gas zone at the
top, and then the gas phase leaving the system from the top outlet. In this approach
almost all the injected gas from the bottom nozzle is reaching the steel/slag interface
zone. Only a small percentage of the gas phase was entrapped by the slag and

recirculated with the steel phase.

Wall surface + mass sink code allowing gas escape Wall surface + mass sink code allowing gas escape

1 «.Afoj*« | the gos+ftmrmbaiji into themd»gtajni

(b)

Figure-44. Gas phase velocity vectors (a) lllustrating the plume region formed for
the two-phase steel/gas system (slag phase not accounted for) before the gas
phase reaches the top wall surface, (b) lllustrating the improper circulation of the
gas phase inside the control volume. The gas phase should leave the system from
the top wall surface.
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Figure-45. Showing the gas phase velocity magnitude vectors (m/s). The gas
penetration of the slag layer with a top occupied gas zone is shown on the left.
The formation of the open eye is shown on the right.

3.7.3 Thermal interaction between phases and gas bubble size influence

One feature of the simulation of the zone on the top of the slag layer occupied by gas
is avoiding a fixed estimation value of the heat loss from the top slag layer surface.
Usually in this sort of mathematical modelling, an estimated constant heat loss value
is used to describe the heat loss from the top slag layer [2, 51, 89]. The Fluent default
heat transfer coefficient which is a function of the Nusselt number, suggested by Ranz
and Marshall [110], was used to describe the thermal interaction between the two
fluid phases (slag and gas). Furthermore, a real plant gas temperature at the gas
exhaust outlet of the degassing system tank can be used in this simulation model to
improve the quality of the heat analysis prediction results. In practice when real plant
data for the gas exhaust temperature was used in this simulation model, a huge
reduction of the molten steel phase temperature near the top zone was predicted as
illustrated in figure 46. The outlet surface is then working as a heat sink resulting in
over-cooling of the system due to the underestimated fixed outlet temperature. This
could be due to incorrect use of the low exhaust temperature very close to the path
surface. This means that the temperature at the model outlet surface is expected to be
higher than the given temperature. Therefore, this temperature value should not be

used at this present outlet surface. In the results presented in section 4.1.2 the outlet
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temperature was not restricted to a particular value, and the heat was allowed to leave
the system with the exiting gas. However, the return gas temperature at the outlet
surface was assumed a constant (real plant data). Also the gas temperature at the top
occupied gas zone was examined to select a proper height of the top zone that does

not cause an over-cooling of the system.

The constant bubble size value (10mm) used by Turkoglu and Farouk [87] does not
work with this present model because they did not have a slag phase present. With a
10 mm bubble size in this model, the floating gas could not safely penetrate the top
slag layer and the numerical solution collapsed. In the work of Turkoglu and Farouk
[87] the 10 mm size operates successfully due to the absence of the top slag phase.
With a smaller constant gas bubble size (2.5mm) the gas phase successfully
penetrated through the top slag layer but with still a disturbance in the shape of the
slag layer tip shape (figure 47 left hand diagram). With a smaller bubble size (1Imm)
still the shape is smooth (figure 47 right hand diagram).

The return gas temperature is setto 1373 K after a
real plant estimation. A gas circulation is
occurring in the occupied gas zone at the top. This
return gas results in over cooling of the system.

f
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Figure-46. Molten steel phase temperature (K) distribution.
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At this stage of the project the general flow pattern and the predicted mixing zone at
the steel/slag interface using a model with a constant small value of the injected gas
bubble size can be reasonably accepted for the following reasons:- firstly, as discussed
in section 2.1.3, the mixing at the steel/slag interface is significantly influenced by the
gas volume flow rate and not by the gas bubble size; secondly, the illustration of the
gas bubble size influence shown in figure 47 is limited to the open-eye zone and not
the entire slag layer as shown in the figure. Note that in this work the refining process
for gases such as hydrogen and nitrogen which depends on the predicted gas bubble

size, as discussed in sectiong 2.1.3 and 2.3, is not accounted for.

95001 The slag layer tip The slag layer tip
interruption shape smooth shape
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(00%01
500%02
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Figure-47. The slag layer shape shortly after gas penetration occurs. The
slag phase volume fraction is shown using a gas bubble size of 2.5 mm (left)
and 1.0 mm (right)
Figure 48 illustrates the high stability of the numerical solution. In this figure the

residual values for each variable solved are shown after the creation of the open eye in

the top slag layer. The default convergence criterion value used by Fluent is 10'3. A

The authors found it would be useful for researchers continue working with this
present work, to give a details description of the model development using Fluent
package. Description of the model creation steps using Fluent CFD package are given
in appendix-B. Also, the created User Define Function (UDF) library written in “C”
language code and the Visual Basic code used to call MTDATA are printed to the
attached CD.
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Figure-48. Residual values of the mathematical model simulation

variables after 221500 iterations.

3.8 Model validation.

Two works selected from the literature [93, 111] are described below in section 3.8.1
and 3.8.2. These works are considered to be key in the field of ladle gas stirred system
analysis. Castillejos et al. [93] modelled the fluid flow and the temperature
distribution in a gas-stirred ladle system, and Hsiao et al. [I11] conducted a plant
scale experimental study to measure the steel velocities near the surface. Two models
(cases 1 and 2, see table 11) were created, following Castillejos et al. [93] and Hsiao
et al. [I11], in the present work for purposes of validation. The results will be shown

in section 4.1.1.

3.8.1 Thermal validation of the present mathematical formulation.

Castillejos et al. [93] studied fluid flow and the temperature distribution in a gas-
stirred ladle system of 250 tonnes. The gas was injected using a nozzle located at the
centre of the ladle bottom. Ladle geometry dimensions and important mathematical
model parameters are listed in table 10. Initially, a linear distribution of the liquid
steel temperature from the bottom to the top of the steel bath with a 40 °C temperature
difference was assumed, and a uniform distribution in the radial direction.
Furthermore, a constant heat loss value of 1.25><104 W/m2 through the ladle wall was
assumed. The authors reported a complete temperature homogenisation achievement

after approximately 180 seconds.
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In the present work, the Castillejos et al. [93] setup was reproduced. The predicted
steel temperature distribution was compared with the original published results to
make a thermal validation of the present mathematical formulation (e.g. extra
occupied gas zone instead of flat surface linked with gas escape macro). Also, a

different value of the turbulence Prandtl number was examined as discussed in section
(3.1.2).

Table-10 Ladle geometry dimensions and material parameters.

liquid path depth (m) 3.57
vessel radius (m) 1.79
nozzle diameter (m) 0.013

gas flow rate (m’/s) 7.96 x10°
T stratification (K) 40 (1813 to 1853)
pr (kg/m’) 7500

pe (kg/m’) 0.933

w (kg/ms) 6.2 x10°
k; (W/mK) 41

Co (I/kgK) 755

Coe (J/kgK) 520

3.8.2 Fluid dynamic validation of the present mathematical formulation.

Hsiao et al. [111] conducted a plant scale trial to study the fluid flow in a 60 tonne gas
stirred ladle. A direct measurement of the steel velocities near the surface was taken
during the experimental work. Various gas flow rates were applied during the
experimental work over the range of [0.025 — 0.465 Nm*/min]. The measurement was
taken using a gauge system capable of working in a molten steel environment,

developed at MEFOS in Sweden in collaboration with the University of Lulea.

The ladle height and diameter are 2.88 m and 2.44 m respectively. However the bath
height (i.e. the depth of the molten steel) was only 1.35 m, and the gas was injected
through a central porous plug located at the bottom of the ladle. The slag layer was
removed prior trials. To mimic the Hsiao et al. experimental work, a two phase model

was set up (without the slag layer) with identical physical parameters.
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4. Results

Fundamental background about the fluid dynamics phenomena associated with the
secondary steelmaking process was discussed in chapter 2, along with the role of slag
in the steelmaking process, slag thermo-physical properties and the influence of slag
on the overall flow pattern and refining process in the gas stirred system. The aim of
this project is to make a coupling between the ladle degassing system CFD model and
the thermodynamic model. A three phase (steel/gas/slag) mathematical model has
been developed using the Fluent CFD package with MTDATA used to predict the
species exchange at the metal/slag interface. The CFD mathematical formulation,
boundary conditions, drag coefficient correlations, and the coupling strategy were

described in chapter 3.

100 and 150 tonne ladle sizes with different gas injection configurations were
investigated in this present work. The first ladle (100 tonne) comes with a single
nozzle located at the centre of the bottom wall. This is directly comparable with the
ladle in the Jonsson et al. [55]. work. The second ladle (150 tonne) has two off-centre
nozzles and mimics that used in industry. To mimic Castillejos et al. [93] and Hsiao et
al. [111] works, two phase models were set up (without the slag layer) with identical
physical parameters as described in section 3.8. Several cases described in table 11
were investigated to validate and study different operating conditions and slag

viscosity models.

In this chapter the results of the cases listed in table 11 are presented. The results are
presented in two main categories; gas stirred system CFD results (section 4.1); and
CFD linked to the thermodynamic model (section 4.2).



Case Ladle size Nozzle Nozzile Slag viscosity Gas flow rate Bubble size Two phase Comment
No (tonne) No position model (Vmin) model or
per Nozzle Three phase
1 250 1 centre Temperature see table 10 10 mm [87] 2 o Mimic of Castillejos et al. [93].
correlation”
o Mimic of Hsiao et al. {111].
2 60 1 centre Temperature 50, 100 Wang et al. [13] 2 o Isothermal system. The system
correlation” temperature set to 1873 K.
3 100 1 centre Temperature 80 Wang et al. [13] 3 e Slag system 1.
correlation”
4 100 1 centre Temperature 400 Wang et al. (13] 3 o Slag system 1.
correlation”
5 100 1 centre NPL model 80 Wang et al. [13] 3 e Slag system 1.
6 100 1 centre NPL model 400 Wang et al. [13) 3 o Slag system 1.
« Allowing Ca** mobility and CaS
7 100 1 centre NPL model 80 Wang et al. {13] 3 precipitation in slag phase.
¢ slag system 1.
8 150 2 off-centre NPL model 200 Wang et al. [13] 3 « Slag system 2.

The slag viscosity given in table 9 [ ;2 = 4.1909 x 10 ~* -exp (164022 /T )]

Slag system 1 is (55 wt% Ca0-30 wt% Al;07.5 wt% SiO~7.5 wt% MgO), the initial wt% of (Al, O, and S) in steel are 0.052, 0.00044, and 0.031respectively.
Slag system 2 is (50.92 wt% Ca0-29.37 wt% Al 076.07 wt% SiO-10.3 wt% MgO), the initial wt% of (Al, O, and S) in steel are 0.06, 0.0777, and 0.012 respectively.
The heat loss from the wall is set to 24600 W/m? except in cases 1 and 2. The heat loss from the wall in case 1 is set to 12500 W/m?
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4.1 Gas stirred system, CFD results

A three phase Eulerian model was used to simulate the gas stirred ladle system. As a
feature of this present work, an additional gas occupied zone was added on the top of
the slag layer instead of the classical top wall linked with a gas escape code, as
discussed in section 3.6.2. The model validation, the predicted flow pattern, gas
bubble size, and the temperature distribution at the gas stirred ladle system are
presented below in sections 4.1.1, 4.1.2, 4.1.3 and 4.1.4 respectively. Different cases

have been used to explore different issues.
4.1.1 Model validation
1) Thermal validation

Case 1 mimics Castillejos et al. [93] and predicts a homogenous temperature of
1831.6 K. The homogenous temperature predicted by Castillejos et al. [93] was
1832.65 K.

The Castillejos et al. [93] set up was examined using three different values of the
turbulent Prandtl number as selected within the estimated range suggested by equation
(50) (see section 5.1.3 (ii)). Before showing the calculated results it should be noted
that the initial steel temperature distribution used by Castillejos et al. [93] is given in
figure 49 where the temperature varies with height in the bath with a 40 degree
difference froin the bottom to the top. The sketch given in figure 49 shows the eight
selected points located near the wall and far into the steel bulk to evaluate the
influence of the turbulent Prandtl number on the steel temperature variation over the
entire domain during the process in case 1. Figures 50-52 present the steel

temperature variation at the eight selected points over the domain during process time.
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Figure-49. The initial molten steel temperature distribution assumed by Castillejos et al. [93] (left). A
sketch show the eight selected points located near the wall and far in the steel bulk to evaluate the

influence of the used turbulent Prandtl number on the steel temperature variation over the entire
domain during the process (right).
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Figure-50. The predicted molten steel temperature variation at the selected locations described in
figure (49) during the process time. The turbulent Prandtl number value used is (0.85).
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Figure-51. The predicted molten steel temperature variation at the selected locations described in
figure (49) during the process time. The turbulent Prandtl number value used is (3.0).
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Figure-52. The predicted molten steel temperature variation at the selected locationsdescribed in

figure (49) during the process time. The turbulent Prandtl number value used is (10.0).

These results will be further commented in section 5.1.3 (ii).

The predicted heat loss rate in case 3 at the outlet surface of the 100 tonneladle

applying 80 /min during the refining process is given in table 12.

Table-12 The calculated heat loss rate from the top outlet surface (case 3).

Time (min) Heat loss rate (W/m2)
1 8866
5 8317
10 8096
15 7146

ii) Fluid flow validation

The results for prediction of molten steel near-surface velocity ‘in the horizontal axis’
with case 2 are presented in figure 53. These results are in good agreement with Hsiao
et al. [111] who reported experimental results that of the order of 0.1-0.4 m/s (see

section 5.1.1).

Case 3 predictions of molten steel near-surface velocity ‘in the horizontal axis’ for the

three phase (steel/slag/gas) model are presented in figure 54.
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Figure-53. The predicted results in the present work (case 2) for the near-
surface velocities for different gas flow rates (60 tonne).
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Figure-54. Predicted values in the present work of the molten steel near-
surface velocities ‘in the horizontal axis’ along the radius of a 100 t ladle

vessel at various gas flow rates (case 3).

4.1.2 Fluid flow inside gas stirred ladle vessel.

The predicted velocity vectors of the steel flow field in the gas stirred ladle system for

cases 3 and 4 using gas flow rates of 80 and 400 I/min respectively are shown in

figure 55. The velocity vector of the steel flow field for case 8 using a total gas flow

rate of 400 I/min through two off centre nozzles is presented in figure 56. The stream

flow is different in comparison with Jonsson [2] work using similar operation

conditions. This is discussed later in chapter 5.
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Figure-55. Velocity vectors for the molten steel flow field in the 100 tonne ladle. Two gas flow

rates were used 80 I/min (left) and 400 I/min (right).
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Figure-56. Velocity vectors for the molten steel flow field in the
150 tonne ladle. Two off centre nozzle located at the bottom wall

where the gas flow rate used is 200 I/min per nozzle.
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4.1.3 Bubble size and energy dissipation rate.

The Wang et al. [13] correlation to estimate bubble size as a function of liquid energy
dissipation rate is employed in this study as discussed in section 3.3.2. The bubble
size varies while it rises up towards the top to leave the system as discussed in section
2.1.1. Also, velocity gradient and turbulence can cause bubble break-up as discussed
in section 2.1.1. At the open eye zone, where the three phases (steel/slag/gas) mix
together, a high turbulence is expected and this results in bubble break up. Figure 57
presents the predicted bubble size in the gas stirred ladle system using the low gas
flow rate 80 1/min (case 3). Figures 58 and 59 shows the predicted bubble size
associated with the liquid energy dissipation rate for the 100 tonne ladle using 400
1/min (case 4) and for the 150 tonne ladle using 400 1/min (case 8) respectively. A
closer look at the relationship between the predicted bubble size and the liquid energy
dissipation rate (e.g. case 3) is illustrated in figure 60, where the bubble size gradient
along the symmetry axis line is drawn against the calculated liquid energy dissipation
rate for the 100 tonne ladle using 80 1/min. Figure 61 illustrates the variation in the

bubble rising velocity during the refining process time in case 3.

Bubble size (m) Energy dissipation rate, e (m2s3)
Steel/slag interface
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Figure-57. The estimated bubble size contours in the 100 tonne ladle (left). The associated

liquid energy dissipation rate (right). The gas flow rate used is 80 I/min (case 3).
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Figure-58. The estimated bubble size contours in the 100 tonne ladle (left). The

associated liquid energy dissipation rate (right). The gas flow rate used is 400 I/min

(case 4).
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Figure-59. The estimated bubble size contours in the 150 tonne ladle (left). The
associated liquid energy dissipation rate (right). Two off centre nozzles were located

at the bottom wall and the gas flow rate used is 200 I/min per nozzle (case 8).
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Figure-60. The estimated bubble size along the xx axis (exposed in the
right sketch) drawn in comparison with the variation in the liquid
energy dissipation rate along the same axis in the 100 tonne ladle. The

gas flow rate used is 80 I/min (case 3).
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Figure-61. The variation in the bubble rise velocity along the xx axis (exposed in the

right sketch) during the refining process in the 100 tonne ladle. The gas flow rate

used is 80 I/min (case 3).
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4.1.4 Temperature distribution

Argon gas at room temperature is injected through a nozzle into the ladle filled with
molten steel at an assumed initial homogenous temperature of 1873 K. As discussed
in section 3.2.1, the gas temperature is increasing while it goes through the nozzle and
it is assumed to be 1273 K just before it hits the steel at the nozzle steel side surface.
The gas temperature is expected to rise rapidly to reach the steel temperature within a
short distance above the nozzle. Figure 62 illustrates the rapid rise of the injected gas
temperature near the inlet in case 3. The steel temperature changes during the process

time in case 3 are shown in figure 63.

Temperature (K) Temperature (K)
1870.5 1870.5 Third cell
1751.0 1870.0
1631.5 4 1869.5
1512.0 £ 1869.0
1392.5 1868.5
1273.0 1868.0

Single cell Nozzle

Figure-62. The gas temperature distribution just two cells level
above the inlet (left). The injected gas temperature was set to
1273 K. The gas temperature reaches 1870 K just two cells
above the inlet (right). The gas flow rate used is 80 I/min in a 100

tonne ladle (case 3).
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Temperature (K)

1873 Steel/slag interface

L 1

1870

Nozzle

* Heat lossfrom the steel to the refractory lining is 24600 W/m2

Figure-63. The steel temperature distribution during the refining process in the 100
tonne ladle. The gas flow rate used is 80 I/min (case 3). The heat loss rate from the wall is
setto 24600 W/m2

In the ladle gas stirred system, there is heat loss from the wall and the top slag layer.
A constant heat loss rate was assumed at the wall as discussed earlier. The heat
interactions between the three phases (steel/slag/gas) were accounted for using the
Whitaker [23] heat transfer coefficient as discussed in section 2.1.3 (page 16). The
heat was allowed to leave the system with the gas phase. The heat loss from the top
outlet was not restricted to a pre-defined value. However, due to the turbulence and
circulation of the gas at the top gas zone, a return of some gas occurs at the outlet
surface. This return gas temperature was set to 1373 K following estimation from

industry.

The slag phase temperature and mass fraction 1 min after the creation of the open eye
in case 3 are given in figures 64 and 65 respectively. The initial slag and gas
temperature were assumed to be 1873 K. The change in the gas temperature

distribution during the process time is illustrated in figures 66 to 69.
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Mass fraction
1.0 1 min

" Outlet surface
I.

Gas occupied zone

0.6
0.4
0.2 90 ~ Slag/gas interface
0.0
Open eye Steel/slag interfaceT

(a) Slag gas mixture consisting o fmore that 80% gas.

Figure-64. The slag phase mass fraction 1 min after the creation of the open eye. The lower side of
the slag is mixing with the molten steel, and the upper side of the slag is mixing with the gas. At
point (a) near the open eye a high turbulence rate occurs due to the gas leaving. Except near the
open eye zone, the slag mass fraction remains the same during the refining process. The gas flow

rate used is 80 I/min in the 100 tonne steel (case 3).

Temperature (K) 1 min

1869.33

1869.00

High temperature slag zone due to the
mixing with steel at the open eye region.

Slag/gas interface
1868.88

Steel/slag interface

Figure-65. The slag phase temperature distribution 1 min after the creation of the open eye. The
lower side of the slag layer near the open eye has a hot spot where the slag mixes with the steel.

The gas flow rate used was 80 I/min in the 100 tonne steel vessel (case 3).
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The return gas temperature was set to
1373 (K) as estimatedfrom plant data.

Temperature (K) The gas return is due to circulation.

I / A

Gas leaving

1770 ,
the system at temperati

1671 ]Q

Slag/gas interface

Figure-66. The gas phase temperature distribution in the upper occupied gas zone 1 min after the
creation of the open eye. The gas temperature at the slag/gas interface is high due to the heat

exchange between the two materials. The gas flow rate used was 80 I/min in the 100 tonne steel

vessel (case 3).

Temperature (K)

Slag/gas interface

Figure-67. The gas phase temperature distribution in the upper occupied gas zone 5 min

after the creation of the open eye. The gas flow rate used was 80 I/min in the 100 tonne

steel vessel (case 3).
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Temperature (K)

Slag/gas interface

Flgure-68. The gas phase temperature distribution in the upper occupied gas zone 10
min after the creation of the open eye. The gas flow rate used was 80 I/min in the 100

tonne steel vessel (case 3).

Temperature (K)

Slag/gas interface

Figure-69. The gas phase temperature distribution in the upper occupied gas zone 15
min after the creation of the open eye. The gas flow rate used was 80 I/min in the 100

tonne steel vessel (case 3).
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4.2 CFD and thermodynamic coupling results

Following scrutiny of the CFD results (see discussion in section 5.), the gas stirred
ladle systtm CFD model was ready to link with the thermodynamic package
MTDATA. The cases described in table 11 were used to examine the four major

issues below.

e The Jonsson et al. [55] work was reproduced using similar boundary and
operating conditions, with some exceptions, such as the gas escape system

described in section 3.7.2. These results are in section 4.2.1.

e (Case 3 (with the slag viscosity equation in table 9) was compared with case 5
(with the NPL slag viscosity model) to find the influence of the slag viscosity
model on the desulphurization rate. Also, the influence of the gas flow rate on
the desulphurisation rate was investigated (cases 3, 4, 5 and 6). These results

are given in section 4.2.2.

e The influence of allowing Ca™ mobility and the precipitation of CaS phase in
the slag on the desulphurisation rate was investigated (case 7). These results

are given in section 4.2.3.

o The capability of this present model to switch to investigate a new system with
different configuration and slag system chemistry. A real plant data example

was modelled in case 8. The results are given in section 4.2.4

The initial mass concentrations of the elements of interest (Al, O, and S) in steel in the
100 tonne ladle were 0.052 wt%, 0.00044 wt%, and 0.031 wt% respectively. The
cases (3-7) in table 11 were using these initial mass concentrations. The slag contains
55 wt% Ca0, 30 wt% Al,03, 7.5 wt% SiO,, and 7.5 wt% MgO. The applied gas flow
rate for each case is given in table 11. In case 7 the CaS phase was accounted for and
allowed to precipitate, and the reduction in CaO mass fraction in the slag phase due to

the CaS precipitation was monitored. The variation in slag viscosity due to
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composition changes in case 7 was detected using the NPL slag model discussed in

section 2.2.3 (ii (b)).

The initial mass concentrations o f the elements of interest (Al, O, and S) in steel in the
150 tonne ladle were 0.06 wt%, 0.0777 wt%, and 0.012 wt% respectively (estimation
from industry). The slag contains 50.92 wt% CaO, 29.37 wt% AI203, 6.07 wt% Si02,
and 10.3 wt% MgO with less than 1.0 wt% FeO, MnO, and P205. FeO, MnO, and
P205 were not accounted for in this study. One of the advantages of the MTDATA
package is the case with which these additional elements and oxides can be added into

the analysis.

4.2.1 Model validation

For case 3 figure 70 illustrates the way in which the concentration of the elements of
interest (Al, S, O) changes over the first minute of refining. The change in steel
sulphur content during the refining process is shown in figure 71. Figure 72 illustrates
the high sulphur concentration in the slag near the bubble zone. This is in agreement
with experiment [112]. The predicted desulphurization rate over time is shown in
figure 73 and is in good agreement with [2]. Also the sensitivity of the calculation for

sulphur content to the MTDATA interface rate is illustrated in figure 73.

0, 0,
[%AT] [%S] [%0 |
W% w% w%
9.15%02 3.10*02 7.40%04
| |
4.04*02 270%02 674*04
1 1
. 412*02 . 248*02 500*04
301*02 2.17*02 524*04
W 3-00*02 ] m 156*02 . 440%04
2 |« i
| - 155702 | 3.74%04
E [
209702 [e) 124*02 20004
159*02 9.30*03 2.26%04
1.03*02 620*03 150%04
I

6.15%03 m 3.10*03

740708

000400 000400 1+ 000400
1IMozzle position

Figure-70. The aluminium, sulphur and oxygen mass concentration in steel after 1 min of refining

process (case 3).
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Steel/slag interface

Flgure-71. Sulphur mass concentration changes during the steel refining process (case 3).

Slag phase

Steel phase

@

<%

0.0026

00012

Steel/slag Interface

Figure-72, (a) Mapping of the cells containing a steel/slag mixture
at the interface causing MTDATA execution at the beginning of
calculation, (b) Sulphur content in slag after 1 min of refining
process start (case 3).

MTDATA interf>ce every 20secfor thefirst 3 minutes,
and then increased gradually

MTDATA interlace every 5 sec

451

Time(sec)

Figure-73. Sensitivity of the prediction of sulphur content to the MTDATA interface rate (case 3).
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4.2.2 Slag viscosity model and gas flow rate.

The influence of the slag viscosity model (equation in table 9 versus NPL model) is
illustrated in figure 74 (cases 3, 4, 5 and 6). In addition, the predicted desulphurisation
rate in the 100 tonne ladle system applying various gas flow rates is illustrated in

figure 74.

0.035 -
) Slag viscosity using NPL model  [80//min]

0030 4 b) Slag viscosity using comrelation (*) [80/min]

0.025 ¢) Slag viscosity using comrelation (*) [400/min]
d) Slag viscosity using NPL model  [400//min]

164022
)

0020 4

wt%S

0.015 - (4 = 4.1909 x107* . exp(

0.010

0.005

0.000

1 151 301 451 601 751 901
Time(sec)

Figure-74 The influence of the gas flow rate and the estimated slag viscosity
value on the desulphurization rate over time (cases 3, 4, 6 and 6). The slag
viscosity value predicted by the correlation (equation in table 9) is about
three times larger than that predicted by the NPL model over the operation
temperature range (see figure).

4.2.3 The influence of allowing Ca*™* mobility and Ca$S precipitation

In this present work case 7 was run to study the influence of allowing Ca™" mobility
and CaS precipitation on the desulphurization rate (see section 3.1). Figure 75
presents the desulphurization rate over time, comparing with case 5 where the slag
compositions are assumed to be constant. The desulphurization rate during the

refining process is shown in figure 75 and is in good agreement with [2].

a)  CaS precipitation is allowed.
0.030 1 b)  CaS precipitation is not allowed.
0.025 |
- 0.020 -
0.015
0.010 A
0.005 A
0.000 —— T T T T — T T T
1 151 301 451 601 751 901
Time(sec)

Figure-75. The predicted desulphurization rate during the refining process ((a) case 7,
(b) case 5).
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4.2.4 Real plant data

In this present work case 8 was run to model real plant data (case 8) with some
simplifications in the ladle geometry (as discussed in section 5.1.1, see figure 80). The

desulphurization rate during the refining process is shown in figure 76.

0.015 -
0.013
0.010

(/]

g; 0.008 -
0.005

0.003 -

0-000 T T T T T T T T T T T L] T T T T T T
1 151 301 451 601 751 901

Time(sec)
Figure-76. The predicted desulphurization rate during the refining process

(case 8). The shadow region indicates the final acceptable sulphur level in
steel for this particular production.
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5. Discussion

In this chapter the results given in chapter 4 are discussed in the following order:

e Gas stirred system, CFD results.
o Fluid flow in the gas stirred ladle vessel.
o Gas bubble size.

o Temperature distribution.

e CFD and thermodynamic coupling results.
o The effect of the change in the rate of interfacing between Fluent and
MTDATA
o The influence of the use of the NPL slag viscosity model
o The influence of allowing CaS precipitation

o Real plant case
5.1 Gas stirred system, CFD results discussion

In this present work a selected combination of mathematical correlations describing
steel/slag/gas thermo physical properties and the interactions between those phases
were set and solved using a numerical algorithm. The Turkoglu and Farouk [4]
approach was applied for the first time in the three phase steel/slag/gas model.
Therefore, a proper validation of such a comprehensive model is essential. As
discussed in section 3.8 two cases (cases 1 and 2) from the literature were selected for

the fluid flow and heat transfer validation.
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The developed model formulation and features were examined against selected
experimental and mathematical work published in the literature. The mathematical

formulation and features described in chapter 3 can be summarized as follow:

e The transport equations were solved separately for each phase.

e Eulerian multiphase model was employed

e Wang et al. [13] bubble correlation as a function of the liquid energy
dissipation rate was applied to estimate the gas bubble size.

e The improved Whitaker [23] heat transfer correlation was used instead of the
classical Ranz and Marshal [110] correlation.

e An extra gas occupied zone on the top of the top slag layer was added to the
system instead of the classical wall/symmetry plane linked with a gas escape
sink source.

e Two drag coefficient correlations (“Morsi and Alexander” and “Symmetry”)
were used to define the momentum exchange between the three phases

steel/slag/gas.

The CFD model prediction results given in section 4.1 are discussed and validated as

required in the following sections 5.1.1, 5.1.2, and 5.1.3.

5.1.1 Fluid flow inside the gas stirred ladle vessel

The steel flow field velocity vectors given in section 4.1.2 (gas flow rate of 80 /min
in a 100 tonne ladle vessel, case 3) is in good agreement with Jonsson [2] where a
single circulation of a similar velocity order was predicted. On the other hand the
stream flow is different in comparison with Jonsson [2] work using the similar
operation conditions as illustrated in figure 77. This could be due to the addition of
the gas zone on the top of the slag layer to allow gas escape and the difference in the
predicted gas bubble size as discussed in section 4.1.3. However, the prediction of
molten steel near-surface velocity ‘in the horizontal axis’ shows in figure 53 is in
good agreement with Hsiao et al. [111] who reported experimental results that are of
the order of 0.1-0.4 m/s. Figure 78 presents case 2 prediction of the molten steel near-

surface velocity ‘in the horizontal axis’ in comparison with Hsiao et al. [111].
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Figure-77. The velocity vectors for the molten steel flow field in the 100 tonne ladle (right).
Jonsson et al. [55] predicted velocity vectors in the 100 tonne ladle (left). The flow stream
pattern shows some variation between the two predictions. The gas flow rate is 80 (/min).
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Figure-78. The measured molten steel near-surface velocities by Hsiao et al. [111] along the
radius of a 60 tonne ladle vessel. Numbers on the diagram are gas flow rate. The predicted
results in the present work (case 2) for the near-surface velocities for different gas flow rates
are placed on the diagram for comparison. The gas flow rates are in (I/min). Points x and y will
be referred to in the text.
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The present approach was compared with Hsiao et al. [111] experimental work on 60
tonne ladle. The velocities near the surface increased with an increase of the gas flow
rate. Hsiao examined a 40 tonne ladle reported by Jonsson and Jonsson [26] which
showed a similar behaviour where the near surface velocities increased with an
increase of the gas flow. Unfortunately not enough consistent data about the 40 tonne
ladle geometry were available. However, Jonsson and Jonsson [26] predicted that the
near surface velocities at half the radius of the 40 tonne ladle were not increasing with
the gas flow rate as illustrated in figure 79. Jonsson [82] concludes that their approach
to model the free surface might need some improvements in order to achieve a better

prediction of the velocities near the surface.

0.3 -
4 Predicted (Jonsson and Jonsson)
0.25 + g Measured (Hsiaoetal)
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Figure-79. A comparison between the predictions by Jonsson and Jonsson [26] and measured
near-surface velocities [111] at location half radius from the centre. The experimental work
was done using a 40 t ladle vessel.

The slag layer was removed prior to the trials in the Hsiao et al. [111] experimental
work. Therefore, a two phase (steel/gas) model was built (case 2) to simulate the
experimental work to produce the prediction results illustrated in figure 53 (page 81).
In this two phase model, one drag coefficient correlation was required to define the
momentum interaction between the two phases (steel/gas). Morsi and Alexander [100]
drag model discussed in section 3.3 was used in this case. Due to the high density
variation between the two materials (steel/gas) a lot of numerical difficulties arose at
the steel/gas interface zone (and not at the plume area). Due to the gas injection the

molten steel inside the ladle vessel started to circulate. This results in a creation of a
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wavy surface of the steel bath. This behavior was absorbed easily in the three phase
model (steel/slag/gas) due to the presence of the slag layer between the steel bath and
the top gas zone. The presence of the slag layer solves two main problems; first the
density variation between phases; secondly it allows the use of more than one drag
correlation to define the interaction between phases as discussed in section 3.3. The
wavy surface of the steel bath in the three phase model was solved easily due to
smaller density difference at the steel/slag interface in comparison with the two phase
model where the steel bath surface interacts with the gas phase directly. On the other
hand, the slag phase density is still much larger in comparison with the gas density.
This was countered by the creation of a finer mesh at the slag/gas interface and most
importantly the top surface of the slag layer at the slag/gas interface was still until the
creation of the open eye where a sort of stability was achieved. Also, the symmetry
drag coefficient was employed to define the interaction between the steel and the slag
phases in the three phase model. This is recommended for use in the case of a
continuous secondary phase as discussed in section 3.3. The use of the symmetry drag
coefficient provides a high stability to the solution with respect to the interaction at

the steel path surface in the three phase (steel/slag/gas) model.

Examining figure 78, in the results for 100 /min, the second point (labelled x) is
slightly higher than the first. For the 50 I/min, the second point (labelled y) is lower
than the first. This inconsistency might occur because this calculation is a two-phase
calculation. Figure 54 shows the same calculation for three-phases (but for the system
under consideration here and not for Hsiao et al. system). In this case, the curve rises

before falling.

In contrast to Jonsson and Jonsson [26] and Grip and Jonsson [92] the present
predicted open eye size in a 100 tonne ladle increases with the gas flow rate increase
[113]. The most likely reason for this is the use of the top occupied gas zone as a gas

escape mechanism.

The steel flow field velocity vectors given in section 4.1.2 (gas flow rate of 200 I/min
per nozzle in a 150 tonne ladle) show an almost straight column of the gas phase
inside the molten steel bath (figure 56). This creates an open eye in the top slag layer

in line with the nozzle location in the bottom wall. This results in a creation of two
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open eyes in the top slag layer in the full system (the diagrams presented here are only
one half of the symmetrical system). However, the author’s personal observation
during a visit to industry arranged in Feb 2006 was that only a single giant open eye
was created. This inconsistency can be explained as follows. In the industrial plant the
nozzles are in fact not location on the same diameter, one is off-set (see figure 80).
The model has to be 2-D rather than 3-D because of time concerns and issues of
complexity. The location of the nozzles has therefore been simplified so that both lie
on a single diameter (figure 80). The new nozzle locations change the energy balance
inside the system causing twin open eyes rather than a single open eye. Figure 81
illustrates the influence ofthe nozzle location on the created gas stream/column place

[114].

| 0 Realnozzle location
O simplified nozzle location
[xx] The model symmetry plane

[bra]

o®

Figure-80. A schematic diagram showing the location of the nozzles in the bottom wall. Real'= location in

the industrial plant. Simplified' = location in the 2-D model.

Single nozzle at the centre  Single nozzle at distance Single nozzle at distance Single nozzle at distance
(a) from the centre (b) from the centre (c) from the centre

Bath surface

Nozzle at the centre

Double nozzles at distance (b) a=r/3 Double nozzles at distance (a)
from the centre b= ri2 from the centre
c= 2r/3

Nozzles arrangement sketch

Figure-81. Photographs illustrating the influence of the nozzle(s) location on the formed gas beam. A
prototype air/water ladle model was used to conduct this experimental work. The sketch in the middle

presents the define nozzle locations [114].
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5.1.2 Bubble size

As discussed earlier in section 2.1.1, the bubble size varies while it rises to the top.
Also the variation in velocity, pressure, and turbulence will cause a bubble to break
up. Therefore, a proper model to describe these variations is essential. The incorrect
estimation of the bubble size could cause incorrect prediction of the domain flow
pattern. This was experienced in this present work and is described here to illustrate
the effect of bubble size. Case 8 was loaded (using Wang model) with a bath height of
2.4 m for a 100 tonne ladle when it should have been 3.2 m. The bubble size above
this height (2.4m) was set to a constant value of a 0.0001 m. The gas stream/column
was shifted to the wall side instead of giving a straight stream/column as shown in
figure 56, matching with the experimental results given in figure 81. When the case

was corrected a proper gas stream location was predicted as discussed in section 5.1.1.

A relatively small bubble size at the steel/slag interface was required to allow the gas
to penetrate the slag layer safely as discussed in section 3.7.3. This agrees with the
bubble break up theory where a high level of turbulence is expected at the
steel/slag/gas interface at the open eye zone. This zone would stabilize after the
creation the open eye and a larger bubble size was predicted at this zone than the

initial predicted bubble size during the open eye development stage.

5.1.3 Gas stirred ladle system thermal analysis

i) Heat losses

The predicted homogenous temperature in the present mathematical formulation after
Castillejos et al. [93] work was 1831.6 K. The homogenous temperature predicted by
Castillejos et al. [93] was 1832.65 K. The slightly lower temperature value predicted
by the current model formulation may occur due to the fact that heat loss is allowed
from the top bath surface as a result of the heat exchange at the steel/gas interface.
The heat loss from the top bath surface was set to zero in the Castillejos et al. [93]
work. This would indicate the successful implementation of the estimated constant

heat loss rate.
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During secondary steelmaking, the system loses heat to the surroundings. The molten
steel loses heat through the walls and the top slag layer. Also some heat is lost with
the leaving gases. As discussed in section 3.2.2, Castillejos et al. [93] suggest a
constant heat loss rate through the wall, but the heat loss from the top surface was
ignored. The heat loss through the top slag layer had an estimated constant rate (4000
W/m?) in work by Jonsson [82], (6000 W/m?) in work by Jonsson and Jonsson [26],
and in other places [2, 89] it was set to (43800 W/m?). In this present work, the
estimation/neglect of the heat loss from the top slag layer was avoided by using the
top occupied gas zone discussed earlier. A proper selection of the height of the top
occupied gas zone (see section 3.7.3) provides a reasonable estimation of the gas/slag
interface temperature variation given in section 4.1.3. The drop of the gas temperature
leaving the system does not affect the slag/steel temperature as discussed earlier in

section 3.7.3 during the early stages of this model development.

As shown in table (12) (section 4.1.1 i) the heat loss rate from the outlet surface
decreases during the process time. This is consistent with the overall system
temperature which decreases during the process time as can be observed from the
steel temperature (the heat source) drop during the process given in section 4.1.3. The
range of the predicted heat losses from the outlet surface (table 12) is in reasonable

agreement with the value estimated by Jonsson and Jonsson [26] (6000 W/m?).

Looking at the predicted steel temperature variation during the refining process given
in figure 63 (assuming a constant heat loss rate, page 87), the steel temperature drop
during the prbcess time (15 minutes) was about 8 degrees. In secondary steelmaking
the estimated steel temperature drop rate is about 1 to 2 degree per minute. This
predicted low temperature drop rate could be due to the use of the 2D model rather
than an axi-symmetric model (Jonsson et al. [2] model was an axi-symmetric). This
results in a lower cooling rate. However, the agreement is taken to be reasonable

given that in the industrial practice the heat loss rate will not be constant.
ii) Choice of the turbulent Prandtl number

The role of the Turbulent Prandtl number was discussed in section 3.1.2. The Kays

and Crawford [115] equation, equation (50), was used to calculate the turbulent
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Prandtl number over the entire domain of the gas stirred ladle system. Figure 82
shows the calculated turbulent Prandtl number using the constant (Prtoo=0.85) in

comparison with Weigand et al. [97] modification described in equation (52).
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Figure-82. The calculated turbulent Prandtl number using the constant *,,>0=0.85) (left). The calculated
turbulent Prandtl number using Weigand et al. [97] modification (right). The gas flow rate used is 80 I/min in
a 100 tonne ladle (case 3).

The calculation using the Weigand et al. [97] modification described in equation (52)
results in a prediction ofa very high turbulent Prandtl number at the locations shown
in figure 82. These comers could be named “dead zones” where the flow velocity is

very low as illustrated in figure 55 with the molten steel velocity vectors. This results

in a reduction ofthe turbulence viscosity. Therefore the eddy diffusivity ofthe
momentum defined as and the turbulence viscosity ratio (|Vp) are also

reduced in those comers as illustrated in figure 83.

The reduction in the turbulence viscosity ratio results in a reduction ofthe Peclet

number defined in equation (51) that can be replaced by the following [95]:

Pe,=Pr h. (68)
M
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where the eddy diffusivity ofthe momentum is defined as * and the

kinematic viscosity is v -e. ,where// is the dynamic viscosity. Therefore, the rapid

increase in the turbulence Prantl number was due to the reduction ofthe Peclet
number where the link between the two numbers is as described in equation (50, page

52).

Eddy diffusivity for momentum (m2s) Viscosity ratio (fV11)
12000
10500
Steel/slag interface Steel/slag interface
Nozzle Nozzle

Figure-83. The estimated eddy diffusivity for momentum (left), and the estimated viscosity ratio (right)
associated with the calculation of turbulent Prandtl number using Weigand et al. [97] modification. The gas

flow rate used is 80 I/min in a 100 tonne ladle (case 3).

As discussed in section 3.1.2, only a constant value for the turbulent Prandtl number
can be fed into the Fluent codes. The default Fluent turbulent Prandtl number is 0.85
and it is recommended that the default setting is not changed unless necessary. The
Castillejos et al. [93] set up was examined using three different values ofthe turbulent
Prandtl number (0.85, 3, and 10) selected within the range suggested by equation (50,
page 52) and illustrated in figure 80. Figures 50-52 present the steel temperature
variation at the eight selected points over the domain during the process time.
Castillejos et al. [93] report a variation of the melt steel temperature over the entire

domain of less than 4 degrees. Here complete homogenization of the melt was
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achieved after 180 s. Therefore, running the analysis for 350 s is quite acceptable to
absorb all the expected changes in the melt temperature.

Comparing the three figures 50, 51, and 52 (pages 79 and 80) it can be seen that quite
good homogenization was achieved within 100 s from the start of the analysis for all
the three turbulent Prandtl numbers examined. The final homogenised temperatures
for the turbulent Prandtl numbers of 0.85, 3, and 10 are 1831.6 K, 1830.9 K, and
1830.85 K respectively. The influence of the turbulent Prandtl number was significant
at the beginning due to the assumed initial temperature gradient. However, this

influence vanishes once good mixing is achieved.

Therefore, in this present work, where the initial temperature is assumed to be
homogenous and gives the finding above about the insignificant influence of the
variation of the turbulent Prandtl number on the mixed molten steel temperature, the

default value of the turbulent Prandtl number suggested by Fluent of 0.85 was used.

5.2 CFD and thermodynamic coupling results

The results produced by the linked packages were presented in section 4.2. These

results are discussed in this section as follows:

o The effect of the change in the rate of interfacing between Fluent and
MTDATA (section 5.2.1).
¢ The influence of the use of the NPL slag viscosity model (section 5.2.2).

o The influence of allowing CaS precipitation (section 5.2.3).

5.2.1 The effect of the change in the rate of interfacing between Fluent and
MTDATA.

The accuracy of the predicted desulphurization rate improves using a high MTDATA
interface rate as illustrated in figure 73. However the required running time increases
dramatically. In this present work, 2.5 hr of CFD running time was required to solve

Imin of refining process time excluding the flow field creation time. In addition, each
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MTDATA run required on average 20 minutes. A PC computer loaded with a
Pentium-4 processor of speed 2.8 GHz and 512MB RAM was utilized.

The mass fraction ratio ofthe steel/slag phases at the cells at the steel/slag interface is
not a constant. This mass fraction varies during the process time due to the gas stirring
resulting in a fluctuation of the steel path surface. Also the species concentration in
the steel varies due to the refinement which is occurring during the process time.
Therefore, the predicted species mass exchange rate between the steel and the slag
phase cannot be simply estimated by a single value. Figure 84 illustrates the variation
in the steel/slag mass fraction at the steel/slag interface during the process time.
Following the highlighted zone in the figure would give a sense of the mass fraction

ratio variation during the process time.

Mass fraction
'

Slag
1
0.8 <+ .
"t
Steel/slag
0.6 interface
0.4
. Steel
0.2 Nozzle
0.0

Figure-84. Mapping of the steel/slag mass fraction at the interface, the highlighted region illustrates the

variation which is occurring during the gas stirring process.

As explained earlier in chapter 3, the mass fraction, temperature, and pressure for
each single cell in the domain, and for each phase and species of concern is being
saved in Fluent in a text file. This file then is read by MTDATA to run the
thermodynamic analysis only at the cells containing a sufficient mass mixture which
are located at the steel/slag interface. Then MTDATA saves the predicted exchange
species mass of interest (Al, O, and S) for the cell where caused MTDATA has been
executed and gives a zero value to the rest of the domain cells. This result from

MTDATA is then used by Fluent to calculate the exchange mass transfer rate. Due to
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the expected variation of the steel/slag mass fraction at the steel/slag interface, and
also the variation in the species mass distribution in the molten steel, it is essential to
update frequently the predicted mass exchange by MTDATA i.e. to have as high as

interface rate as can be afforded given the analysis time.

The predicted species mass transfer rate at the steel/slag interface was monitored to
examine the influence of the MTDATA interface rate on the predicted
desulphurization rate. First the species mass transfer rate predicted by Fluent at the
steel/slag interface was monitored during the first minute ofthe refining process using
a single interface with MTDATA at the beginning of the refining process. Then the
species mass transfer rate predicted by Fluent at the steel/slag interface was monitored
using an updated by MTDATA every 20 sec. The initial prediction by MTDATA is
shown in figure 85-a. The variation of the calculated mass transfer rate by Fluent
during the first minute of the refining process (i.e. starting at t=60 s) is illustrated in

figure 86.
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Figure-85. Mapping of the predicted removed sulphur mass in (kg) at the steel/siag interface, a) Initial
prediction by MTDATA at 50 sec after the start of the gas injection, b) Second estimation at 70 sec after the
start of the gas injection, c) Third estimation at 90 sec after the start of the gas injection. The prediction is

with a 100 tonne ladle applying a gas flow rate of 80 I/min.

In figure 86 the number of cells loaded with a mass transfer rate at the steel/slag
interface reduces during the process time. This can be understood due to, firstly, the

variation in steel/slag mass fraction at the interface illustrated in figure 84, and
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secondly, due to the changes of the species mass fraction distribution which will be

clarified later

(Kg/m3sec)

J Steel/slag
& interface

Nozzle

Figure-86. Mapping of the calculated sulphur species mass transfer rate using only the initial predicted
species mass in (kg) by MTDATA at 50 sec after the start of the gas injection. The prediction is with a 100

tonne ladle applying gas flow rate of 80 I/min.

To explain this let us first understand how Fluent calculates the species mass transfer
rate at the steel/slag interface. The species mass in (kg) that would transfer from one
phase to the other at equilibrium due to the chemical reactions between the steel and
the slag phase at the cells containing a sufficient steel/slag mass fraction is predicted
by MTDATA. MTDATA gives a zero value to the rest ofthe cells that do not contain
a sufficient steel/slag mass mixture. Then these results from MTDATA are saved in a
text file. Fluent then first determines the cells holding a mixture of the two phase’s
material (steel/slag) together to activate the species mass exchange between the two
present phases (steel/slag). It then reads the text file holding the predicted species
mass in (kg) for each single cell in the domain. Finally Fluent uses the species mass in
(kg) from the saved text file, the steel velocity at the cell of interest, and the cell
volume to calculate the species mass transfer rate in (kg/(m3s)) for each single cell in

the domain. However, only the cells at the steel/slag interface containing a sufficient
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steel/slag mass mixture as per MTDATA would have a positive mass transfer rate,

and the rest would get a zero value.

Initially the cells located by Fluent that involve the (steel/slag) mixture match with the
cells suggested by MTDATA that contain a sufficient mass mixture. However, this
does not remain the case. Due to the steel circulation, Fluent identifies different cells
that contain a mixture of (steel/slag) material. Some of the cells determined initially
no longer satisfy the criteria to activate the species mass exchange (i.e. they have
become dominated by either steel or slag). Therefore some of the new cells
determined by Fluent would be given a zero value of the species mass in (kg) by
MTDATA resulting in a zero mass transfer rate in (kg/(m3s)). Therefore, only the
cells that are common between the groups of cells defined initially as the cells
containing a sufficient mass mixture by MTDATA and the new group determined by
Fluent that contain a mass mixture of the two phases (steel/slag) materials would

given a value ofthe species mass transfer as sketched in figure 87.

| Cdls initially contain a sufficient steel/slag mass mixture determine by MTDATA
and given a non zero value of the predicted species mass in (kg), but they have
become dominated by either steel or slag, therefore, it was not detected by Fluent to
activate the species mass transfer mechanism.

jHH  Cells contain a steel/slag mass mixture determine by Fluent to activate the species

mass transfer mechanism, but it was given a zero value of the predicted species mass
in (kg) by MTDATA.

Cells which are identified by both Fluent and MTDATA as subject of analysis.

Cells which are dominated by a single phase and given by MTDATA a zero value of
the predicted species mass in (kg).

Figure-87. A sketch to demonstrate the influence of the dissimilarity
between the cells defined by MTDATA as cells with a sufficient steel/slag
mass mixture and the cells defined by Fluent to activate the species mass

transfer mechanism.
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This would result in a vanishing of the calculated mass transfer rate as illustrated in
figure 86. Therefore, a frequent update (i.e. high interface rate) is essential to make

sure that there are enough ‘common’ cells during the process time.

Based on the above discuss frequent update rate as low as few seconds by MTDATA
is essential. The influence of the frequent update every 20 seconds on the calculated
species mass transfer rate is illustrated in figure 88. The updated predicted species

mass in (kg) at the steel/slag interface is given in figure 85.

jj Steel/slag
b interface

Nozzle

Figure-88. Mapping of the calculated sulphur species mass transfer rate using the predicted species mass
in (kg) by MTDATA at 70 sec and 90 sec after the start of the gas injection. A 100 tonne ladle applying gas

flow rate of 80 I/min.

Furthermore, the changes in species mass concentration at the steel/slag interface play
a major role in the determination ofthe predicted species mass in (kg). During the gas
stirring process the steel rises upward from the bottom side close to the axis line on
through the plume zone to the steel/slag interface. Then it turns and moves towards
the ladle side wall along the steel/slag interface before it turns back again to the
bottom and so on. During this journey, the species mass fraction in the molten steel at
the steel/slag interface changes due to the refining occurring at the interface and due
to the mixing with the steel coming from the bottom. Figure 89 illustrates the
variation in the sulphur concentration dissolved in steel due to the circulation
occurring. From the figure can be seen the switch which is happening to the sulphur
rich steel along the steel/slag interface that results in variation in the expected

predicted species mass transfer rate along the steel/slag interface.
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Figure-89. Sulphur mass concentration changes during the 40sec (50 sec -91 sec) of the refining process.
The sulphur rich steel at the interface is switching from right to left during the refining process as a result
of the over all circulation of the steel in the ladle vessel, (results for a 100 tonne ladle applying gas flow rate

of 80 I/min).

5.2.2 The influence ofthe use ofthe NPL slag viscosity model

The NPL slag viscosity model was selected to replace the temperature dependence
slag viscosity correlation given in table 9 as discussed in section 2.2.3 (iii). The
comprehensive slag viscosity model proposed by KTH given in section 2.2.3 (ii (a))
was discarded due the copyright as discussed earlier. The KTH model although it is
complex to employ would be the most suitable model from the list in section 2.2.3 (ii)
for this present slag system. The evidence for this is as follows. Figure 90 shows the
comparison between predictions using the KTH model [51] compared with the
prediction from the NPL model here and the temperature dependence correlation

given in table 9. The figure also shows experimental results [51].

The slag viscosity predicted using the NPL model agrees much more closely with the
experimental measurement than the results predicted using the temperature

dependence correlation given in table 9 (see figure 90).
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Figure-90. Estimated slag viscosity using various modeis.

The NPL and KTH models have additional parameters (in comparison with the
temperature dependence correlation) that account for the influence of the slag
structure changes and not only the temperature influence. The KTH model, in fact,
shows extraordinarily good matching with the experimental measurement for this
particular slag system (Al,O3 wt%30-CaO wt%50-MgO wt%7.5-Si0, wt%12.5) [51].
At high temperature both the NPL and the KTH model show a good agreement with
the measurement. On the other hand, the NPL model is relatively insensitive to

temperature. |

Figure 74 illustrates the influence on the desulphurization over time of the predicted
slag viscosity values due to the NPL model and also due to the temperature
correlation in table (9). The influence of the ladle slag viscosity was examined by
Jonsson [51] at 120V/min gas flow rate. The slag viscosity was found to be a
significant influence on the secondary steelmaking refining process. An enlargement
of the mixing zone at the steel/slag interface probably occurs due to the reduction of
the slag viscosity. This would increase the overall desulphurization rate. Also, the

influence of the applied gas flow rate was examined as shown in the figure.
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5.2.3 The influence of allowing Ca™ mobility and CaS precipitation

Initially, the precipitated CaS is higher at the bubble slag zone (figure 91 (1min)) due
to the high sulphur concentration as in agreement with experiment [112]. However,
the concentrations in that region rapidly homogenize (figure 91 (5, 10 min)). This
could be due to the fact that the precipitated CaS, in these calculations, has been
defined as a species of the slag system, and therefore can move quite rapidly. It would
be desirable to treat it as a fourth phase (after steel, slag, and gas) but when this

approach was attempted the solution became unstable. This requires more attention.

Looking to the data in table 7 (page 42), the significant influence of the presence of
the network formering SiO; on the restriction of the Ca™ mobility is noticeable. In
this present work the influence of SiO, present in the slag was neglected due to the
lack of information about the cation diffusivity in slag. Therefore, a high value of the

Ca™ diffusivity rate (19x10°° (cm?/s)) was used in this present work.

Generally the sulphide precipitation is expected to affect the desulphurization rate. In
contrast to expectation, comparing the two curves in figure 75 (page 94) shows a
slight increase in the desulphurization rate during the precipitation of CaS. There are

three possible reasons for this:

e The apparently high homogenization rate of the precipitated CaS and its
movement from the steel/slag interface which would enhance the

desulphurization process.

e The rapid homogenization of Ca™ over the slag domain results in almost a
zero gradient of the CaQ phase. This reduces the possibility of the local
reduction of the CaO phase mass concentration at the steel/slag interface

which would lead to a local reduction of the desulphurization rate.

e Finally, due to the formation of the precipitated CaS phase, the active
dissolved sulphur in slag was reduced locally in comparison with the case

where the CaS precipitation was not allowed over the same time during the
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refining process, which increases the local sulphur capacity. This results in the

slight increase ofthe desulphurization rate shown in figure 75.
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Figure-91. The precipitated CaS mass fraction in slag during the refining.

5.2.4 The influence ofnozzle configuration on the desulphurisation rate

With respect to the gas flow rate, a rough comparison between the two cases ¢ and 8

gives an indication of the influence of the nozzle configuration on the
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desulphurisation rate. Figure 92 illustrates the predicted desulphurisation rate in cases
5, 6, and 8.

0.035 7 1) A 100 tonne ladle applying gas flow rate of 80 Umin (case 5).
b) A 100 tonne ladle applying gas flow rate of 400 V/min (case 6).
¢) A 150 tonne ladle applying gas flow rate of 400 Vmin (case 8)

1 151 301 451 601 751 901
Time(sec)

Figure-92. The predicted desulphurisation rate during the refining process for cases 5, 6, and
8).

The desulphurisation rate in case 8 (a 150 tonne ladle applying gas flow rate of 400
I//min through a twin nozzle ladle) is lower in comparison with case 6 (a 100 tonne
ladle applying gas flow rate of 400 I/min through a single nozzle system) as well as
case 5 (a 100 tonne ladle applying gas flow rate of 80 //min through a single nozzle
system). This could be due to the low initial sulphur mass concentration in steel in
case 8, therefore, probably a higher desulphurisation rate might be predicted with a
similar initial sulphur mass concentration in steel as in cases 5 and 6. The
desulphurisation rate in case 8 is quite similar to the desulphurisation rate in case 5
after 600 sec where the S wt% becomes less than 0.0075 wt% (see figure 92). This
might indicaté of the significant influence of the molten steel velocity near the bath
surface (see figures 55 and 56) on the desulphurisation rate. In figure 76, case 8 has
simulated only about 500 sec of the total process time. The time in industry would be
about 1800 sec. It is important that in industry this process time is being used to

achieve a low level of hydrogen (less than 2 ppm) as well as sulphur.
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6. Conclusions

In this present work a demonstration of the link between CFD and a thermodynamic
model to simulate the refining of steel in a ladle, in particular desulphurisation, was
described. The predicted desulphurisation rate is in good agreement with published
literature results. A successful coupling between the CFD prediction and the
thermodynamic analysis has been achieved. It will be possible to extend the present

model to study other types of steelmaking processes involving slag-metal reactions.

The validity of the model has being tested by comparison with experimental results.
The present model predicted steel near-surface horizontal velocities in good
agreement with experimental measurement. In general the prediction of the near-
surface velocities was improved using the top _gas occupied zone approach in
comparison with the classical top wall/symmetry surface linked with a gas escape

mechanism.

In this present work the capability of the model to predict the desulphurisation rate
under different operational conditions was demonstrated. A  successful
implementation of the NPL slag viscosity model was achieved. This relates the slag
viscosity to temperature and composition, both of which change continuously during
the process. Therefore, it is possible to study the influence of the slag system

composition variation during the refining process.

In this present work, the influence on desulphurisation rate of allowing the
precipitation of the CaS phase in the slag has been investigated. Successful

implementation of the Nilsson slag capacity model was achieved.
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One of the advantages of the MTDATA package is the ease of switching to analyse a
different slag oxide system; therefore, it was possible to simulate a real plant case

using a different slag system.

In this present work some features are:

e Addition of a vacuum zone on the top of the slag layer, to avoid restricted heat
losses from the top surface, and provide more freedom for the slag phase

motion.

e Advanced thermodynamic prediction with minimal assumptions using the
MTDATA thermodynamic package from National Physical Laboratory (NPL),

using three different databases.

e The model can be upgraded easily to study more phenomena in steelmaking
processes involving slag-metal reactions e.g. decarburisation at the steel/slag

interface, due to the use of a separate thermodynamic package.
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7. Future works

e Further work on nitrogen removal during the ladle degassing process is
required. Hydrogen removal can be implemented in this present simulation
model using a simple mass transfer mechanism between the gas phase bubbles
and the dissolved hydrogen species. The method used to predict the bubble
size plays a major role in this refining process. The argon bubble surface area
is the domain where the hydrogen gas formation occurs. Therefore, great care

should be taken in the selection of the suitable bubble size prediction method.

e It is possible to upgrade the present model to model different slag system.
Therefore, it is possible to study the influence of the slag system composition

variation during the refining process.

e It is possible to investigate the influence of FeO, MnO and P,0s oxides on the

desulphurisation rate.

e Further investigation of allowing Ca™ mobility and CaS precipitation in slag
using a proper cation diffusivity rate. Also it would be desirable to treat CaS as

a fourth phase (after steel, slag, and gas).

e It is possible to investigate and utilize the capability of the tank vacuum
degassing to achieve decarburisation, a process that is usually achieved using

the circulation degassing process (RH).
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Wall surface + mass sink code allowed gas escape

8 44¢-04
8 020-04

fISiiSEiB Sij 7 600-04

i 0 suf:E£ssE£:i!: §5: s bl 7.180-04
6.760-04
6.35e-04
5.93e-04
551e-04
5 090-04
4 670-04
4 250-04
3 836-04
3.410-04
3.00e-04

1 -
ﬁf““‘ﬁ ‘u‘{‘l’al'lu'H'ﬁ'U‘l?n‘ﬁﬁ‘ff%”‘h‘ﬁ‘f%ﬁ‘ﬁ‘ 2.58e-04
1L 11 e mmmmt M ) 5 160.04
(K Siins:ssssssusr S8rssis:lIS i :

mIliilllana eee e m LY nummmmm

i
' 174e-04

vlg==g=

w1 . §==§=88.
TinmmmiisISIST 1 SBS5S585 1 32e-04

E al 9020-05

nan 4 840-05
6 500-06

(a) (b)

IIn let Nozzle

Figure-1, (a) Quadrilateral cell grid with 106600 cells, (b) cell volume
contours (m3). This grid was rejected due to the high number of cells
causing high computational running time. Fine cells at the bottom and side
wall can be avoided using the Enhanced Wall Treatment Fluent function.
Also, the computational running time of the thermodynamics package would
be very long due to the high number of cells at the steel/slag interface zone.
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Wall surface + mass sink code allowed gas escape
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Figure-2 (a) Triangular cell grid with 95068 cells, (b) cell volume contours
(m3). With this type of grid cell, the solution of the multiphase system
collapsed more rapidly than with the quadrilateral cell kind. This could not be
clearly justified. Also, none of the models reported in the literature listed in
this report used a triangular cell to build the grid. Additionally, for such a
simple ladle system geometry, more cells were required to build the grid
using a triangular cell than with a quadrilateral cell of a similar average size.
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Wall surface + mass sink code allowed gas escape
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Figure-3. (a) Triangular cell grid with 38665 cells, fewer than in figure (2), (b)
cell volume contours (m3). The solution for the multiphase system still
collapsed more rapidly than for the quadrilateral cell kind.
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Wall surface + mass sink code allowed gas escape

1 23e-03
I 1 17e-03
1.119-03
1.059-03
liill iSiiiiiiiiiiiiniiiin S SiSiiiii 9.86e-04
9 2Se-04
8.63e-04
801e-04
7.409-04
¢ 789-04
6.179-04
5 559-04
4.939-04
4 329-04
3.709-04
3 069-04
2 479-04
1.859-04
1239-04
6179-05
9009-08

b

Figure-4, (a) Quadrilateral cell grid with 25500 cells, (b) cell volume
contours (m3). This grid was rejected due to the high umber of cells causing
high computational running time. Fine cells at the bottom and side wall can
be avoided using the Enhanced Wall Treatment Fluent function. Also, the
computational running time of the thermodynamics package would be very
long due to the high number of cells at the 3teel/slag interface zone.
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Wall surface + mass sink code allowed gas escape
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Figure-5. (a) Quadrilateral cell grid with 20400 cells, (b) cell volume
contours (m3). This grid was rejected due to the high number of cells
causing high computational running time. Fine cells at the bottom and 3ide
wall can be avoided using the Enhanced Wall Treatment Fluent function.
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Wall surface + mass sink code allowed gas escape

Inlet Nozzle

2.02¢-03
1.92¢-03
1.82¢-03
1.72e-Q3
1.62e-03
1.52¢-03
1.41e-03
1.31e-03
1.21e-03
1.11e-03
1.01e-03
9.09¢-04
8.08e-04
7.07¢-04
6.06e-04
5.05¢-04
4.04-04
3.03¢-04
2.02¢-04
1.01e-04
8.77e-09

Rgure-6. (a) Quadrilateral cell grid with
contours (m3). This grid was rejected due to the high number of cells

causing high computational running time. Fine cells at the wall

b

avoided using the Enhanced Wall Treatment Fluent function.
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Wall surface + mass sink code allowed gas escape
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Figure-7. (a) Quadrilateral cell grid with 5341 cells, (b) cell volume
contours (m3). This grid caused a collapse of the solution due to the high
growth rate of the cell size from the symmetrical axis on the left 3ide toward
the wall side. The growth rate was within the well known recommended
range (+£20%) in CFD.
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Symmetry Plane
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Figure-8, (a) Quadrilateral cell grid with 3016 cells, (b) cell volume contours

(m3). The solution collapsed due the coarse grid used atthe steel/slag

interface zone.
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Gas

acuum zone

Inlet Nozzle

Figure-9. A new vacuum zone was added on the top of the slag layer
occupied by gas. (a) Quadrilateral cell grid with 7600 cells, (b) cell volume

contours (m3).
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CFD model creation steps

The first step is to read the developed grid file using a graphics environment package,
such as Gambit, GeoMesh, TGrid, PreBFC, ICEMCFD. After a successful reading of
the grid file, it needs to be checked and scaled to SI unit of length from the “grid
menu”’. Then “Define menu” is used to set the case parameters and model
description. In this present work there are six selections used from the “Define menu”
as discussed below namely; Models; Materials; Phases; Operation Conditions;
Boundary Conditions; and User-Defined Function.

The “Define menu > Models” option is used to choose the solution method (solver);
multiphase model; viscous model; species model; and for turning on the energy
option. Figure 1 shows the “solver panel” which allows the end-user to specify the
different parameters associated with the solution method used in the calculation. The
segregated solution algorithm method and implicit formulation approach were
selected for this present work, which allowed the use of the Eulerian multiphase
model as discussed below. More details about these solver options and other options

can be found in the Fluent support manuals.

The “multiphase model panel” is shown in figure 2. Fluent provides three different
models namely; “volume of fluid”, “mixture”, and “Eulerian”. The Eulerian model
was used in this analysis due to its ability to solve separately the conservation
equations for each single phase in the system with exchange mechanisms of the
momentum, heat and mass exchange between the phases. In other words, it was
selected because it is the only multiphase model that allows the mass transfer of the

species of interest between phases.
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Solver Multiphase Model
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Figure-1 Solver panel. Figure-2 Multiphase model panel.

The “viscous model panel’ is shown in figure 3. Fluent provides several models as
presented in the figure. Also, the end-user is allowed to customize the viscous model
as required. The k-e turbulence model was selected in this present work (see section
3.1). Furthermore, the “Enhanced wall treatment” option can be used to enhance the
solution near the wall with a lower number of cells. This is turned on in this present

work.

The “Define menu -> Materials” option is used to define the materials properties for
the different phases. The “Materials panel’ is shown in figure 4. Fluent provides a
huge material library. However, a new material can be added and/or the material
properties can be modified. Using this panel, the slag material was defined. Also,
User Defined Function (UDF) files were loaded to define some of the variable
properties as a function of temperature. Furthermore, this material panel is used to
define the species mixture properties. In this model a species mixture named steel-
mixture was created, that is made of the steel phase as a carrier with mass fractions of
some dissolved elements such as aluminum and sulphur. Also, a slag mixture was

created. “Species panel” is shown in figure 5.
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Figure-3 Viscous model panel.
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Figure-5 Species panel.
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The “Define menu -> Phases” option shown in figure 6 is used to set the primary and

the second(s) phase(s) parameters such as the phase material defined earlier in the

materials panel. Also, the interactions between phases such as the drag coefficient,



Appendix B 144

heat transfer, and mass transfer are set by using this panel. The phase can be defined
as a single material like air or it can be a species mixture like steel-mixture discussed
earlier, but this requires activation of the species model from the “Model panel’. In
this work, the steel-mixture material is used to define the primary phase, and the slag-
mixture material and the Argon gas material is used to define the two secondary

phases of the system.

B Phases J

Phase Type
JHi  primary-phase
phase-2 secondary-phase
ID
Interaction...!

Figure-s Phases panel.

The “Define menu -> Operating conditions” option is used to define the system
operation condition such as the operation pressure and the activation of gravity if

required.

The “Define menu -> Boundary conditions” option is used to define the model
boundary conditions as shown in figure 7. Using this panel, the model boundary
conditions such as “inlet nozzle”, “bottom wall”, “side-wall”, “outlet”, and

“symmetry side” were defined (see section 3.2).
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Boundary Canditions

Zone Type
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Figure-7 Boundary conditions panel.

At this step, the model setting is completed and the next step is to set the solution
procedure. “Solve menu -> Initialize -=> Patch” option is used to define the three
phases (steel/slag/gas) initial volume fraction; initial species mass fraction; and the
initial temperature at each one of the different defined regions. The control volume
was divided into three regions (see section 3.1) using the “Adapt Iso-Value” as shown
in figure 8. For this present multiphase case the default initialization panel was not
sufficient to initialize the case. Therefore, the “Addapt Iso-Value” panel was used

instead of initializing the case.

At this point, the case should be ready to run. However, due to complicated situation
here where three unlike phases are on top of each other, a proper solution initiation
should be achieved. As per the Fluent manual, an initial solution using the Mixture
multiphase model can be used as an initial solution for the more advanced Eulerian
multiphase model. However, in this present work, this strategy did not work. Figure 9
shows the “Solve Controls > Solution” panel to control the solution algorithm.
The solution started using the first order equation algorithm with the activation of
only two equations (flow and volume fraction). These equations were solved using a

very small time step (0.00001 sec) until a converged solution was achieved. Then, the
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Turbulence equation was added into the solution and the model was run for some time
until a converged solution was achieved; and so on i.e. more equations were
successively loaded and solved to achieve converging solution. Then the solution

upgraded into the second order algorithm and was ready to complete the mathematical

journey.
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Figure-s . Iso-value adaption panel.
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Figure-9 Solution control panel.



