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A pragmatical physics-based model for
predicting ladle lifetime

by ST. Johansen', BT. Lgvfall', and T. Rodriguez Duran'

Synopsis

In this paper we develop a physics-based model for lining erosion in steel ladles. The model
predicts the temperature evolution in the liquid slag, steel, refractory bricks, and outer steel shell
of the ladle. The flow of slag and steel is due to forced convection induced by inert gas injection,
vacuum treatment (extreme bubble expansion), natural convection, and waves caused by the gas
stirring. The lining erosion takes place by dissolution of refractory elements into the steel or slag.
The mass and heat transfer coeflicients inside the ladle during gas stirring are modelled based
on wall functions which take the distribution of wall shear velocities as a critical input. The
wall shear velocities are obtained from computational fluid dynamics (CFD) simulations for a
sample of scenarios, spanning out the operational space, and a model is developed using curve
fitting. The model is capable of reproducing both thermal and erosion evolution well. Deviations
between model predictions and industrial data are discussed. The model is fast and has been tested
successfully in a ‘semi-online’ application. The model source code is available to the public at
[https://github.com/SINTEF/refractorywear].

Keywords
refractory lining erosion, steel ladle, modelling.

Introduction

In the steel industry ladles are frequently used to keep, process, or transport steel. Ladles are designed
to typically hold metal masses ranging from 80 to 300 t (Figure 1). The melt typically consists of high-

temperature liquid steel and some slag, which when interacting with the inner wall of the ladle will harm
the wall integrity and cause significant wear. In order to reduce the wear, temperature-resistant and
chemically resistant refractory bricks are applied to build an inner barrier, typically three layers of wear
bricks (inner lining) which should last for a long time in contact with the liquid steel, and at the same

time protect the ladle from showing hot areas. In this paper we address the inner lining erosion of a ladle
utilized in secondary metallurgy (SM) at a Sidenor plant. Sidenor is the largest manufacturer of special steel
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Figure 1—Left: Cross-section of a typical steel ladle, with wear refractory bricks, permanent lining (between wear bricks
and steel casing), steel casing, bottom bricks, bottom plug for bottom gas blowing, and slide gate for transfer into casting
tundish. Right: Hot ladle that has been in use and is waiting for the next heat. Maximum steel capacity is around 150 t
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long product in Spain, and is an important supplier of calibrated
products in Europe.

During SM many processes may be going on. The SM ladles
have a porous plug installed at the bottom. Gas (Ar or Ny) is
injected through the plug to induce liquid steel stirring. The rising
flow of the liquid steel promotes the transfer of inclusions from the
steel to the slag, and homogenizes the temperature and chemical
composition.

The main objective of SM is to obtain the correct chemical
composition and appropriate temperature for the casting process.
In addition, there are several important processes which must be
complete during SM, for example the removal of inclusions and
gases. In order to attain these objectives, Sidenor has a SM mill
consisting of two ladle furnaces (LFs) and a vacuum degasser (VD).
Each of the LFs has three electrodes for heating the slag, steel, and
ferro-additions. The ladle contains steel and slag for the whole
production process, from EAF tapping to the completion of the
casting process. The liquid steel in the ladle has a temperature of
around 1700 K, and is covered with slag. The slag, which helps to
remove impurities from the steel and prevents contact between the
steel and atmosphere, has lower density than steel. The slag consists
basically of lime and oxides. Slag conditioning can be improved
during SM by adding slag-formers such as lime and fluorspar.

In order to handle the liquid steel and slag at such high
temperature, the ladle is built with a strong outer steel shell lined
inside is with layers of insulating refractory ceramic materials. The
most important properties of the refractory lining are:

> Ability to withstand high temperatures
»  Favourable thermal properties
> High resistance to erosion by liquid steel and slag.

The inner layer of refractory bricks, which is in contact with the
liquid steel, is eroded by the interaction with the hot metal and the
slag. Each heat erodes the refractory bricks, and after several heats,
they are so eroded that it is not safe to continue using the ladle.

The refractory is visually checked after each heat and depending

on its state, it may be used for another heat, put aside for repair, or
demolished. In case of repair, the upper bricks of the ladle, which
are more eroded due to chemical attack by the slag, are replaced and
the ladle is put back into production. Later, based on continuing
visual inspection, the ladle may be deemed ready for demolition.

In this case, the entire inner lining is removed and the ladle relined
with new bricks.

One important goal for Sidenor is to reduce refractory costs
by identifying new methods for extending the refractory life.

One of the key points is to increase the number of heats without
compromising safety. Another important issue is to better
understand the mechanism of refractory erosion, in order to
improve working practices and so increase ladle lifetime.

Motivation

The main goal of this investigation is to develop a model whose
results, in conjunction with operator experience, can indicate
whether the ladle can be safely used for another heat. The model
should incorporate both historical and current production data.

In addition, the model should provide information about the
major factors that contribute to ladle refractory erosion and indicate
practises that could be adopted to extend refractory life.

Previous work on ladle lining erosion

Several studies have been published dealing with properties of
refractory bricks (Mahato, Pratihar, and Behera, 2014; Wang,
Glaser, and Sichen, 2015), advising on improvements to produce
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high-quality bricks. A more general review of MgO-C refractories
was given by Kundu and Sarkar (2021). The corrosion-erosion
mechanisms have been studied in a few papers (Kasimagwa, Brabie,
and Jonsson, 2014; Jansson, 2008; Mattila, Vatanen, and Harkki,
2002; Huang et al., 2013; LMM Group, 2020; Zhu et al., 2018). In
the opinion of these authors, the most thorough approach was that
of Zhu et al. (2018). Bai et al. (2022) investigated the impact of slag
penetration into MgO-C bricks.

In order to predict refractory erosion, temperature, fluid
composition, and mass transfer mechanisms must be considered.
The heat balance has been studied in some specialized works
(Camdali and Tung, 2006; Glaser, Gornerup, and Sichen, 2011;
Zimmer et al., 2008; Duan et al., 2018; Zhang et al., 2009). The
effect of slag composition has been studied in multiple works
(Bai et al., 2022; Jansson, 2008; Kasimagwa, Brabie, and Jonsson,
2014; Mattila, Vatanen, and Harkki, 2002; Sarkar, Nash, and Sohn,
2020; Sheshukov et al., 2016; Zhu et al., 2018). A critical step in
developing prediction models is the local mass transfer between the
lining and slag/metal. This has to date been treated by semiempirical
models Bai et al., (2022); Sarkar, Nash, and Sohn, 2020; Wang et al.,
2022). Wang et al., (2022) applied 3D computational fluid dynamics
(CFD) and their predictions seemed to agree with observations.
However, they did not report the diffusivities used in their model,
and the underlying erosion-corrosion models were empirical and
tuned to the data. It was found that these tuning factors would
depend on the operating conditions.

In industry, refractory wear is known to be a result of (i)
thermal stresses, resulting in thermal spalling, (ii) dissolution of
the refractory bricks into the slag/metal, and (iii) dissolution of
the binder materials into the slag/metal. Moreover, mechanical
stresses imposed on the refractory during cleaning operations will
impact on erosion and lifetime. Phenomena such as spalling due to
hydration of the bricks are also involved (Wanhao Refractory, 2023).

The impact of thermal stresses will be most severe at the bottom
of the ladle when hot steel meets colder refractory. As the velocity
of the metal at the moment of impact is high, this is where the
maximum thermal stresses are expected. The colder the ladle wall
is when it meets hot steel at high speed, the greater the risk of crack
formation.

It must be noted that the time between heats has a significant
effect on thermal spalling. The temperature distribution in the
ladle refractory wall at the time of filling is an important parameter
that can be predicted using the model to be presented. However,
the addition of a heating burner at the ladle waiting station is not
included for now. Instead, we simulate a reduced waiting time
to mimic the effects of using a burner to maintain refractory
temperature.

The pragmatism-based approach to a model for ladle lining
erosion

In previous publications, the authors defined a methodology
‘Pragmatism in industrial modelling’ (Johansen and Ringdalen,
2018; Johansen et al., 2017; Zoric et al., 2015), which is especially
suited for developing fast and sufficiently accurate industrial
models. In a twin paper (Johansen et al., 2023) the authors have
outlined the methodology that was applied in this work and the
learnings that may be exploited in future projects. Here the details
of the physics-based model are explained.

The objective of the model is to be able to advise or support
operators in assessing if it is safe to use the ladle for another heat.
In such an application, the erosion state of the refractory must
be updated from heat to heat and a simulation for a subsequent
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virtual heat performed. The virtual heat should contain as much
information as possible about the next heat. The result of such a
simulation and visual or optical inspection of the lining would then
lay the foundation for the final assessment.

Model simplifications and assumptions

The pragmatic model must be fast as we wish to simulate a transient
ladle operation, lasting about two hours, in less than a minute.

This is critical as we wish to simulate all ladle operations within a
year in a few hours in order for the results to be applied directly in
production, to carry out tuning, or perform a parameter sensitivity
analysis.

Figure 2 gives some ideas about the phenomena involved. The
heating elements (electrodes) can be submerged in the slag, or work
from above. They produce electric arcs that heat the liquid steel.
The flow of the slag and liquid steel is not only a function of the
gas flow rate applied for blowing, but is also influenced by several
factors such as the mass of steel and slag, vacuum pressure, and the
thermophysical properties of the fluids.

The ladles are 3D objects, but due to speed requirements some
overall model simplifications were done:

i.  The model is 2D (cylinder-symmetrical) with the porous
bottom plug placed in the centre. As a consequence, we
assume that the gas/steel/slag flows can be regarded as
rotationally symmetric

ii.  The stirring gas is inert (only provides mixing)

iii. In the sidewalls only the radial heat balance is included

iv.  In the bottom only vertical heat balance is included

v.  The solubility of MgO in the slag and of C in the steel are
assumed constant

vi. The metal and the slag phases are stratified and are
assumed to be internally perfectly mixed. The phases
exchange mass and energy with each other and the
refractory

vii. Above the slag energy is exchanged by radiation only

viii. Refractory erosion due to thermomechanical stresses is not
considered.

Volumes and mass balances

As the model will compute situations with different amounts of steel
and slag in the ladle, we have to take into account all these possible
situations. The total volume of the slag and metal is represented by

vV =V +V, =a_V +a,V

tot steel slag steel” tot slag” tot [1]

Accordingly, the mass of liquids inside the ladle is:

M ot = Y steel a

steel

I/tm‘ + pslagaslagl/mt [2]

In our first approach, we neglect the volumes of the protruding
impact element at the bottom and the volumes modified by eroded
bricks. In this case, the metal-slag interface is positioned at height

Hsm = asteeII/tot /(ﬂ-Rz ): [3]
and the thickness of the slag layer is:
Hg—sm = aslathot /(ﬂRz) [4]

The mass balance for the ladle must also be respected. That is,
for the slag
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dM Naag
slag %, b .
dt - Mslag,EAF _Mslag,tapped + Z mslag,k [5]
k=1

Here Myagear and Miee par are the transient mass flow rates
of slag and steel coming into the ladle during tapping from the
EAF #igqgk is the mass flow rate of added slag former of type k.
Typically a slag former of type k, total mass #15ag, can be assumed
to be added during one numerical time step, between time " and
*1 such that

M

slag - slag

"= M "+At(M

slag [EAF ~— M slag tapped ) + mslag,k [6]

For the metal we have:

Naitoy
LRV SRS o 7]
= " steel EAF steel tapped alloy k
dt =

Mszag,mpped and Msteez,mpped are the transient mass flow rates of slag
and steel tapped out of the ladle. Similarly, #1410,k is the mass flow
rate of added alloy of type k. As for the slag, an alloy of type k, total
mass Majloyk, can be assumed to be added during one numerical
time step between ¢" and "1, such that

M

steel

n+l _ n b y
- Msteel + At (Msteel,EAF - Msteel,tapped ) + malloy,k [8]

Based on Equations [5]-[8], the phase densities, the purge gas
fractions present in each phase, and corrections for the eroded ladle
radius, we can compute the transient interface position for the metal
and slag. This is critical input to the thermal and erosion models.

Thermal models

A quasi-2D thermal model for the complete refractory lining and
outer steel shell is outlined in Appendix A. Thermal modelling. Both
the sidewall and the bottom are included. The model is referred

to as quasi2-D as vertical heat transport between horizontal brick
layers is assumed to be insignificant compared to heat exchange
with metal, slag, and radiation and is ignored. The steel shell
exchanges energy with the surroundings while the wetted inner
refractory layer exchanges energy with the liquid steel and slag.
Nonwetted refractory elements are exchanging energy with the top
slag-metal surface, and internally, both by radiation. Enthalpy-based
conservation models for steel and slag are developed, as detailed

in Appendix A. In general, appropriate boundary conditions are
developed and outlined in the appendixes.

Arc heating
elements
—

Figure 2—Idealized, simplified ladle, showing slag (red), metal (blue), gas
bubbles, heating elements, and refractory (brown)
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Discrete equations for the slag and metal energy

The coupled discrete equations for slag and metal enthalpy (see
Equations [64] and [66], Appendix A) can be solved analytically,
provided the inner refractory wall temperatures are known. First,
we need to establish the relationship between temperatures and
enthalpies. This is elaborated in Appendix C. Temperature-enthalpy
relationships. As seen from Appendix D. Discrete equations for the
slag-metal heat balance, explicit expressions for the slag and metal
enthalpies are given by Equation [92]. Temperatures are then
computed by Equations [75] and [77].

Erosion model

The erosion is primarily a result of dissolution and mass transfer
from the refractory into the metal and slag. The erosion mechanism
considered is mass loss of refractory to the liquid by dissolution. In
addition, we have mass losses due to thermal stresses. These may
be addressed in a machine learning model, which may exploit the
predicted difference between refractory temperature and that of the
incoming steel temperature.

Refractory loss in the steel wetted region

During periods of considerable agitation of the metal and slag
(bubble-driven convection, natural convection, electromagnetic
stirring) the carbon binder of the MgO-C refractory may be
dissolved into the steel. The mass flux of carbon into the steel is
locally given by:

‘_j = _aCDCpsteelV‘xC [9]

Here a.c is the volume fraction of the refractory that is occupied
by carbon, D is the diffusivity of carbon in steel, and xc is the mass
fraction of carbon in the steel.

By introducing the concept of a mass transfer coefficient, we
may write Equation [9] as

J= ke 51 Psvee (xéq (Tip) — 98" )’; (10]

Here k¢ py is the mass transfer coefficient for the liquid side
boundary layer and x¢ (Tyan) is the solubility of C in the steel

with its actual composition, and where Tya1is the temperature
at the inner ladle wall. The temperature is controlled by the steel
temperature and the temperature in the refractory brick. As the
thermal conductivities of the liquid steel and the wear refractory are
of the same order of magnitude (see Table I), the wall temperature
will depend on both steel and refractory temperature.

For forced convection we may use the mass transfer coefficient
suggested by Scalo, Piomelli, and, Boegman (2012) and Shaw
and Hanratty (1977), stating that the mass transfer coefficient for
Schmidt number Sc > 20 can be approximated by

ke gy =0.09-u, - Sc™ [11]

Values for the shear velocities typically range from zero to
0.1 m/s.

From Equations [10] and [11] we learn that erosion of the steel-
wetted ladle wall will increase with increasing gas-stirring flow rate,
and temperature (increased C solubility and diffusivity, decreased
viscosity).

Mass transfer resistance at the interface between MgO-C and
steel

At the inner surface of the MgO-C bricks the C in the C-continuous
domains (graphite and carbon contributions from binder) (Zhang,
Marriott, and Lee, 2001) will dissolve into the steel while MgO may
be considered as inert. A schematic is provided in Figure 3. As the
carbon (from carbon-dominated areas) is dissolved into the steel,
the average transport length s pore will stabilize at around a typical
MgO particle radius. If the MgO particles are small the convection
inside the pore space can be neglected. In this case the transport in
the pore space may be represented by pure diffusion. In that case we
can write:

T D, e B\,
Jporespace = aC — psteel (‘qu (Twall) - xC )n [12]
pore
Here x? is the mass fraction of C at the wall, defined at the
outer surface made up if the MgO particles protrude out of the C
matrix. In this case the mass flows through the inner and outer
layers must match, giving:

Table I

Physical properties. Here T is temperature in °C and X, is mass fraction of carbon dissolved in the steel

Density (p) Kinematic viscosity | Thermal conductivity | Specific heat capacity Diffusivity (D)
kg/m3] (v) [m2/s] (A) [W/mK] (Gp) [J/kg K] [m2/s]
Slag 3400 0.2e-5 10 500 -
Steel 8320 - 1.0e-6 15 Cp=821.0- -
-p 0.835(T - 273.15) + 0.434- T+
(-83.2+8.35-1073 (T - 27315)) X, 0.000232 - T2
: Ceotto, (2013)
-Cpil
Wear brick 3540 (3040) - 6 1500 -
Durable brick 2900 - 2.7 1500 -
Outer brick 2500 - 2.0 718 -
Insulation 300 - 0.1 900 -
Steel shell 7100 - 12 450 -
Carbon/carbon 2250 - - - 1.1
in steel (1.0 + X./0.053) -10®
MgO in slag ; - - - 30107

thttps://www.setaram.com/application-notes/an372-heat-capacity-of-a-steel-betwwen-50c-and-1550c-liquid-state/
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« Diffusion/ dissolution
of Cinto steel
*  Flowing steel

Spa,.e S

Figure 3—(Above) MgO particle in a C matrix. The flow of liquid steel is
shown on the LHS. (Below): Illustration of C that must diffuse through
channels between MgO grains to reach the inner side of the flow boundary
layer. The vertical arrow indicates the steel flow. Horizontal arrow indicates
diffusion flux

7 IB bulk \ 7
Jor = ek py Py (xc —Xc )”

D 2 - [ 1 3]
= aC _Cpsteel (qu(Twall) - xéB )n
pore
and where the mass transfer coefficient is given by
k.D,
Koy = [14]
’ kC Spore + DC

The effective mass transport of C from the MgO-C brick to the
steel is then

T bulk \
J o = Ocke o Py (xéq(T vai) = X¢' )n (15]

Refractory loss in the slag-wetted region

The slag is collected in a relatively thin layer at the surface of the
molten bath . Due to the bubble plume, caused by the stirring gas,
the slag will be pushed towards the refractory wall. As the bubble
plume is asymmetrical, the slag thickness close to the refractory wall
will vary along the ladle perimeter. We neglect these complexities
and assume complete radial symmetry. The thickness O of the slag
layer that contacts the refractory can be estimated by:

5slag = ﬂslanglag / (pslagﬂ-R(Hsteel )2) [16]

The slag layer will move vertically, driven by waves generated
by the bubble plume, as illustrated in Figure 4. The slag layer has
thickness 8,14 and wave amplitude dyaye.

The mass transfer from the wall to the slag layer can be analysed
by assuming a developing boundary layer. According to Schlichting
(1979) the mass transfer along a developing boundary layer can be
expressed as

fox
Sh,_ = - 0.339- 8¢ /Re, (17]

MgO

where k is the mass transfer coefficient and x is the distance along
the developing boundary layer.

Dyygo is the diffusivity of MgO into the slag, and is related to the
Schmidt number by
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Vv

_ Uslag

MgO
The explicit mass transfer coefficient is now:

k=———0339-Sc*" [Re, _ [19]

a X

wave

By averaging the mass transfer coefficient k in Equation [19]
over the thickness of the slag layer we obtain

== 14
f=0678. 2 523 [Tumeume 120]

12

slag slag

The wave velocity tyaye is now estimated by Equation [108]
(Appendix E), and the swept distance (amplitude) @yqve can be
represented by I, in Equation [107]. It is possible to represent the
distribution of mass transfer by a probability distribution. However,
as a first approximation we assume that the wave-induced mass
transfer applies to a region that extends over the thickness of the
slag layer and a region that extends ayuve both above and below the
slag layer. In this case we may estimate the mass transport to the
slag to be given over height 2 ayaye, + Osiag and where the average
mass transfer coefficient for this layer is

1)

_ T slag _
kwave =k 2 S -
awave + slag
21]
0.678- VS]ag SC*2/3 Uwaveawave
2awave + 6slag Vs/ag

In addition to the explicit wave contribution to mass transfer,
the impact of the bubble-driven flow (slag version of Equation [11])
must be added:

Ky = ke + Ky 5 =0.09-2, - Sc™7 +
0.678- VS]“g SC*Z/3 Uwaveawave [22]
2awave + slag Vslag

Overall refractory loss model

We will track both the MgO and C components of the refractory.
We may note that bottom erosion is not included in the model
for now. The bottom is included due to its impact on the thermal
balance (heat storage).

Figure 4—Schematic of the slag layer, close to the refractory, moving
vertically with wave amplitude a,aye
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It is assumed that when C is dissolved from the bricks in the
steel region a corresponding amount of MgO is released and will
end up in the slag. It is also assumed that the density of the bricks
is related to C and the corresponding MgO volume fractions (o.c,
ameo) and phase densities (pc, pago) by

pbrzck = anC + aMgOPMgO [23]

where o.c + amgo = 1. The MgO mass loss, M0, from a brick
element during time dt, eroding a slice of thickness /, is

M MgO JMgOAaMgOAl - lAaMgO P MgO
9 l _ JMgOAaMgO At [24]
AaMgOngO
Here A is the total area, and Acuygo is the partial area where
MgO is contacting slag.
The corresponding loss of C due to loss of MgO is then
M, =J. Ada At =14a,.p. (25]

From Equations [24] and [25] we find that in the slag region the
carbon flux out of the refractory wall is given by

7slag
Jslag =] Aacpc — JMgo AaMgO At Aacpc :J'slag Pc [26]
¢ Aa At Ay 0Pro  AdAE T P

According to Equation [26] the volume flows of the carbon and
steel are equal. However, the surface areas are different due to the
actual volume fractions. The mass flow of carbon, per unit surface
area, to the liquid in the slag region is then

J\laga _Jslag pC

MgO

ngo [27]

Similarly, the loss of MgO in the steel region due to carbon
dissolution is

Jsteel J steel p MgO
MgO

(28]
(8]
Carbon balance

The carbon is lost from the refractory by two mechanisms,
depending on whether we are consodering the steel-wetted or slag-
wetted zone.

%(M/eel f’”el) Za e Ao Ak e e Prte ]( eqsxee/(T - xme,)
(29]

e |pn eq.slag (0 slag slag.n
+Za slag m,oAv kMgO,e:ﬂ’pa]ug (ngo @ ’xcompm'nwn) xMéo )
ngo

The summation is over all the vertical refractory bricks. Here
QListeel 15 the local steel fraction (which varies with height in the
ladle) and a.c is the carbon fraction in the refractory brick. A; =
2mRAXx; is the local wall area.

MgO balance

The MgO is lost from the refractory in a similar way to the two
mechanisms above.

dd’(M xwm) [(1 a, )/’Mgf)]za et @k o AP 1( steel Ylmu)*x(s-mel'")
(30]

+Z(17a(‘)ai,:lagk1\y/'lg(),eﬂAip:Ig( Mg()(lwall xcomp siion) x‘l!g() )
i=1
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Here a.c is the volume fraction of carbon in the brick, while
(1-a) is the MgO fraction. o, is the wave-enhanced slag
fraction, being in contact with the lining. As a first approach for
o slag We use O g ag = 0.2501i1slag + 0.50 dag + 02501 slag-

The left-hand terms are split and the effect of total mass change
entered into the models. In the case of the slag we have:

d M i(X

d
E(MslagXMgO): stag 7. MgO)+XMgO E(M

ee) 131]

where the mass balance was given by Equation [5]. According to
these equations we may write Equation [30] as

M/gj( Mg[)) {(1 22 )P/;/go]za seaOcke, fprr 1( (Twau) x )

(o] =1

+Z(l ac)a slag w,,o //Apl,,( M;.,O(T 1,i> mmp tton) — xmo ) [32]

. V,g
Mg() IgFAP+ZmIgA

where it is assumed that there is no MgO in the slag tapped from
the EAE.
Similarly, the mass balance for carbon becomes

i(Msleel ) Za sea Qe Ake o Poe I( (lmn) xe 7)

dt

NI
Pc n eq.slag [ slag
+ Zai.xlagaMg()Ai (ac P Kytg0.e7 Prtag (ngo (oot i> Xcomposition) ~ Mg() ) [33]
= MO

Naltoy
y > steel steel [ EAF
= Mot 24 + Z Moy | Xe +MA ol EAFXC

k=1

The solubility of MgO in the slag is given as (see
acknowledgements) by

]T/‘IIgXOIGg wall i > z(l;fpusttwn) x:jgsolag wall l) -
=0.1-min[(—4.34-10° +514.3-T)/
(1+100.74-T —0.041-T"); [34]

50.0-(9.025-4.427-10° -7 —7.78-10° / T") +
(~598.7+0.2927-T +5.015-10° / T")]

Here T is the temperature in degees Celcius. As the slag
composition is not known we use a temperature dependency which
is approximate for 50 wt%CaO, 10 wt%SiO», 2.5% FeO, and the
balance ALOs.

Developing sub-models - a multi-scale approach

In the present approach we used CFD simulations (Johansen and
Boysan, 1988) to obtain the shear stresses along the wall of the ladle.
Based on a set of CFD simulations a fitted curve of the vertical shear
stress distribution was provided as input for the both the thermal
and erosion models (see Appendix B. Wall shear stress model). We
did not include the effects of the slag. Using dynamic simulations
with slag present more details could be added, and based on curve
fitting or lookup tables, the data could be plugged into the model.
This would have improved the accuracy.

FACT SAGE calculations were performed for the solubility
of MgO in the slag (see Acknowledgements). At the present time
it was not possible to use this detailed information as we have no
information of the composition of the slag arriving at the ladle from
the EAF. Based on this it was possible to close the model equations
and realize the models.
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Software

The model was coded in python 3, using libraries numpy, pandas,
math, pickle, and scipy, and we used matplotlib and vtk for plotting
and visualization. The basic version of the model is available on
github.com, at https://github.com/SINTEF/refractorywear.

The model is licensed under the open source MIT license
(https://opensource.org/licenses/MIT).

Tuning the model

Tables I-I1I lists the physical and thermodynamic data that was
used.

Unfortunately, detailed geometrical data and process data
cannot be given due to company confidentiality. In order to apply
the model to single heats, operational data from Sidenor was read.
The static data included steel mass, time with steel in the ladle,
temperature of the steel before leaving the EAF, and cyclic data for
vacuum pressure, heating power, measured steel temperatures, gas
flow rates, and mass and composition of additions, all versus time.
The simulation was initiated at the time when the ladle was filled
with liquid steel from the EAF and run for 2 hours. Once the casting
process is finished, the ladle is considered to be empty, but still
losing heat.

As there is no data on the initial slag mass or composition, it
was not possible to incorporate changes in slag composition in the
model. The initial slag mass was therefore assumed to be always
500 kg. Another consequence was that we had to assume constant
solubilities of C in steel and MgO fraction in the slag. As a result,
the solubility of MgO in the slag depends only on temperature
(see Equation [34]. Furthermore, all additions were assumed to
contribute to the slag. This is acceptable if the alloy additions are of
same order of, or smaller than, the pure slag contribution. However,
for special steels, addition levels are significant and the model
should be updated such that additions are transferred to the metal.

Different additions have different thermodynamic properties,
such as melting temperature and melting enthalpy. As this
information was largely unknown, we used the same melting
temperature and heat of melting for all additions.

Table I1

Solubilities

Carbon solubility in steel: x 7 () 0.1

eq,slag

MgO solubility in slag: xag0 (T,yq1) See Equation [34]

Table 111

Tuning parameters

Parameter Value
S_pore [m] 4.8e-4
Heater efficiency 0.85
Thermal conductivity: MgO bricks (wear bricks) 2.0
Thermal conductivity: Durable brick 1.0
Thermal conductivity: Outer brick 1.0
Thermal conductivity: Insulation 10.0
Thermal conductivity: Steel casing 1.0
Mass of casing 2.0
Cp,steel 1.0
Psteel 1.0
Mass transfer coefficient for slag, wave induced 1.0
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First, we tuned the steel temperature as a good thermal
prediction was a prerequisite for the erosion model. At the
beginning of each heat it was found that the initial temperature
in many cases was a leftover from the previous heat. We therefore
decided to use the temperature measured in the EAF, decreasing
this by 50 K due to heat loss during tapping. For heats where the
initial temperature was unavailable or resulted in large temperature
residuals, the initial temperature was corrected in an iterative
manner until the residual for average relative temperature was
below 20 K. The residual was computed from all measured values
except the first, which was not reliable. In both Figure 5 and Figure
6 we see successful simulations, showing zero-order residuals of 5 K
and 3 K respectively. The first-order residuals (RMSE) are similarly
7 Kand 5 K. In both cases the initial temperature was optimized,
but for heat 206217 the ‘measured’ initial steel temperature was
quite close to the optimized initial temperature. To obtain these
results, the thermal efficiency of the heater was reduced to 85% and
the thermal conductivity of the refractory bricks and insulation was
increased significantly (see Tables I and III).

In the second step, the erosion model was tuned. We decided to
work with constant solubilities of C in steel (soluble mass fraction
was set to 0.1), while the MgO solubility in the slag is based on a
fixed slag composition and only varies with temperature (see Table
IT). As we decided to keep the solubility of C in the steel constant,
the only tuning that was possible is the pore diffusion length s pore
(see Equation [12] and Figure 3).

This tuning was done as follows:

i)  Start with simulating the preheating of the ladle
ii) Look up the heat ID, then read operational data for the
heat and simulate temperature and erosion

—— Steel Temp
—— Measured Temp
— Power

206217, 57,Er 0.568,R0: 5.0,R1: 7.0

1750
7000
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1650

2
8
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1500

nser—sg 1000 2000 3000 2000 5000 6000

Time [s]

Figure 5—Predicted steel temperature evolution, measured temperatures, and
energy added to the ladle “"Power’) for ladle 5, heat 206217
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= 1600
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Figure 6—Predicted steel temperature evolution, measured temperatures, and
energy added to the ladle (‘Power’, for ladle 5, heat 206206
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iii) Based on the erosion data, reduce the radial cell sizes for
the three inner bricks (wear bricks)

iv)  Account for the thermal history of the ladle until next heat

v)  Repeat step (ii) for the next use of the specific ladle (next
heat in campaign, and where the campaign number is
unique for the wear lining, from relining until demolition),
and then accumulate the erosion of the bricks

vi) If the ladle was taken out for repair of some bricks, the
repaired bricks are also repaired in the model. After repair
the temperature is again initialized

vii) Repeat step (v) until the ladle is taken out for lining
demolition. At this time the predicted erosion profiles are
saved and compared to data from the demolition.

In the demolition data, the ladle is segmented in two halves,
where Left’ is close to the porous plug while ‘Right’ is away from
the plug. In addition, the brick with the most erosion in each half
is registered. In this way, a maximum erosion is recorded and
the average value for each brick row is not known. However, the
2D model can only be compared with the average of the two and
should have some underprediction due to the above observation.
For the selected tuning factor s yore we see that the prediction in
Figure 7 is good, both qualitatively and quantitatively. The shape
of the erosion in the steel region, below the slag line, is typical
for all ladles and campaigns. We note that for bricks 36-40 the
erosion level is quite high. This is above the liquid steel level and
is a result of metal splashing, causing thermomechanical cracking,
and disintegration due to the vacuum treatment (Jansson, 2008).
In Figure 8 we see the prediction from a campaign where the
erosion in the steel section (bricks 10-25) is underpredicted. Note
that in this case, brick numbers below 9 were not measured. The
underprediction could be a result of the different steel qualities
treated in this specific campaign, or because for some reason the
variation along the perimeter, at each brick layer, is larger than
usual. As we have no data on the erosion from heat to heat, we
cannot tell if this happened during specific heats in the campaign.
Another interesting feature, seen in both Figure 7 and Figure 8, is
the pronounced dip of erosion around brick 16 and 17. This may
be a result of the addition of alloying materials when the ladle is
approximately 1/3 full. Alloying elements and slag may stick to the
colder wall long enough to protect the lining somewhat.

Model performance against Sidenor operational data
The model was run with all available Sidenor data for 2019. The
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production campaigns that started in 2018, or ended in 2020, were
omitted from the current data-set as those campaigns were not
complete. Altogether, we analysed 5216 heats, involving 11 different
ladles and 61 campaigns. Averaged erosion over bricks 5-25 is
compared in Figure 9. An outlier (ladle 8, campaign 76), marked

A, is seen, where the details were already shown in Figure 8. We
compare the average erosion per heat in Figure 10, as distributed
over the number of heats in each campaign. The model predicts

a variation of +12%, while the data has a variation of +18%. The
outlier A from Figure 9 is clearly seen.

Figures 7 and 8 show a peak in erosion close to the surface of
the steel where the slag is located (around brick 35). The steel mass
in the ladle varies from heat to heat, but in cases when the reported
mass is low this may be due to operation challenges during casting.
Therefore, the minimum steel mass is set to 110 t. This introduces
another uncertainty in the predictions. Now, it may seem that the
erosion does not change much from heat to heat, as indicated from
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Figure 10. We see in Figure 11 that the predictions show significant
difference in amount eroded, and erosion pattern, from heat to
heat. Around brick 25 (steel-wetted region) the erosion for use
number 17 is around twice as high as for use 69. This difference

is mainly due to temperature, time with vacuum, gas flow rates,
and operational times. However, when averaged over a complete
campaign, these variations are significantly reduced.

Discussion

The model predicts a smooth increase in erosion rate from the
bottom towards the slag. This is in very good agreement with some
of the measured erosion profiles. Figure 7 shows one example. This
is a result of the bubble-driven flow, enhanced by vacuum, the
transport processes in the brick (represented by s_pore, or s pore),
and in the flow boundary layer, as well as the solubility of carbon in
the steel. We used an artificially high value for the saturated carbon
mass fraction (X7 = 0.1). However, similar results to those shown
here may be obtained by another combination of s ore and X2,

We see above that the model performs quite well. At the
same time, there is room for improvements. The most obvious
improvements are:

i)  Modelling of the slag composition and adding the solubility
of MgO in the slag as a function of composition. However,
this requires knowledge of the composition of the slag
tapped from the EAE

ii) Separating additions into slag formers and alloying
elements, and updating the enthalpy-temperature
relationships to represent the true compositions of slag and
metal.

ili) Empirical slag temperature is needed to calibrate and
validate the slag temperature predictions.

iv) Including the solubility of carbon in the steel. Data for the
steel composition is available but the carbon solubility for
different compositions must also be available.

Some features seen in the data, such as shown in Figure 12,
cannot be reproduced by the model. The very high observed erosion
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rates close to the bottom cannot be explained with the available
information about the operation. It is possible that gas purging was
done with a very low steel level and containing slag. Such issues
can be regarded as abnormal operations. Other possibilities are
excessive mass loss during ladle cleaning, or that the lining brick
quality was not consistent for a period.

Conclusions and recommendations

The presented model predicts the evolution of lining erosion fairly
well. Much better agreement between model and data is hard to
obtain due to uncertainties in operational data, physical data, and
measurements. The model is primarily predicting lining erosion
based on hydrodynamics and solution of lining elements in steel
and slag. The contribution from thermomechanical cracking
(thermal spalling) of the lining is not included in the model.
However, the model predicts lining temperatures at the time metal
is tapped into the ladle. This information can in the future be used
to assess thermomechanical brick degradation. As this effect was
not included, the model was tuned to predict less erosion than
what is observed. Similarly, the lining degradation above the melt,
which is particularly pronounced during vacuum treatment, was
not included in the model. However, a hole in the lining this far up
on the ladle wall has far less serious consequences than holes deep
below the steel surface.
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Figure 11—Predicted eroded fraction of wear lining versus brick number
for four heats that are part of campaign 71. Graphs are labelled by ladle
use number of the campaign. The symbols mark each brick, where a brick
corresponds to a grid cell
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Model predictions, as we have presented, will provide important
support for the ladle operator when deciding if the ladle can be used
for another heat. The model shows how the variation in steel level
between heats impacts erosion. If all the heats were run with the
same volume of steel this would have an adverse impact on lining
lifetime. On the other hand, the refractory life may be extended
by running scheduled amounts of steel in the heats. When the
operator is unsure about the ladle conditions, and based on previous
experience from running the model, the model prediction will help
the operator to make an appropriate decision.

Finally, it must be acknowledged that the heart of the model is
based on complex multiphase 2D CFED simulations that provided
critical information about the distribution of shear stresses, and
resulted in distributed heat transfer and mass transfer coeflicients.

The source code is available from https://github.com/SINTEF/
refractorywear
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Nomenclature

area [m2]

pressure [Pa], or [bar]
volume [m3]

mass [kg]

diffusivity [m?/s]

mass transfer coefficient [m/s]
mass flux [kg/m2s]

u Nusselt number

Zz—xOz < >
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Gr Grashof number

Pr Prandtl number

Ra Rayleigh number

Mally  mass flow of additions to the ladle during alloying and

refining [kg/s]

M mass flow [kg/s]

Sc Schmidt number

spore  pore diffusion length [m], also denoted s_pore, with ref. to
Figure 3

Uz wall shear velocity [m/s]

Uwave  wave-induced velocity [m/s] (Equation [108])
o volume fraction

Osag  slaglayer thickness [m]

dwave  wave amplitude [m]

B thermal expansion factor [1/K]

€ thermal emissivity [#]

P specific density [kg/m3]

u fluid viscosity [kg/ms]

v fluid kinematic viscosity [m?/s]

A thermal conductivity [W/mK]

c Stefan-Boltzmann coeflicient (5.67e-8 W /m2K4)

Tw wall shear stress [Pa]

Ah specific heat of melting [k]/kg]

At numerical time step [s]

AT change in temperature between two time steps: AT =
T

Ax, Ay grid spacings in axial and radial directions [m]
v expression given by Equation [58]

Gy specific heat capacity [J/kg K]

h specific enthalpy [k]/kg]

h heat transfer coefficient [W/m2K]

H height or distance [m]

Hger  total enthalpy of steel [k]]

Hqqse  total enthalpy of slag [k]]

r radial position [m]

R ladle inner radius [m]

T temperature [K]

x mass fraction, subscripts representing carbon (C) or MgO
Q gas volume flow rate [normal I/min]

q

Q

heat flux [W/m?]

heat flow [W]
Superscripts
eq thermodynamic equilibrium

EAF  electric arc furnace
EXT  external
IB inner boundary layer

Appendix A. Thermal modelling

Ladle sidewall energy model

The ladle sidewall is built with a number of radial layers, as shown
in Figure 13. Next, we let the numerical grid, as seen in the figure,
represent each vertical layer of wear bricks, and stack multiple
layers on top of each other to represent the entire sidewall of the
ladle. The colours in Figure 13 represent different properties of the
materials. The bottom part of the refractory is built of a stack of
discs, which also may be represented by Figure 13, but now rotated
90° clockwise.
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In this manner, the numerical grid for the ladle wall and casing
temperature will consist of a single one-dimensional grid (here 7
cells) for the bottom and N one-dimensional grids for the vertical
wall (N x 7 cells). For the horizontal and radial heat balance we have

or”
or

ﬁ(pc ) :%W ) [35]

ot
Equation [35] is discretized for each layer according to

iv};,nﬂ _ ]:v;n
2nAx T Ay, (pCp )7 =
. a [36]

2mx, (A (Lin? T3 )= der (T2 - T)

Superscripts + and - represent the value at the positive and
negative sides of the cell face. Ax; is the vertical height of the grid
cell at level i cell while r is the radial position index for the cell. We
use harmonic averages for the cell face thermal conductivities and
A+t and Ak

)“I: /1];+1 2/1k+1 22}{ /( k+1 %) [37]
Ao Ay Ay A,

where rx is defined according to Figure 13:
ST Sht Ay 2=n, - Ay, /2 [38]

In the cell contacting the hot liquid steel and slag (k = 1) we
have

.w,n+1 _ Tw,n

ZﬂA)Ac;rIAy] (pC, )# = 27X,
//L;rr;r (Y;V;,rwl _ ];vlv,nﬂ ) _

@ metal - ZT) + 39

= 7. slag ,inner 7w
rl al slaghl (T;lag T;,l )+

hmeral inner (T

metal
" radiation
al ,gas hl (];td 7: )

In Equation [39] o metal» Olislag: and 0L gas are the local volume
fractions of the phases contacting the element Ax;at a given time.

2/1 ~metal, flow 221 ~metal , flow

j:limetal,inner — il ; i / (—'1 + hi ) [40]
Ay, Ay,
- . 2/11 ~slag, flow 2 ~slag, flow
hislag,mner _ B hi /( + hi : [41]
), J’1
slcrg stccl & Ay Ay4 AysAy( Ay7
— R ) A b —— .

qexlernal

external

Ky - |

qsucl’mrcjrac lory \
Wear line Permanent

brick brick 71steel shell

Figure 13—Element of the refractory where the transient thermal heat
balance is addressed
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- 3 ~ra 22« T ra 22‘
higas,mner a3 ’1 hz d /(_11+ hi d) ~ 4l [42]
Ayl Ay, Ay,

where the external temperature is given by Tgxr. The radiation heat
transfer coefficient is given by

~rad

he =o5(L;." % Tor Wi o ¥ ) (43]

ilw 1w

and where the wall temperature is further approximated by the
temperature in the near wall cell at the previous time step:

~rad

hi =08 (17" + Ty XT3 + 1) [44]

For the outer wall at yny = y7 (steel casing) we have:

w,n+1 w,n
o Vi
2700x, 1, AV g (pCp ) T
G [45]

ZﬂAx ( (hm ( _TW)) j'NJ NJ (];ijﬂ _]szvvyi))

Here the external heat transfer coefficient is estimated by the
sum of natural convection and radiation. The convective external
heat transfer coefficient hnc is given by Equation [104] using the
properties for air. The dimension used in the convective model
should be the half height of the ladle standing straight up. The
effective external heat transfer coefficient is then

hi&xt casmg (TW2 + T )2 (]:,T + TEXT) + hNC [46]

When the ladle is located inside a cabinet, within a
compartment with external walls, the effective heat emissivity in
Equation [46] can be multiplied by a factor of 0.5.

It should be noted that the external heat transfer coeflicients
must be adjusted to the situation the ladle experiences (melt
refining, transport to casting station, casting, transport to waiting
station, waiting). If the external heat transfer conditions varies
between the different events, this must be handled in an appropriate
manner such that we can tune the model to get a realistic thermal
history for the ladle.

Ladle bottom energy model

The model for the bottom energy is completely analogous to that
described above, but now with the discrete equation

Tb i+l Tb,n
7Z'R2Ax pC m  m
AV ( ) o [47]
7Z'R2 (ﬂf (T’:+};+1 T”lly,n+1 ) _ ﬂ,’; (T’:,n+1 _ T,,I,J’,Tl ))

Here R is the inner radius of the ladle. For the element close to
the liquid steel (we assume that steel flows into the bottom at time =
0.0 s) we have:

Tb L+l Tb n
TR Ax, ., (pC )7”'1\’1% -
AV (48]

B (s (T ~ )~ 2 (07 - 1350

2/1NM i ~metal , flow ~metal, flow

y 25
h = Ax hi /( Ax +hi ) [49]

steelflow—bottom
NM NM
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For the bottom element (steel shell) we have:

Tb,n+l _ Tb,n
ﬂ,RZAx C m=1 m=1
m=1 (p p) A[
AV [50]

— zR? (ﬂ; (T2b,n+1 _ le,rHl ) _ Zbottom (le’n+l _TEXT ))
where we estimate

Bsonom ~10.0 W/(m’K) (51]

Radiation - Wall temperatures and heat transfer above the
slag/metal

Above the liquid phase the refractory will only see the top lid, the
other parts of the wall, and the metal surface. We will assume that
the top lid is adiabatic, such that no energy is drained out through
the lid. We now have to assess radiation transfer between different
inner wear bricks and the top surface of the slag/metal. The radiative
flux from a surface with emissivity &, and temperature T} is given by

Grua = €,0T, [52]
The radiation heat flow from surface elements A; to A; is given
by (Wikipedia, 2022)
: cos 6, cos b,
O, = ‘910-714_[ I —dAsz [53]
4 4,
The geometrical configuration is seen in Figure 14.
The radiation heat flow from A; to A is then

. cos 6, cosb,
Q.= 820-7;4'[ j —dAsz [54]

4 4

The heat flow between the two surfaces A1 and A; can be given
by (Goodman, 1957):

(&' -%)

2dA,dA, [55]
1/e,+1/¢ -1

0,,=-0,= J' ,[ cos 6, cos 6

4 7Z'S

Based on Equations [52]-[55], the surface normal vectors n;
and ny, and the vector connecting area elements dA; and dA, all
radiation heat flows can be computed. These are Qumossl ag-metal (from
brick number m to slag-metal interface), Qu, m->ceiling (from brick
number m to ceiling), and Qszag metal->ceiling (from slag-metal interface
to ceiling). The direct radiation between bricks is ignored. The
radiation from the slag-metal interface must respect that the slag
only covers a fraction o of the total free surface area. Hence, the

radiation temperature T“ag meta 18 TEplaced by:
Zjvzl‘agfmetal = aslagz?;ltag + (1 slag) metal [56]
dAs
62 -
S\ m
01
dA4,;

Figure 14—Geometrical arrangement for radiation exchange between areas
and (Wikipedia, 2022)
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It is further assumed that the ceiling (ladle lid) is adiabatic and
that the slag and metal are well mixed. However, for the refractory
bricks the thermal conduction heat flux into the inner wall
surface brick and the net radiation flux must balance. The surface
temperature of the wall bricks is then given as

22 g
AA L
Vi

{w(m,,k T2 )T 4 T )+

+1"

slag-metal

\p(lnnllA+[

(Lo + 7 ,)[ |
57
w

Ay

k

wall-surface.k "~

This illustrates the fact that it is surface temperature that
communicates radiation and not volume-averaged temperature for
the computational cell.

The factor ¥ is given by
(R(l—l/ﬁ))max(o;x‘—xl,"g,mm,}%zAH (58]

Ve T 2oy s 1 7[{(13(171/\/5))z (max(O X, = X mm,))z}z

o

where RTZAG is the horizontal area element (per radian) which
exchanges radiation between slag/metal and bricks.

The heat flows may be converted to heat transfer coeflicient by
rewriting Equation [55] as

- cosé’msﬁ7
oo = {1/,3“/5171” dA}dA( -1')=

6, cosb, , SN 59
dA{l/s +1/gl_1-‘:.‘.cos 2 dA, 1 +1; )(12+1l )}(12,11) [59]

EdAlhlal( =1 )

where ;-1 is the heat transfer coefficient expressed by the bracketed
terms in Equation [59] above.
As the lid is adiabatic we have the following condition to fulfil:

Qslag—metal»ceiling + ZQw,m%ceih’ng = 0 ’ [60]

w,m

From Equation [60] we compute the ceiling temperature.

Effective heat transfer coefficient

The effective heat transfer coefficient i, in the liquid steel and slag
may now be estimated based on three different contributions:

1. The wave induced contribution /,ae, elaborated in Appendix
E Wave-induced heat transfer 2. The heat transfer due to
bubble stirring Airring, elaborated in Appendix G. Inner wall
heat transfer coefficients due to forced convection by bubble
stirring

3. The heat transfer due to natural convection hc, elaborated
in Appendix E. Pure natural and effective convection heat
transfer':

~ ~ ~ 2~ 12)\?
hliq = hwave + (h:tirringl ’ + hNC1 2) [61]

Heat balance for the slag

Due to the melting of additives (slag formers, refining additions,
alloying elements) we have selected to represent the energy by the
specific enthalpy h.

First, we give the slag enthalpy by a simplified relationship:

Nsiag

H slag — .vlag slag = Mg Ear hslag gar T Z Mo, Ahslagl.

a7
CosTT<T,,
Nstag [62]
slag Kl
mxlug,EAFCp,xlag,EAFT + Z Mg i (1;) oL+ Ay L, <T <1,
= [

CYsl o+ M+l (T =13, )T 2Ty
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Here the enthalpy for the solids is represented by Cy,sT, and for
the liquids by Cy,sT1 + Ah+Cp (T-T2), where Cp, is the liquid heat
capacity and Ah is the latent heat of fusion. The temperatures T}
and T are the temperatures at which the phase transition (melting)
starts and is completed, respectively.

The heat balance for the slag is then

d

slag inner (w :
ar ( stag st ) z 27 RAX,,; 00 h, (T o )Jr slag
+ M sIag,EAF'Cp,slagT;lag EAF M slag tapped hs]ag
2 [ slag lid 7 slag metal [63]
+7TRK] (T =T+ 7Rk, Toer = Tg)
N, slag

+ Z m.slag,khslag,k (T]eed )
k

Here olisiqq is the slag fraction contacting brick number i and
varies with time. Tf.q is the temperature of the materials at the time
of feeding, typically less than 100°C. Mszag EAF is the time-dependent
mass flow of slag from the EAE h dag1id s the heat transfer
coeflicient for slag surface - top lid heat exchange, and 1 7™ is
the area-averaged heat transfer coefficient between the metal and
slag. Quag is the heating power supplied to the slag [W/kg]. All these
quantities are in general varying with time.

By subsituting the mass balance (Equation [5]) into Equation
[63] we obtain:

NI

dhslug _ 27 RAx i 7 slag inner ™ _T + 3

slag z 4 % stag " i1 " Lstag slag
Py
+M e par (Cp stag Lytag 245~ Pstag ) (64]
64
2§ slag lid = Slag. metal

+7R h Ty —Teg) + 7Rk, Lo = Log)

+ i Mo 1 {hslug,k (Tfeed ) —hye }

We may note that Equation [64] indicates that the slag
components, fed at low temperature Teq, will lower the enthalpy of
the slag as hiagk (Theea) — Psiag < 0.

Heat balance for the metal

As for the slag, the metal enthalpy H.r can be expressed by the
specific enthalpy hsteel:

Natioy
H o =M o lieo (T) = M Py + z malloy,khallay,k =
=
steel
Cos kT T<T,
Naitoy T [65]
steel k1.
m:reelcp‘steelT + z Mgty i Cp i ley T AR, 3L, <T <Tp,
=1 w1 k2

Coey Ty + A +C (T =T, );T = T,

psklil plLk

Similarly, for the metal (steel) we have

Steel " steel inner w
steel Z Z”R l steelhi (T;I _ 7—;teel )

+z Zﬂi’}AI‘J hxtee]ﬂowfbotmm (TJSMJ = T;leel )+ Qsteel

Jj=1

: (66]
+Mxtee] LEAF (Cp steel T;reel LEAF - hsfeel )

7" slag,metal
+7Z-R h ( slag steel)
Naitoy

+ Z mallay,k {hallay,k (Tfeed ) - hsteel}

k

The first right-hand-side sum represents the heat transfer along
the vertical ladle wall, while the second summation term represents
the heat transfer between steel and the bottom refractory. It is
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assumed that the bottom heat transfer is zero before steel is received
in the ladle.

Qisteel is the metal fraction contacting brick number i and varies
with time. Misee,par is the time-dependent mass flow of steel from
the EAF hsteelfiow-bottom is the heat transfer coefficient for metal-
bottom refractory heat exchange, and ;%" is the area-averaged
heat transfer coefficient between metal and slag. Qe is the heating
power supplied directly to the steel [W/kg]. Again, these quantities
are in general varying with time.

The heat source and Quqg are related to the total power Qo
supplied by the heating electrodes. Qs is the power logged at
the plant. The heat entering the slag and metal will be lower.

We introduce an overall heating efficiency 17[0,1] and a heat
distribution coeficient N, such that

. _ nslang]ang slag .
Qslag M C M C U%th [67]
slag™"" slag " p.slag + steel ~ p,steel
Q' _ Msteel Cp steel n Q [6 ]
steel eff Ztot 3
slanglag Cp slag + Mstee] Cp steel

The coefficient 14 = 1.0 indicates that slag and metal increase
in temperature at the same rate. If 154 = 2.0 the slag temperature
increases twice as fast as that of the steel. If g4 = 0.5 the slag
temperature increases at half the rate of the steel. The introduction
of the coefficient 144 allows a more controlled way to distribute
heat between the steel and slag.

Solution for the wall energy equations

Based on previous temperatures the radiation flows and fluxes are
computed (Equations [52]-[57]). For the radial wall elements the
discrete equations [36], [39] and [47] can be written as

AT =b)" [69]

Here b}’ will contain reference to previous slag and metal
temperatures, radiation fluxes, and external temperatures. The
solution is obtained by inverting the NJ x NJ (here 7 x 7) matrix Aj:

rI;w,rHl = A;l . b;/l/ [70]

We notice that while the ladle is in steady operation (no
filling or tapping) the matrix Aj is fixed. In this case the new wall
temperatures are obtained by only updating b, which depends
on values from previous time step, and then repeating the matrix-
vector operation in Equation [70]. This allows very fast solution of
wall temperatures.

The bottom part of the wall is solved in the same manner.

Appendix B. Wall shear stress model

The steady-state flow in the ladle was simulated (Johansen and
Boysan, 1988) for the different (500, 600, 800, and 1200 NI/

min) argon gas flow rates, using a typical steel mass (130 t) and
ladle geometry from Sidenor. In addition, the simulations were
performed for both atmospheric pressure and 0.003 bar above the
melt. The simulated wall stresses were expressed by fitting functions
and the effect of pressure was handled by a linear fit between the
atmospheric and near-vacuum pressures.

Denote P as pressure in atmospheres (P = 1 bar = 1e5 Pa) , and
we have volume flow of argon Q in normal litres per minute (nl/
min), relative heigh x = X/H.

Wall stress data for low pressure (P = 0.003 bar):

7, oo0ssar (4, 0) = ((~0.05201+x23.857) / (1+ x+(~1.607) + x* -0.962))

-(6.8377+(-0.02009)/(6.8377+1200-0.02009)
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Wall stress data for normal pressure (P = 1.000 bar):

0 oo (6,0) = (=0.0736 +x-5.69) / (1+ x+ (~1.73) + x* -1.03))
-(2.0563+0.005369- 0) / (2.0563 +0.005369 - 1200)

From the two fits above the wall stress distribution, including
operating pressure, becomes

7,(x,0,P)= Th_0.003bar (x,0)
+( Twil.OOObaV(er)_ waO.OOSbar(XJQ)). [71]
(P —0.003)/(1—0,003)

Equation [71] is simply the new model. The result is shown in
Figure 15.
Wall shear velocity u. now becomes

0, =

Appendix C. Temperature-enthalpy relationships

Tw(x’ Q’ P)|/psleel [72]

As we use both enthalpy and temperature, we establish some critical
relationships.

In the case of the steel, we can find the temperature from the
enthalpy by a Taylor expansion of the enthalpy function:

hsteeln+1 = h:teel (T’“‘l) = hsteel (T”) +

(07 + AT oy I (s 73]
AT

According to Equation [73] the temperature is

1
hsteelwr — steel (T V’)

sree

il _
ot = T AT) (1) W
As we wish to replace the temperatures of the slag and metal

with enthalpies, we carry out the following reorganizations:

wl _ o Py (T")AT
T (T4 AT) = (T7)
Py AT [75]
Pyee(T" +AT) =y (T")
Asteel + Bs[eel hsteel
where
Aoy = g~ e (T)AT
P (I + AT ) = ooy (T7) -
B steel — AT
Poeet (T + AT ) = hyory (T)
" Wall shear stress (Pa)
60 || ==—P=0.02bar

——P=1.0 bar

[
=]

Shear stress (Pa)
= N w sy
o o o o

o

0.0 0.2 0.4 0.6 0.8 1.0
x=X/H

Figure 15—The distribution of shear stress (Equation [71], plotted for two
absolute pressures above the melt
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Similarly, for the slag we obtain:

n+l [ slag (T )AT
= e slag (T” + AT) hslag (T )
Ry, AT [77]
s]ag (T” +AT) hslag (T”)
As]ag + B slaghslag

where we have
AT
leag n n
(T* +AT)—~hg, (I") 78]

slag
A

n
slag slag hs/ag(T ) slag

Based on Equations [73]-[78] we can produce coupled enthalpy
equations for the metal-slag-refractory system.

Appendix D. Discrete equations for the slag-metal heat
balance

Fluid temperatures

We can now write discrete equations for the slag and steel
temperature. We use implicit treatment of the right-hand-side
enthalpies. The slag heat balance, given by Equation [64] now reads

hn+l hn

NI
MM% 22;z1<Axa,h’"g (10 = Ay = B )+ O

+M(h ~)
+nR11i“"'*""’(T,,‘,—A,ag B,,ghmg“) [79]
+7rR2}?""’g"”"’”’(As,E,_,,+B h —-A, —B, h )

il slag — Pslag slng

VHL

+zm/gl.{ lugk( e I) h/;;}
while for the metal (steel) heat balance we have

hn+| Vl
M Dsteel ~ "steel steel Z 27 RAx

steel

hsteel .inner (Tw iy

_ B h n+l
!:reel il steel steel""steel

NI
b n+l 3
+Z 277"] Ar/ hAleeIﬂowfh(llmm (TNIW J Axleel B\/z‘el h\[ee] ) + Q.erel

J=1

: (80]
+M steel EAF (hmel EAF hsrmzl )
2 7" slag ,metal n+l
+rR°h; (Aslag + leaghslag A= Boahid™)

Naitoy

+ z mallov k {hallny k (T/eed ) hsreel}

The discrete equation for the slag can be written in a simplified
form:

TR ( Jpslogmetal 4 h.xlug.hd )

Notag

J7slag inner
+ D Mg ¥ ZMR ol

M.
ntl slag y
h:lag Al +M slag EAF leag

Ig h:;ag +z2ﬂ,R ”Iaghclag mner(rn n+l Ay[ag)+ ‘S]ag [81]
+ M.\lug,EAFh.\lug,EAF +7aR h,mg " @ — A\]ug)
N)/aA'
+7 thlsmg‘mem’ (A\-Ieel . A,\lug ) + Z m.\'lug,L h.\lugk (] :/’L‘L'zl )
&
+ ”R zh e BX/L‘EI hSIL’E’
We simplify Equation [81] as
n+l n+l _ n n n n+l
hs]ag Eslag F;Iag Gslag wall £d Hsm steel hsteel [82]
where
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7z'Rz (h'xlag,mﬂml + il'.vlag,hd )
Notag leug [83]
+Zm,gk+22;rRAxa o

M
nil _ ¥ slag
Es,“g e +M

stag Ear T

Fn - Mxlag hn ~
slag A t slag Qslag

+ Mslag,EA.F hslag,EAF

+ AR (T~ Ayg) (84]
Nge

2 7 slag,metal
+7RK; (A= s/ag) + z e khslag & (T Sfeed )
7 slag inner w.,n+1
slag wall Z Z”R i xlaghz (T Axlag ) [85]

H:m " _ ”R2il'islag,metalB [86]

steel

We have here treated the internal wall temperature in an explicit
manner in order to be able to separate the set of equations and allow
fast computations. The coeflicients represented by Equations [83]-
[86] have to be updated for every time step.

For the steel phase we may, based on Equation [80], write

+H! B (87]

sm—slag" “slag

hn+1 En+1

n
steel  steel I—;leel

+G"

steel ,walls
where

En+1 _ szee] o B ol z 27Z'R hsteel Jinner

steel 1 steel

steel z 2 7 }" A]” hsteelﬂowfboﬂom [88]
Naiioy
y 2 7 slag ,metal .
+MsteeI,EAF +7Z.R h “ Bsreel + z malluy,k
k
and
M ) )
n teel n
Fsteel AS;e steel Qsteel + M steel ,[EAF (hsteel JEAF ) +
Naiioy
Z malloy,k {halloy,k (Tfeed )} [89]
k
+ RZﬁslag,metﬂl (A _ A )
7 i slag steel
and
n —
steel ,walls —
7 steel inner w,n
z 27 RAx, i sl‘ee/h (T Asreel )
[90]
b.n
X ZZEI}Arjhstee[ﬂowfboﬂom (T NM,j Asteel )
j=1
and where
n slag metal
Hsm —slag ~ ”R h leag [91]

The solution for Equations [82] and [87] is trivial, giving:

n+l n n n n
hnH _ Est:el (Eflag +Gslag wall ) + Hsm steel ( steel + Gsrzel walls ) [92]
slag n+l pn+l n n
Ext:el Esl:g H:m steel H:m—:lag
n+l n+l n n n+l
hsr:e] = |: sm—slag hsl:;g + Esrzel + Gsreel walls ] / Esr:el
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The calculations of temperatures from the enthalpies are given
by Equations [75]-[78].

Appendix E. Pure natural and effective convection heat
transfer

According to Ede (1967) the heat transfer due to pure natural
convection can be estimated by:

1/4
by 2Pr (Gr, Pr)"* 193]
4] 5(1+2Pr'“+2Pr)
where:
C
Prz% (Prandtl number) [94]
q x
Nu, =—=>—=— (Nusselt number
b, = T A ( ) [95]
Gr, = %2) (Grashof number) [96]
14

An average distance x may be estimated by the liquid height
Hteel, glVlng X3 = %Hsteeﬁ)

and

p=- ;(2’?) (thermal expansion) [97]

The Churchill-Thelen correlation (Churchill and Chu, 1975)
gives:
2

Gr, Pr

Nu_=|3.657" +(
300[(1 425 5)9“6}

x

1/6
16/9 ) [98]

The latter correlation is fine for turbulence controlled natural
convection. However, for Ra = GrPr smaller than 1010 the model
given by Equation [93] is very good. We therefore propose a
mixture of the two models with a transition at Ra = GrPr = 2:1010,

The assembled model then becomes:

Nu,=A+(B-A)/(1+exp(—(Ra/ Ra,-1))) [99]
where
Ra,=2-10" [100]
and the Rayleigh number is
Ra=Gr,Pr, and [101]
- Ll - (Gr.Pr)""* and 102
4| 5(1+2Pr'*+2Pr) ¥ ’ 1021
Gr. Pr
B = ( 16/9 )1/3
300[(1 +(0 5)9/16:| [103]

See Figure 16 for comparison with the base correlations.
The heat transfer coefficient due to natural convection is now:
A

hye = Nu, = [104]
X
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Figure 16—The performance of the suggested natural convection heat transfer
Nusselt number Nux, Equation [99], plotted against Rayleigh number Ra.
Data from Warner and Arpaci (1968) is included

Effective heat transfer coefficient

The effective heat transfer coeficient in the liquid steel and slag may
now be estimated from

12 12\?
hliq = hwave + (hstirn'ng T hNC ) [105]

Appendix F. Wave-induced heat transfer

The bubble plume impinging on the surface will produce waves at
the interface (Cloete, 2008). An empirical correlation for the wave
period T; was produced by Hiratsuka et al. (2007)

(D/9)” _ 0.459( H)O'S

50—
T 27 D

05 [106]
3.68tanh| 0.92 = (5.0 - ﬁj
D D
where D is ladle diameter and H is liquid height.
The length swept by the wave is I,,, where
7 = Ymel [107]

w

T
The wave velocity is here based on the turbulent velocities near
the wiree surface. From 2D CFD simulations we have curve-fitted
the computed turbulent velocities as:
= % . ND
U,me =0.0121-07 - O,

wave

a=0.999925, b=0.39233, [108]
[Uyae]=m/s, [0, ]=1/min

According to Equation [108] the wave velocities Uyuye will range
between 0.13 and 0.18 m/s for gas flow rates ranging between 500
and 1200 /min.

According to Blasius :

Nu_ = };—x =0.332Pr"* Re,”” (0.5<Pr<15) (109]

x

Over the distance ,, /2 and average velocity i = 2%’7“;9, the
averaged heat transfer coefficient fyqye* is:

Prave = 24 Nu, =
/ :

- 0.5
2-0.664 P’ [ZAJ I, (0.5<Pr<15) [110]
14

The wave-induced added heat transfer will apply to a region
close to the surface. Due to the small thickness of the slag layer, it
is proposed that the wave-induced heat transfer applies only to the
metal, given by the following relationship:

0.0, Q,=0
Hivara = 00, x> Hmetal [111]

27 (H yyera1 —X)
v 2\ meal —X)
1
hwave e v X <H

Appendix G. Inner wall heat transfer coefficients due to
forced convection by bubble stirring

The heat transfer coefficients due to forced convection can be
obtained from the definition of the dimensionless flow temperature

T":

4. =PC,u, 7?8)?”1,”2) [12]

Here g, is the wall heat flux, u: is the wall shear velocity, defined
by u: = @ y* = yu/v is the non-dimensional wall distance, and s+
= su¢/v is the non-dimensional wall roughness.

The resulting heat transfer coefficient then becomes

q, _ pCu,
(T ~T,) T'(y'.s",Pr)

Using a wall function model (Ashrafian and Johansen, 2007) the
T* function can be evaluated at a typical bulk fluid wall distance y*=
1000, and for a given hydrodynamic roughness height s+ = s - u:/v),
where v is the kinematic viscosity of the steel. 4

h stirring —

[113]

T'(y"=1000, s",Pr)=
((5.95+13.6-Pr****)+(0.117+0.235 - Pr"*?).s™) [114]
(1+(0.011+0.0939 - Pr’“"®) -s" +(0.00005+0.0000683 - Pr’**) -5 '*)
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