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Numerical investigation into slag solidification
inside an ilmenite DC arc furnace using a
finite element method approach

A. Mabentsela and A. Mainza?

Synopsis
A finite element model of a 5 m radius DC arc ilmenite furnace in idling mode was used to test the notion
that the slag solidifies when it comes in to contact with colder pig iron, thus constituting the initial step in
the formation of solid slag at the slag-pig iron interface. It was found that a slag that is 150°C hotter than the
pig iron does not solidify at the interface. The 150°C temperature difference between the slag and pig iron
is a result of solid slag at the slag-pig iron interface, not the other way around as suggested in the literature.
Calculations show that the thickness of the frozen slag at the slag-pig iron interface is 1.7 cm for the furnace
used. It is proposed that slag solidification begins with the slow co-current flow of molten slag and pig iron
in the outer parts of the furnace. This provides enough time for molten slag to interact with molten pig iron
without solidifying. As the reduction products form due to reduction of the slag by carbon in the pig iron, the
slag solidifies. This approach negates the need for the slag to solidify by merely coming into contact with an
inherently colder pig iron.

Making use of a low thermal contact conductance between the slag and pig iron was found to be sufficient
to numerically capture the presence of solid slag at the slag-pig iron interface and to preserve the 150°C
difference between the slag and pig iron phase.
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Introduction

Ilmenite smelting is aimed at producing a TiO»-rich slag, which is used for pigment production, together
with molten pig iron for steelmaking. Typical ilmenite feedstock contain 36— -50% TiO», the balance
consisting mainly of FeO with minor impurities. Through smelting, the TiO; content is upgraded to a
target of >85%. This upgrade takes place by reduction of the iron in ilmenite from Fe2+ to metallic iron via
Equation [1]. The reducing agent used is anthracite (Bessinger, 2000; Gous, 2006).

Fe0.TiO,(l) + C(s) = Fe(iron) + [1]
TiO,(slag) + CO(gas)

The reaction takes place in the liquid state at slag temperatures of 1650-1700°C (Pistorius, 2008).
Electric furnaces are used to generate the required temperatures. Due to the high electrical conductivity of
the ilmenite feed and slag, such furnaces use an open arc configuration where the electrode is not in contact
with the molten bath (Bessinger, 2000).

Figure 1 shows a generic schematic of a DC arc furnace with a single hollow electrode. The furnace is
circular and consists of four distinct parts: a fixed furnace roof, detachable furnace roof dome, sidewalls,
and furnace hearth. Figure 1 does not show the tap-holes.

The fixed roof segments are made from steel and are refractory lined. The steel panels are water-cooled
to avoid them melting. An off-gas duct extracts the furnace gas product and maintains a slightly positive
pressure inside the furnace to avoid the presence of oxygen in the furnace freeboard space.

The sidewall is lined with a 98 mass % high-fired dense magnesium oxide refractory. The refractory is
chosen to have some degree of thermal conductivity to allow for thermal energy transfer for freeze lining
formation (Duncanson and Toth, 2004). A steel plate known as the inner shell surrounds the furnace.
Between the inner shell and refractory brick, ramming material is placed to ensure sufficient contact
between the refractory cold face and inner shell. Water is passed against the inner shell to remove thermal
energy from the furnace. This cooling of the inner shell and consequent cooling of the refractory sidewall
causes the molten slag in contact with the refractory hot face to solidify, thus forming the freeze lining.

Pistorius (2008) described two thermal non-equilibrium conditions inside the furnace. These arise due
to the formation of the freeze lining and the temperature difference between the slag and metal.
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Feed (ilmenite + reductant)
through hollow electrode

Graphite cathode

Off-gas duct

TiO; slag
Fe bath

Bottom anode

Freeze lining (solidified slag)

Figure 1—Schematic representation of an open arc DC arc ilmenite smelting
furnace (Zietsman, 2004)

Formation of the freeze lining

Ilmenite smelters operate with stringent limitations on the amount
of impurities in the titania-rich slag product. Such limitations
include less than 1.5 mass % Al;O3 and less than 1.2 mass % MgO
in the slag (Pistorius, 2008). These requirements cause challenges
for the integrity of the refractory lining and therefore the furnace
structure. Owing to the low alumina and magnesia concentrations,
the activities of these two species in the slag are low, thus making
magnesia and high-alumina refractory bricks highly soluble in
molten ilmenite slags. As a result, ilmenite slags are corrosive
towards most known refractories (Zietsman, 2004). Ilmenite
furnaces must therefore operate with a layer of frozen slag on the
refractory hot face to protect the refractory.

Slag-metal temperature difference

The molten pig iron is 150°C colder than the slag phase. Pistorius
(2008) postulated that partial solidification of the slag is expected
at the slag-metal interface since the furnace slag operates at a low
degree of superheat (<50°C) and thus slag should solidify when in
contract with the colder pig iron. The effect of this departure from
thermal equilibrium on furnace operation was further considered
by Pistorius (2008). Pistorius et al. (2011) postulated that the slag in
contact with the pig iron partially solidifies; first due to contact with
the lower temperature pig iron, then by partial reduction of FeO in
the slag immediately in contact with the pig iron bath by dissolved
carbon in the pig iron bath via Equation [2], and finally by partial
reduction of TiO; in the slag to Ti,Os.

FeO() + C(s) - Fe(l) + CO(g) (2]

Since FeO fluxes the slag, the above reaction causes an increase
in the liquidus temperature of the slag immediately in contact with
the pig iron, causing the slag to solidify.

While there is no denying the evidence provided by Pistorius et
al. (2011) of solidification of slag at the slag-metal interface through
reduction of FeO in the slag by dissolved carbon in the pig iron, the
primary solidification of the slag by purely coming into contact with
a colder pig iron is a contentious issue. By this notion the pig-iron
is always inherently at a lower temperature than the slag. The main
cause of this temperature difference is an issue that has not been
sufficiently explored. Lastly, the treatment of the ilmenite slag-pig
iron interface is rarely considered in the open literature.

It is easy to test numerically whether a slag that is 150°C hotter
than the pig iron will solidify at the slag-pig iron interface during
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operation. It is also easy to test numerically whether heating a
furnace from bath temperatures below solidus temperatures will
lead to a temperature difference of 150°C between the slag and pig
iron. Thirdly, it is possible to calculate, using a heat transport model,
the thickness of the frozen slag at the slag-pig iron interface.

The objectives of this paper are thus to investigate, using
a finite element method (FEM) approach, a possible cause for
the temperature difference between the slag and pig iron phase.
Secondly to test perceived notions about the slag-pig iron
interaction, and further to provide a methodology to numerically
treat the slag-pig iron interaction. Such a method must yield a value
for the thickness of the frozen slag at the interface. The model is
applied to an idling furnace where the aim is to maintain the slag
and pig iron at fixed temperatures, which in this study are taken to
be 1578°C (slag with 15% FeO content) and 1428°C respectively.
The operating temperature of the slag was chosen to be 30°C higher
than its liquidus temperature, while the pig iron temperature was
taken to be 150°C lower than the operating temperature of the slag.

Finite element model derivation

Numerical model geometry

Due to lack of angular heat flow and symmetry along the central
axial line in the furnace, the full 3D furnace structure will be
modelled as a 2D structure as shown in Figure 2:

.208°

1.00

525 x 107!
133 '

1.67

g Blue - Slag bath
N Green - Pig iron bath

1-’ % Red - Refractory bricks

Figure 2—2D model of a DC ilmenite furnace, showing dimensions in metres.
(Zietsman, 2004)

Table I

Detailed dimensions of furnace sidewall assembly (Zietsman
and Pistorius, 2005a)

Material Min. radius (m) Max. radius (m)
Freeze lining 0 4.425

Refractory brick 4.425 4.925

Ramming 4.925 4.975

Steel shell 4.975 5

Figure 3—2D model of the DC ilmenite furnace showing significant areas in
the model
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More detailed information about the dimensions of the furnace
sidewall assembly is shown in Table L.

Figure 3 shows zones of the furnace to be modelled.

The major heat transport mechanisms that will be taken into
account include (refer to Figure 3):

> Axial radiative and convective heat losses to the furnace
freeboard space from the surface of the slag bath BC
Radial sidewall heat losses to the sidewall cooling water on
surface DJ

Radial sidewall heat losses to sidewall cooling water on
surface JK

Axial heat losses from the slag bath to the pig iron via
surface EF

Axial hearth heat losses from surface IL

Thermal energy from the electrode through surface

AB (300 mm)

Symmetry conditions are applied on AL

Y YY Y VY VY

Major heat sources and sinks that are taken into account include
the crust formation on top of the slag bath due to radiation heat
loss, solidification of slag in contact with the refractory sidewall
to form the freeze lining, water cooling of the furnace sidewall,
and losses through the hearth. The reduction reaction (Equation
[1]) will not be taken into account because only idling furnace
conditions (where feeding stops) are modelled. The chemical
properties of the bath will be constant throughout the modelling
period except for the slag and pig iron directly in contact with each
other, where reduction of the slag by dissolved carbon in the pig
iron takes place.

Axial radiative and convective heat losses

Axial radiative and convective heat losses on top of the slag bath
(BC, Figure 3) will be accounted for by making use of an effective
heat transfer coeflicient (heg) on surface BC. The sink temperature
for this radiative and convective heat loss is specified to be 25°C.
During furnace idle, feeding stops, resulting in no cloud of feed
dust in the furnace freeboard zone. During operation this thick
feed dust cloud helps to slow down radiative heat loss from the bath
top (BC) to the furnace roof. When feeding stops the freeboard
dust settles and thus increases the exposure of the roof refractory
to radiative heat losses from the top of the slag bath. Added to the
radiation heat loss are natural convective heat losses from the hot
slag bath top to the cooler furnace roof panels (Reynolds, 2002).
Reynolds (2002) developed and applied a numerical model
for radiative heat transport from the slag bath top to the freeboard
space for three different open-bath systems — cobalt removal
slags, ferronickel slags of lateritic origins, and zinc slag systems.
According to this model, the slag radiates heat to the steel roof
panels and upper furnace sidewalls. A portion of this radiation
incident wave is reflected by the upper sidewall refractory and
roof panel refractory back to the slag bath. The portion of this
radiation heat loss that actually leaves the furnace freeboard space
is controlled by the thermal resistance of the refractory wall that
makes up the upper sidewall refractory and roof panels. Thus the
effective heat transfer coefficient for the energy leaving the furnace
via the furnace freeboard space is best approximated by making use
of the thermal conductivity of the refractory lining the roof panels
and its thickness:

kref- [3]

Xref

hesr =

where hey (W.m-2.K-1) is the effective heat transfer coefficient (which
includes radiative heat losses from the slag bath as well as convective
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heat losses), and kref (W.m.K-1) and xref (W.m-L.K-1) are the thermal
conductivity and thickness of the refractory lining the steel roof
panels.

This effective heat transfer coeflicient is applied on the slag bath
surface. However, the furnace freeboard space is larger than the slag
bath top cross-sectional area (area AC), thus a correction has to be
made to Equation [3] to account for the difference in area of the slag
bath and freeboard space by multiplying the effective heat transfer
coefficient by the ratio of furnace freeboard space area and slag
bath area, given as 2 for industrial furnaces by Jones and Reynolds
(2015). Jones and Reynolds (2015) reported that for a typical
industrial furnace the value of the effective heat transfer coefficient
is 12 W.m-2.K-1. Jones and Reynolds (2015) used freeboard
refractory brick with a thermal conductivity of 1.5 W.m-L.K-1 and
thickness of 0.25 m. For the current study, an effective heat transfer
coefficient of 10 W.m-2).KA-1 is used. This corresponds to the lowest
effective heat transfer coefficient found by Reynolds (2002). The
sink temperature for this energy loss is taken to be that of process
cooling water (25°C) running through the roof panels (Jones and
Reynolds, 2015; Zietsman and Pistorius, 2005a, Reynolds 2002).

Thus the heat loss on surface AC is given by

Qs

yrle herr(@parn — Osink) (4]

where Qg is freeboard heat losses (W), Ap is the area of AC
(61.51 m2),0par, is the temperature of the slag bath (1578°C), and
Osink 1s the sink temperature (25°C).

Axial heat loss on surface CD are considered to be negligible
and thus will not be taken into account. Surfaces CD will modelled
as perfectly insulated surfaces (Zietsman and Pistorius 2005a).

Radial upper sidewall losses

Radial ‘upper sidewall’ heat losses will be accounted for by
specifying a constant temperature of 50°C on the inner shell surface
DJ (Figure 3).

Cooling water is passed against the inner shell (D]), which is
significantly colder then the slag bath. This causes heat to flow by
convection from the slag bath (area ACFE) to the freeze lining. Heat
then flows from the freeze lining by conduction to the refractory
(area CDJF) and ramming, then through the inner shell, where it
flows via convection to the cooling water. It has been argued by
Zietsman (2004) that water cooling is not a rate-limiting factor in
the sidewall heat loss process, thus the modelling of the convective
heat loss to the water can be eliminated by specifying a boundary
condition for the inner steel shell of 50°C on surface DJ.

The upper sidewall heat losses are thus given by (assuming no
contact resistance between ramming and shell as well as ramming
and refractory wall)

Zn'L(Bﬂ—BC)

Qus = Ln("2/ry ) 1 ) (5]

kg krer

where Qus is the upper sidewall heat losses (W), L is the height

of the slag bath (1 m), Oy is the interface temperature between the
freeze lining and slag bath, taken to be the liquidus temperature of
the slag (1548°C). Oc is the temperature of the cooling water against
the inner shell plate ( 50°C). , is the outer radial position of the
freeze lining (4.43 m), r1 is the inner radial position of the freeze
lining (4.32 m), ky is the freeze lining thermal conductivity

(1 W.m-LK-1), r3 is the outer radial position of the refractory

(4.93 m), and kyis the thermal conductivity of the refractory

(5.2 Wmr).K-1).
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Radial lower sidewall losses

Radial lower sidewall heat losses will be accounted for by specifying
a constant temperature of 50°C on the inner shell surface JK (Figure
3). The lower sidewall heat losses are given by

_ Kkrer Bpig_gc 2nlL [6]

LS — Ln(r3/r2)

where Qs is the lower sidewall heat losses (W), 8, is the operating
temperature of the pig iron (1428°C). L is the height of the lower
side wall (0.52 m), and r; and r, are the same as in Equation [6].

Hearth heat losses

Axial hearth heat losses will be accounted for by specifying a
constant temperature of 50°C on surface IL.

The furnace shell in contact with the hearth bricks is air-cooled
(Zietsman, 2004). Heat flows from the hot slag bath (area ACFE)
via convection and conduction to the pig iron bath, from the pig
iron bath (EFGH) via convection into the lower sidewall bricks and
hearth bricks and then through the lower sidewall bricks and hearth
bricks to the steel plate via conduction, followed by convection
to the cooling media. Zietsman (2004) argued that the largest
resistance to hearth heat losses is conduction through the refractory
brick layer. As such, the dynamics of hearth heat losses can be fully
captured even if the heat transfer to the cooling air is not captured
in detail. Following this approach, a simple boundary of a constant
temperature of 50°C on the hearth steel plate is used in this study.
The heat loss to the hearth is given by

_ krep(6pig=0c)An

Qy = Yrer [7]
where Qy is the hearth heat losses (W), Ay, is the area of the hearth
(64.43m2), and xfis the average thickness of the hearth brick

(1.41 m).

Energy from the arc

Energy from the arc is accounted for by specifying a heat flux on
surface AB (Figure 3). Thermal energy reaches the slag bath via four
methods: (i) convection from the plasma as it passes over the slag
surface, (ii) energy transport by electrons via the Thomson effect,
(iil) condensation of electrons as they enter the slag surface, and
(iv) radiation heat from the plasma (Qian Farouk, snf Mutharasan,
1995). All four methods are dominant directly underneath the
electrode (at the centre of the furnace) and quickly become less
effective within the radius of the electrode. However, radiation
and convective heat transport continue to be effective at greater
distances from the radius of the electrode. In the numerical model
the surface of all heat transfer from the electrode is assumed to be
equivalent to the electrode radius.

The heat flux (gzr) on surface AB can be calculated by summing
the freeboard heat losses (Equation [4]), upper sidewall heat losses
(Equation [5]), lower sidewall heat losses (Equation [6]), and hearth
heat losses (Equation [7]) and dividing by the cross sectional area of
the electrode:

_ QrptQustQus+Qn
B nre [8]

qdeL

where gy is the heat flux on surface AB and r is the radius of the
electrode (0.3 m).

Heat movement within the slag bath and pig iron bath

Heat movement within the molten slag bath and pig iron bath is
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strongly influence by forced convection when the furnace is on, due
to strong electromagnetic stirring of the bath caused by current flow
through a self-induced magnetic flux in the slag and pig iron (Alexis
et al., 2000). A further stirring of the slag bath is experienced due to
momentum transfer from the arc jet as it impinges on the slag bath
surface, causing shearing that opposes the electromagnetic stirring
(Alexis et al., 2000).

To model convective heat movement in both the slag and pig
iron bath Equation [9] has to be solved. This requires that the
velocity vector at each location and time step is known. This is
found by coupling the energy balance with turbulent Navier-Stokes
equations to calculate the velocity field at each time step. This adds
five partial differential equations (PDEs) to the list of equations
to be solved, in the case of 2D fluid flow where the standard k-¢
model is used. Furthermore, sources of momentum change have to
be modelled by solving Maxwell’s equations in the arc region and
bath region. This enables the calculation of electromagnetic forces
on each fluid element and thrust of the arc on the slag bath. This
adds a further four PDEs to be solved. This can be computationally
expensive in terms of both processing time and resources.

pdi _ 10 [krdo) | 0 rkoe) _
dt _rar[ar] az[az

10 [Z} [9]
75, [1PCPOV,] — —[pCpov,]

where p is the density of the phase considered, H is enthalpy,
ris the radial dimension, k is the thermal conductivity of the
phase being considered, which can take the value of turbulent
thermal conductivity in turbulent regime, Cp is heat capacity, 0 is
temperature, v, is the radial velocity component, v, the axial velocity
component, and ¢ is time.

To overcome the need to couple the temperature field with the
velocity flow field, an effective thermal conductivity can be used
to account for natural and forced convection in the slag and pig
iron bath at temperatures above their liquidus (Vanaparthy and
Srinivasan, 1998). In this approach, an inflated thermal conductivity
of the liquid phase - known as effective thermal conductivity - is
used in a conductive energy balance equation at temperatures above
the liquidus of the material being modelled. At temperatures below
the liquidus, the molecular thermal conductivity of the slag and pig
iron is used. By taking this approach, Equation [9], in the case of a
molten bath, is transformed to

LA [Keff“"@] ol [Keff‘”] [10]
dt ror ar oz| 9z

where Keyis the effective thermal conductivity, which takes the

value of

koo k0o
Kepr = e pCplv, OF Kprr = e pCpBv, [11]

The inflation of the molecular thermal conductivity of the
molten phases takes the form (Oksman et al., 2014):

where Kegis the effective thermal conductivity of either the motlen
slag or pig iron, k is the molecular thermal conductivity of slag or
pig iron, f; is the solid fraction of either slag or pig iron, and A is the
multiplier used to inflate the molecular thermal conductivity of a
molten phase.

In this form, it is assumed that the molecular thermal
conductivity of the solid phase is the same as that of the molten
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phase. This approach can be taken since the value of A can change
to accommodate any value assumed for the thermal conductivity of
the molten phase.

The multiplier A has been assigned rather arbitrarily; Zietsman
(2004) used a value of 5 for his work in modelling ilmenite freeze
lining growth and depletion for the same furnace size as used in
this study. Whether this value is valid for representing convective
heat transfer of the furnace could not be said due to non-
disclosure agreements between Zietsman (2004) and the corporate
collaborator.

One method to compute the effective thermal conductivity is
to set the energy lost by the bath to be equal to the energy gained
by the sidewall assembly. Assuming thermal contact resistance is
negligible and that the thermal resistance of the ramming phase,
steel, and cooling medium is negligible, Equation [13] is derived.

2nLK,sf(Opatn — Opi-batn) =

21L(8 p1-path—6c)
In(r2 in(t3
( (rl%ﬂ:_‘_ (TZ)/k-ref )

where Kegis the effective thermal conductivity of the bath, Opan is
the bath temperature, 8.pan is the temperature of the bath-freeze
lining interface, r1 is the radial position of the bath-freeze lining
interface, r; is the radial position of the inner refractory face, kj is
the freeze lining thermal conductivity, and r; is the radial position of
the outer face of the refractory wall.

[13]

In Equation [13], the ratio X¢Z may be taken as the
e
average heat transfer coefficient of the furnace (Harrison, 1981).
Thus it can be compared to reported values for industrial DC arc
furnaces. Solving for Kgyields

(0f1-bath—0c)

Kerr = 7t :
in(2 (2
( (H%fﬁ (TZ)/kref)(sbath_gﬂ-ba”") [14]

Using data from Zietsman (2004) for a slag bath with a
composition of 15% FeO, 55% TiO,, and 30% Ti,O; at a bath
temperature of 30°C above its liquidus temperature with the
operating parameters shown in Table II, the average heat transfer

coefficient, XL | can be calculated to be 263 W.m2.K-1. This
. . Ti . . . .
value is in agreement with the heat transfer coefficient for industrial

slags reported by Jones and Reynolds (2015) of 200 WW.m-2.K-1. kg
was computed to be 1138 W.m-1.K-1.

Table IT

Properties of slag bath for a slag consistting of 15% Fe0,55%
TiO,, and 30% Ti,03

Property Value

Oparn (°C) 1578

01 (°C) (liquidus) 1548 (Kotzé and Pistorius, 2010)

0: (°C) 50 (Zietsman, 2004)

kg (W.m-1.K-1) 1 (Zietsman, 2004)

ksag (W.m-1.K-1) 1 (Zietsman, 2004)

Kref (W.m-1.K-1) at 500°CC 5.2

1 (m) 4.323 (Zietsman and Pistorius, 2005a)
r2 (m) 4.425 (Zietsman and Pistorius, 2005a)
r3 (m) 4.925 (Zietsman and Pistorius, 2005a)
Liag (m) 1 (Zietsman and Pistorius, 2005a)
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Table IIT

Properties of pig iron bath (Valencia and Quested, 2008)
Property Value

Oparn (°C) 1428

T (°C) (liquidus) 1190

6. (°C) 50

kg (W.m-1.K-1) 28

r3 (m) 49

r2 (m) 44

ke (W.m-1.K-1) at 500°C 52

Kerr
When the furnace is off, the average heat flux, =7, is expected

to be much less than 263 W.m-2.K-1)as natural convection will
dominate, not forced convection.

The same calculation can be done for the pig iron bath by
equating the bath heat losses to the sidewall heat losses to find k.r
when the furnace is on, using data in Table III. For this calculation
it can be assumed that the pig iron ‘freeze lining’ does not add
resistance to lower sidewall heat losses.

Using the above method it was found that the effective
thermal conductivity of the molten pig iron is 223 W.m-1.K-! when
the furnace is on. Since the effective thermal conductivity is a
representation of both molecular conduction and convective heat
flow, it can be said the slag is more stirred that the pig ion bath.

With the above taken into account, the energy balance to be
solved over the furnace body, area ADLI, is of the conductive heat
model type (Equation [15].

pdH _ ii[krﬂﬂl a [kas [15]

dt ~ ror| ar 9z| oz
where k is the thermal conductivity of the material in the region of
calculation, which takes the value of effective thermal conductivity
in the case of molten slag and pig iron. H is the specific enthalpy of

the region of calculation given by:
T
H= [0, CP(0)d6 [16]

where Cp(0) is the heat capacity of the region of calculation. In
particular for the slag and pig iron, an adjusted heat capacity will be
used to account for latent heat of fusion:

Cps for 6, <86
AHf

Cp(0) ={Cp.fL+ Cps(1—fL) + R foro, <6 <6, [17]
Cp, for6=>6,

where Cps is the heat capacity of solid slag or pig iron, Cpy is

the heat capacity of liquid slag or pig iron, depending on the
region of calculation,0; is the solidus temperature, 6y the liquidus
temperature, AHyis the latent heat of fusion, and f is the liquid
fraction.

FEM implementation of heat transport models

Strong form of governing equations

Abaqus 2017 was used as a modelling tool to resolve Equation [16]
over the domain of the furnace inclusive of freeze lining, furnace
sidewall, ramming, hearth, and steel shell. To accomplish this,
boundary conditions have to be prescribed:

VOLUME 123 MARCH 2023 n7 «



Numercial investigation into slag solidification inside an ilmenite DC are furnace using a finite element method

.7 = hesr(6 —25) on Iy (18]
G.1=qg ONIy [19]
4.i=0 on I¢p [20]
G.i=0 only [21]
6(x,y) =50°C on Iy, [22]

6(7", z,t = 0) = aslag_liquidus + 30

on ‘QACFE at t=0 [23]
6(7", Z,t= 0) = 651agliquidus - 120 [24]

on ‘QEFGH at t=20

O(r,z,t =0) =500°C 25

on 'QCDLIHGF at t=20 [ ]

where ¢ is the heat flux (W.m-2), hegis the effective heat transfer
coefticient (W.m-2.K-1), and 6 is temperature (K).

Temperatures defined by Equations [23-25] are used only at
the beginning of the simulation. Equation [23] specifies a slag
operating 30°C above its liquidus temperature, while Equation [24]
specifies a pig iron bath that is at 150°C lower that the slag phase.
Equation [25] specifies the temperature of the refractory brick at the
beginning of the calculation step.

Equation [15] can be written in matrix form as follows:

pdH _ 1
=k [; 0] VO + kVTVE [26]

where V is a gradient matrix given by:

a a7
V= [; = [27]

Weak forms of governing equations
The weak form of Equation [26] combined with the boundary
conditions (Equations [18-15] is:

[ No"pEd0 + [(Bo) k (Bg)df —

J(86) k[ 0] Bod6 = fo” 2
where Nj is the global shape function matrix containing the
interpolation functions of temperature, p is density, (2 is the
domain of the furnace as shown in Figure 3, 0 is the column matrix
containing the global nodal values of temperature. By contains
derivatives of the shape function, and fe# is a column matrix
containing normal components of the heat flux vector on the
boundaries of the furnace, given by:

fexté = J-Fq (NB)TC_ITL ar [29]

where gy, is the normal component of the heat flux vector on natural
boundaries.
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Surface interactions

The slag has been shown to penetrate the magnesia bricka up to

15 mm behind the slag-refractory interface (Garbers-Craig and
Pistorius, 2006). Due to this intimate interaction between the
refractory and the slag, little thermal contact resistance is expected
between the two phases. An estimate of 2 x104 W.m-2.K-1 was

used for the thermal contact conductance between the slag and
refractory.

Graphite ramming is installed between the outer refractory wall
and the steel shell. Ramming material ensures that no air gaps form
between the steel shell and the furnace refractory so as to ensure
sufficient thermal contact between these two materials (Zietsman
and Pistorius 2005a). Given this, it is expected that the thermal
contact resistance will be small between the refractory wall and the
ramming and between the ramming and steel shell. An estimate of
2 x104W.K-1 was used for the thermal contact conductance between
refractory-ramming and ramming-steel contact pairs. The same
thermal contact conductance was used for the pig iron-refractory
interaction.

The slag-pig iron interaction is the focus of the study. Initially a
value of 2 x104 W.m-2).K-1 is used for the slag-pig iron contact pair.

Material properties

Slag

Typical ilmenite slag consists of 54% TiO,, 34% Ti,Os, and 10%
FeO, the balance being minor impurities (Garbers-Craig and
Pistorius, 2006). The solidus and liquidus temperatures as well

as the heat of fusion of the slag depend on the slag chemistry, as
shown by Kotzé and Pistorius (2010). Linear approximations of

the liquidus temperature, solidus temperature, slag heat capacity,
and heat of fusion were determined by Kotzé and Pistorius (2010)
based on FactSage-predicted thermodynamic data for a range of
slags containing from 6.8% to 17.98% FeO (Equations [30-34]).
From this data Kotzé and Pistorius (2010) were able to determine
the thermodynamic properties of ilmenite slags as a function of iron
oxide content. The following expressions were calculated for the slag
compositions used:

Oliquiaus = 0.2251(%Fe0)? —

11.29(%Fe0) + 1664.1 [30]
0 o 1idus = 0.0364(%Fe0)? — 31]
4.845(%Fe0) + 1502.7
Cps = 0.0314(%Fe0)? — 1
0.4042(%Fe0) + 908.51 [32]
Cp, = 0.0561(%Fe0)? —
3.3668(%Fe0) + 1044.4 [33]
AH, = —13.951(%Fe0)? —

f ( ore ) [34]

1086.1(%Fe0) + 515805

The slag used in this study contains 15% FeO. The thermal
conductivity of the slag bath was specified as follows when the
furnace was on:

1 0 < Hliquidus
kslag,eff = [35]
1138 6 > Oiiquiaus

The density of the slag was 3.800x103 kg.m-3 (Zietsman, 2004).

The heat capacity was specified according to Equation [17].

The Journal of the Southern African Institute of Mining and Metallurgy



Numercial investigation into slag solidification inside an ilmenite DC are furnace using a finite element method

Table IV
Nominal composition of pig iron as tapped at
Tronox Namakwa Sands (Mgenge and Steenkamp,
2014)s
Species Composition (wt%)
C 3
Mn 0.05
Si 0.01
P 0.04
S 0.1
Ti 0.04
Pig iron

The pig iron phase is rich in iron and contains 2% carbon with small
amounts of silicon, manganese, and phosphorus (Zietsman, 2004).
A higher carbon content of 2.5% has been reported by Gous (2006)
and an even higher value of 3% by Mgenge and Steenkamp (2014).
A nominal grade of pig iron is given by Mgenge and Steenkamp
(2014) and is reported in Table IV:

In this study, properties of grey cast iron were used to model the
pig iron phase. In other studies the properties of molten iron have
been quoted for the thermal properties of pig iron. The thermal
conductivity of the pig iron was adjusted similar to the slag bath.

29 6 < Hsolidus

kpig ironeff = s [36]
223 6 > Hliquidus

The heat capacity of pig iron was specified as follows (Valencia
and Quested, 2008):

660  6<1080
Cp= {950fL +660(1 — f,) + L 1080 <6 <1190 [37]
L~ Ys
950 6 >1190

The heat of fusion was specified as 240x103 J.kg-! (Valencia and
Quested, 2008). The bulk density was specified as 7.2x103 kg.m-3
(Zietsman and Pistorius, 2005b).

1600
1580
1560
1540
1520
1500
1480
1460
1440
1420
1400

Temperature (°C)

Ramming

For this study a pre-compacted high-graphite (80% w/w) in a
coal tar binder (20% w/w) rammable was used. Its heat capacity
is 700 J.kg-1).K-1, thermal conductivity 25 W.m-1 K-1, and density
1.33 kg.m-3 (Brulin et al., 2011).

Refractory

The furnace has a range of zone-specific refractories. For most
part the furnace is lined with high-fired dense magnesium brick,
which has a specific heat capacity of 800 J.kg-1.K-! and a thermal
conductivity of

6 6 =25°
k={ 52 6=500°C [38]
4. 6 = 1000 °C

(Valencia and Quested, 2008). The bulk density of the refractory is
2.787x103 kg.m-3.

Steel shell

The furnace structure is held intact by a steel shell that surrounds
the refractory and hearth. A lot of mention is made of this shell
(Pistorius, 2008; Zietsman, 2004; Coetzee et al., 2007); however,
very little is said about the type of steel that is used. Zietsman (2004)
quotes a carbon content of 1.2 wt%, and a manganese content of
0.3%, which suggests that the shell is of ultra-high-carbon steel.

The heat capacity of steel was taken as 461 J.kg-L.K-1. The
thermal conductivity is taken as 51.9 W.m-1.K-1, and density
7870 kg.m-3.

Results

Contacting a hot slag with a colder pig iron

In this scenario a slag at 1578°C is contacted with a pig iron at
1428°C. The slag temperature is chosen to be 30°C above the
liquidus (1548°C for a slag with 15% FeO) (Equation [30]) while the
pig iron temperature is chosen to be 150°C lower than the slag. The
furnace is kept in idling mode by only supplying the power needed
to sustain the slag and pig iron temperatures (1.7 MW) given the
heat losses (Equations [3-6]). The interface between the slag and
pig iron is modelled as perfectly permeable to heat transfer by
specifying a thermal contact conductance of 2 x104 W.m-2.K-1. The

0 172800 345600 518400 691200 864000 1036800 1209600 1382400 1555200 1728000

Time (s)

—8—Pig iron Temperature =~ —®— Slag Temperature

Figure 4—Volume-weighted average temperature of the slag bath and pig iron bath. Furnace power 1.7 MW. Run time 40 hours. Mesh size 0.1 m throughout with

0.01 m mesh refinement on slag side of slag-refractory interface
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objective of this test is to observe whether the slag at the slag-pig
iron interface will solidify by just coming into contact with a colder
pig iron, as stated by Pistorius et al. (2011), and also to observe
whether the slag-pig iron temperature difference will be maintained
throughout the calculation time.

Figure 4 shows the volume-weighted average temperature of the
slag bath and pig iron bath after they have been brought into contact
inside the furnace. Evidently, the temperature difference of 150°C is
not sustained after contact; instead, the slag loses its thermal energy
to the pig iron bath and the temperatures converge. This is evidence
of the strong agitation of the slag bath and pig iron bath inside the
furnace, captured here by the use of effective thermal conductivity
of the slag and pig iron at temperatures above their respective
liquidus temperatures. The reason the slag bath temperature is
lower than that of the pig iron is because of the low temperature of
the slag behind the freeze lining, which lowers the volume average
temperature. Discarding the freeze lining from the slag average
temperature gives a slag temperature of 1584°C, which compares
much better to the 1579°C average temperature of the pig iron.
Thus there is a 5°C temperature difference between the slag bath
and pig iron bath when the two are brought together, not 150°C as
quoted in the literature. Thus heat transport alone cannot explain
the 150°C temperature difference between the slag bath and pig iron
bath quoted for industrial furnaces.

Figure 5 shows the temperature profile inside the furnace after
20 days of cantact between hot slag and colder pig iron. A 20-day
period was chosen to ensure thermal equilibrium was reached.
Elements with temperatures higher than 1543°C are coloured grey
while those lower than 1543°C are colour-coded as per the legend.
A constant power supply of 1.7 MW was maintained throughout to
compensate for heat losses.

From Figure 5 it can be seen that at the slag-metal interface
(indicated by the arrow) there is no sheet of elements with a
temperature lower than 1548°C, the liquidus temperature of 15%
FeO slag (see Equation [30]), as predicted by Pistorius et al. (2011).
The 150°C difference between the slag bath and pig iron bath simply
dissipates to the pig iron bath and energy from the electrode passes
unhindered through the slag phase to the pig iron phase. This
provides proof that solidification of slag at the slag-pig iron interface
does not begin at the interface since purely from a thermal point of
view any temperature difference between the slag and pig iron bath
is dissipated between the two phases.

TEMP
{Avg: 75%)

Also, the freeze lining in Figure 5 is much thicker than the 0.1
m in accordance with Equation [40]; this is because of the near-
unhindered heat flow from the slag bath to the pig iron bath, which
allows a thicker freeze lining to grow.

To maintain the 150°C difference between the slag and the pig
iron it would seem that a ‘barrier’ to heat movement from the slag
phase to the pig iron is needed. An ideal candidate for this barrier
is solid slag at the interface, since solid slag has a low thermal
conductivity of 1 W.m-1.K-1. This barrier is postulated to initially
be in the form of co-current laminar flow of slag with the pig iron
phase close to the furnace walls. This slag is only transformed to
solid slag through reduction reactions close to the furnace walls.

Electromagnetically induced flow causes thorough
countercurrent flow in both the slag bath and pig iron bath directly
under the electrode. Away from the electrode, the slag and pig iron
may flow in a laminar co-current pattern, giving enough time for
the slag and pig iron to exchange thermal energy; without, however,
the slag solidifying (as seen in Figures 4 and 5). During this
interaction carbon in the pig iron reduces the slag, forming solid
slag at the interface. In this scenario a slag fluid element remains in
close contact with the pig iron due to a slow co-current flow near
the outer wall of the furnace. The assumption that the slag solidifies
at the slag-pig iron interface purely by coming into contact with
a colder pig iron is nullified; furthermore, a method by which an
intimate contact between the slag and pig iron can arise is provided,
which is slow co-current flow close to the furnace walls.

Proof of concept is seen in results by Pistorius et al. (2011),
which show that the reduction product concentration increases
towards the furnace wall and decreases directly under the electrode.
This constitutes evidence of reduced contact time between the slag
and pig iron in this high-mobility zone. Further proof can be seen in
flow patterns within a DC arc furnace (Harada et al., 2018).

Numerical accounting for solid slag at slag-pig iron
interface

From Figure 5 it can be seen that just contacting a hot slag with a
colder pig iron does not result in a 150°C temperature difference
between the slag and pig iron bath. The question is; how does one
numerically account for the heat transport barrier posed by the
solid slag at the slag-pig iron interface?

One way to do this is by interposing a low thermal contact
conductance between the slag bath and the pig iron bath. All the
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Figure 5—Temperature profile of the furnace after 20 days. Grey colour indicates elements above 1543°C. Mesh size 0.1 m throughout with 0.01 m mesh refinement on
slag side of slag-refractory interface. Arrow points to the level of slag-pig iron interface. Tiiquidus of slag is 1548°C
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heat lost through the pig iron via the lower sidewall (Qys) and
hearth heat losses (Qp) is derived from the slag, such that the heat
lost by the slag to the pig iron is given by

(Q:i:iy) = h(eslag - Gpig) (39]
where Aparn is the cross-sectional area of the bath (61.5 m2), h is the
thermal contact conductance between the slag and pig iron, 8

is the slag bath temperature (1578°C), and 0 is the pig iron bath
temperature (1428°C). From Equation [39] the thermal contact
conductance needed to maintain a slag that is 150°C hotter than
the pig iron can be calculated to be 59.3 W.m-2.K-1. If this thermal
contact conductance is taken to be a representation of solid slag at
the interface, then its value is given by

p = Ketag [40]

Xslag

where kg is the thermal conductivity of the slag (1 W.m-1 K-1) and
Xslag is the thickness of the solid slag. Since X is the only unknown,
its value can be calculated to give 1.7 cm, thus yielding a value for
the thickness of the solid slag. If higher values of the solid slag’s
molecular thermal conductivity, such as 3 Wm! K-1, are used, a
thicker solid slag layer of 5 cm results. At this stage it is not clear
what governs this thickness, since this solid layer does not form by
heat transport alone.

1600

The same test of contacting a slag at 1578°C with a pig iron at
1428°C can be done to see if the temperature difference between
the slag and pig iron will be maintained throughout the calculation
time-frame when a thermal barrier in the form of a low thermal
contact conductance is used (59.3 W.m-2.K-1) between the slag
and pig iron. The low thermal contact conductance is applied
throughout the slag-pig iron interface to resemble a solid slag layer
throughout the bath in accordance with sounding observations.

Figure 6 shows the volume-weighted average temperature
of the slag and pig iron bath from the time of contact to 20 days
after contact. It is clear that the temperature difference of 150°C is
maintained. This validates the use of a decreased thermal contact
conductance to model the presence of solid slag at the slag-pig iron
interface.

Figure 7 shows the temperature profile of the furnace after 20
days. Cells with temperatures above 1543°C are coloured grey, while
those lower are colour-coded as per the legend. Evidently there is a
temperature difference between the slag and pig iron after a thermal
barrier is interposed. Furthermore, there is a 11 cm (minimum)
thick freeze lining in accordance with Equation [40]. This adds
evidence to the conjecture that the temperature difference between
the slag and pig iron is due to the solid slag at the interface, and not
the other way around. That is, the solid slag must exist first before
the pig iron temperature can be lower than the slag temperature.

If the solid slag was not present there would not be a temperature
difference between the slag bath and pig iron bath.
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Figure 6—Slag bath and pig iron bath volume-weighted average temperatures for the scenario where a low thermal contact conductance is used at the slag-pig iron
interface. Furnace power 1.7 W. Mesh size 0.1 m throughout with 0.01 m mesh refinement on slag side of slag-refractory interface
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Figure 7—Temperature profile of the furnace after 20 days when a low thermal contact conductance is interposed at the slag-pig iron interface. Grey colour indicates
elements above 1543°C. Mesh size 0.1 m throughout, with 0.01 m mesh refinement at slag side of slag-refractory interface. Arrow indicates the slag-pig iron interface
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Conclusions and recommendations

A finite element method (FEM) model was developed making

use of an effective thermal conductivity to model convective heat
flow in the slag and pig iron baths in an ilmenite smelting furnace.
The model was used to test the notion that the slag solidifies at the
slag-pig iron interface because of the slag coming to contact with a
colder pig iron. The model was used to establish and quantify the
cause for the temperature difference between the slag and pig iron.
A methodology to treat the slag-pig iron interface when using a
FEM model was developed and a new slag solidification mechanism
at the slag-pig iron interface is suggested.

It was found that contacting a hot slag with a colder pig iron
while the furnace is running does not lead to slag solidification at
the slag-pig iron interface. Furthermore, the temperature difference
between the slag and pig iron is not maintained unless there is a
thermal barrier between the slag and pig iron. The thermal barrier
must exist first in order for the slag and pig iron temperatures to
differ. This thermal barrier is postulated to initially be in the form
of a slow co-current flow of slag and pig iron in the outer parts of
the furnace. This flow provides enough time for the carbon in the
pig iron to reduce the slag immediately in contact with it. Directly
under the electrode, the fast-moving countercurrent flow of the slag
and pig iron does not allow enough time for the reduction reaction
to take place, hence the decrease in reduction products in that
region and possibly no solid slag forms. This approach negates the
need to have the pig iron bath inherently colder than the slag bath
as previously thought, and thus the need for the slag to first solidify
at the interface by purely coming into contact with an inherently
cold pig iron. The thickness of the solid slag at the interface was
calculated to be 1.7 cm for the conditions and furnace dimensions
investigated.

The method of using a low thermal contact conductance for the
slag-pig iron pair was found to sufficiently account for the presence
of solid slag at the slag-pig iron interface, leading to a temperature
difference between the slag and pig iron bath and consequently the
correct freeze lining thickness.
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