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Abstract
A study is described with the  to create models that can be used in a general system
for prediction of the tundish temperature. The models must be accurate, but they must also be
simple to program and to understand.

The effort has been concentrated on three key areas:
a) The thermal status of the ladle and its effect on the heat loss of the steel.
b) The thermal stratification and drainage flow in the ladle, and their effect on the

temperature in the outlet steel stream.
c) The mixing and steel flow in the tundish and its effect on the temperature at the

outlet end.

A large  of experiments have been carried out in the production plant. The work
includes temperature measurements and studies of the ladle and its lining, measurement of
thermal stratification in the ladle as well as studies, where tracer elements are used to detect
the drainage flows in the ladle and mixing in the tundish. The results of the experiments are
used to verify the models.

Models, which are possible to use in process control, have been developed, calibrated and
tested for the conditions of the steel plant of SSAB Tunnplåt AB in Luleå. The models are:
• Models to calculate the effect of the transient heat transfer on both cooling of empty ladles

and on the temperature decrease of liquid steel in the ladle. These models are based on
analytical equations. The model predictions were tested by comparison with results from 
numerical simulation. Verification of the numerical simulation model was done by
comparison with the results of cooling experiments in the steel plant. A system for thermal
classification of ladles has been developed and put into production in the steel plant. The
system uses permanently installed pyrometers in combination with manual ladle tracking.
It is based on the analytical equation models, which were developed for heat transfer in
ladles. A simple techmque with cooling experiments was used for verification of the
numerical simulation model. It is of interest to use such a technique for calibration of
production models, e.g., when new lining materials are introduced.

• The effect of thermal stratification and drainage flow in the ladle has been studied. Two
alternative models have been developed. One of the models was based on the tanks in
series principle and the other one was based on analytical equations. Both models were
tested and calibrated by comparison with results from numerical simulation. The results
from the tanks in series model were also compared to results from continuous temperature
measurement and tracer experiments in the production ladles. Also, the numerical
simulation model was tested by comparing the result with those experimental data. Both
models seem to give a good prediction of the effect of the steel flow. The equation model is
the simplest one. In that model the total effect of drainage and stratification can be
expressed by one adjustable constant. For this reason, that model is the preliminary
recommendation. The tanks in series model has a future potential if it can be developed
towards a more general applicability.

• A tanks in series model allowing for shortcut flows has been developed to simulate the
effect of mixing and steel flow in the tundish. The responses from tracer experiments in the
steel plant have been compared to responses calculated by the model. Good agreement was
reached. The results support the hypothesis that there is a greater occurence of shortcut
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flows at ladle change. It was possible to cover the flow situation both at ladle change and
steady state by modification of the adjustable constants for the shortcut

The control philosophy at SSAB is now based on increased reproducibility of in-data, rather
than on compensation for their fluctuations. The effect on the implementation of the results is
discussed.
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1 Introduction

1.1 Background 
When this study began the ladle treatment between  OF and casting had no facilities for
heating. The temperature control was made by compensating the tapping temperature for the
influence of ladle thermal state and what was expected to happen between BOF casting. The
ladle thermal state was estimated by manual classification by the operators. The systems for
time - temperature control at SSAB Tunnplåt AB in Luleå were based on simple empirical
models and empirical corrections. The temperature control was unsatisfactory.

The aim set by the continuous casting department is that the steel temperature in the tundish
should only be allowed to deviate from its target value upwardly by 10  and downwardly by
5 °C. This temperature is influenced by many phenomena that occur in the ladle and the
tundish both before and during casting. The main effects are summarised in Figure 1.

Transport and holding Continuous casting

Conduction and Radiation
U U

1
Conduction

Conduction

Thermal
stratification

flow

Conduction, Melting
and Radiation

Conduction

Steel flow and mixing

Figure 1 Summary of mechanisms during holding and casting which have an influence
on the steel temperature in the tundish.
There are two main types of phenomena that affect the temperature: on one hand the heat
losses (which influence the mean temperature) and on the other hand the steel flow
phenomena (which influence the temperature distribution). In order to improve temperature
control, it is necessary to have a better understanding of both types of phenomena. At the start
of this work, a great deal was known about the phenomena through studies with numerical
simulations, water models etc. Verifications by experiments in liquid steel existed, but were
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fewer in number. It was concluded, that one way to improve the knowledge would be a study
that combined theoretical work with experiments in the production plant.

1.2 Objective of work 
The  of this study is to carry out theoretical and experimental work on individual
phenomena that influence the steel temperature in the tundish and then to translate the
knowledge into models which could be used in production control systems. Due to the
practical application these models have to be as simple as possible.

1.3 Previous work 

1.3.1 Decrease of the steel temperature in ladle
Figure 2 shows early data from the steel plant of SSAB in Luleå  The diagram shows the
decrease of the steel temperature in a ladle treatment plant that was then situated on the ladle
track immediately after the BOF converter. The decrease of the steel temperature is shown for
different thermal status of the ladles. The definitions of "Hot", "Warm" and "Cold" ladles
refer to the manual classification that was then made by the operators.

AT, °C

0 5 10 15 20 25 30
Holding time, minutes

 Hot ladles
• W a r m ladles
 Cold Ladles

 curve

Figure 2 Effect of heat status of ladle on steel temperature in the steel plant of  in
Luleå  The temperature scale shows the difference from the steel temperature
measured directly after tapping.
The result clearly shows that the thermal status of ladles greatly influences the steel
temperature.
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The decrease of the temperature of the liquid steel in the ladle is one of the most important
parameters influencing the steel temperature. The calculation is complicated by the transient
behaviour of the heat transfer into the lining. Considerable efforts have been spent on
development of models. The models have been intended both for control purposes and for
line calculations or parameter studies. Table 1 shows a summary of reported model work.

Table 1 Summary of models for the decrease of steel temperature in ladles

Reference Type of model Use Verification method
Square
root

Finite
diff.

Statis-
tical

Other
type

(aimed
or

actual)

Buried Hot
face

Cold
face

Steel
temp.

Num.

Rutqvist et X Control X
Grip et X Off-line X
Olika
Olika and

X Off-line X X X X

X Off-line X
Tomazin et X Off-line

X Off-line
Rees et X Off-line
Fredman and
Saxen

X Off-line X

Gaston and
Medina

X Off-line

Hadjiski X
Chen and Wang
12)

X Off-line X X

Zoryk and Reid
13)

X Control X

Snoeijer et X Control X X

"Buried thermocouples" refer to a technique, where the temperature at different points inside
the lining is measured by thermocouples that have been installed during the relining of the
ladle. "Hot face" refers to experiments in which a radiation pyrometer has been used to

 the temperature at the inside surface of the empty ladle. "Cold face" refers to
measurements of the temperature of the outside steel mantle.

A common type of model is based on the use of a finite difference method to calculate the
temperature profile within the lining  In some cases the model is validated by
measured data. Methods used are temperature measurement by thermocouples embedded
inside the lining  pyrometer measurement of the surface temperatures (hot and/or
cold face)  measurement of liquid steel  Zoryk and
Reid  report on use of such a model in production control. However, the finite difference
method is usually used off-line. It is now a well-established practical tool, e.g., for off-line
simulations in parameter studies. One example of the finite difference models is

 which has been developed from a ladle model owned by ABB. A good
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agreement has been reached between model results and experimental data from the production
ladles of SSAB Tunnplåt AB in Luleå. The model is used for off-line simulations at SSAB
Tunnplåt AB to get data for model development and for decisions on process and plant
design.

If a fast calculation is needed, e.g., for production control, analytical equations are of interest.
From the solution of the Fourier equation for simple cases a "Square root model" can be
expected, i.e., there is a dependence of the temperature decrease on the square root of the
holding time. The "theoretical curve" in Figure 2 is calculated by such a model. Rutqvist et 

 used temperature curves calculated by TEMPSIM to prove that the square root model
described the decrease of the steel temperature with good accuracy for different steel plant
cases.  et  describes the use of a square root model in the temperature control
system in actual steel production. They also point out that one reason for their success is
reproducible plant conditions. This caused very uniform temperature profiles within the
lining, which improves the behaviour of the simple analytical model.

For a  calculation of the temperature decrease of the  steel the thermal status
of the ladle at tapping has to be known. One possibility to determine this parameter is to use a 
tracking system, where the events in the steel plant are logged and thereafter used to calculate
the current condition of all ladles in circulation. That method is used in the systems described
by Zoryk and Reid  and Snoeijer et  One problem with such a system is that a 
considerable part of the input has to be provided manually, and errors can be caused by
missing data. Rutqvist et  suggested that the surface temperature of the ladle lining
be measured by stationary radiation pyrometers, and that this information should be used to
update the thermal status. One problem is that the surface temperature is not a perfect
description of the thermal status. The temperature of the layers beneath the surface also has a 
big influence on the decrease of the steel temperature. The solution suggested was that the
ladle should be hold at the measuring point, so that the temperature decrease rate could also be
logged. Simulation results indicated that this rate would be a good indicator of the
temperature difference between the lining surface and the layers beneath the surface.

1.3.2 Steel flow in ladle
Jonsson  and Wester  report on measurements of thermal stratification in a 7 tonne pilot
plant ladle. Continuous measurements of the steel temperature were carried out with
thermocouples penetrating through the ladle wall at three levels. Jonsson  also made
attempts to study the conditions within the cold wall flow. The vertical flow rate was studied
with radioactive tracers. The measured values were in the range 1 -3  Horizontally
movable thermocouples were used to study the thermal gradient in that area and an isotherm
map was made from these data. Rieche et al  measured the thermal stratification in a 220
tonne ladle by means of thermocouples on a vertical rod. The measurements show the lowest
temperature for the lowest thermocouple. Above that level the difference between the
individual thermocouples is comparatively small. Some of the curves display a behaviour,
which, according to the author's experience, might eventually indicate measurement
problems.

Numerical simulation of thermal stratification using CFD models is reported by several
authors " . The results of all simulations show that a considerable stratification can be
expected, and it is concluded that this can affect the temperature of the outlet steel.
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Chakraborty and Sahai also studied the effect of an insulated top on the steel flow in the
ladle. Two cases were studied: one with an insulated top with zero heat flow from the top
surface, and a case in which the heat loss from the top was  kW/m2. These were to
represent a ladle with a very efficient top insulation and a ladle with a very thin slag,
respectively. The results showed that the cooling through the top surface had a big influence
on the convection flow. A more intense cooling tended to counteract the thermal stratification.
Perhaps it ought to be pointed out that the two values used in this reference for heat flow
from the top are extreme values compared to the ones normally occurring in steel plants.

The increase of the thermal stratification with time was studied very thoroughly in the work of
Austin et  Their calculations indicated that if the cooling rate was constant, there was a 
constant rate of increase of the thermal stratification. They also showed that this rate was
approximately proportional to the cooling rate. The increase of stratification with time was
expressed in the following simple equation:

r =
where

t = the increase rate of the temperature difference between top and bottom, °C/minute.

C = the decrease rate of the mean steel temperature,

The simulations by Austin et al ' and Chakraborty and Sahai  also included the casting
with outlet flow through the nozzle and a decreasing steel level in  ladle. Chakraborty and

 simulated a case with a centric outlet. Therefore, an axisymmetric 2-dimensional
model could be used. In the calculations by Austin et  a 3 -dimensional model had to be
used as the outlet opening was eccentric. Austin et  studied the effect of different flow
rates in the outlet stream on the flow patterns and on the temperature of the steel in the nozzle.
Flow rates ranging from  and 250 tonnes per hour were studied. It was shown that the
flow rate had a big influence both on the flow pattern and on the temperature curve of the
outlet stream.

Chakraborty and  also carried out water model studies on the drainage flow. To
simulate the effect of the insulation by the slag they used boiling water as steel and mineral oil
as slag. They report a good similarity with the numerical simulation.

1.3.3 Steel flow in tundish
Several simulations of the steady state have been performed using numerical simulation in
Computational Fluid Dynamic (CFD) models  The flow rate distribution in the tundish
has been calculated with different arrangements of weirs, dams, inlets, outlets etc.
Ilegbusi et  made comparisons with tracer experiments in a large tundish. Good
agreement was reached. Comparison with water models was also made, but the agreement
between water models and steel case was poorer. Solhed et  developed a model, which
was calibrated for the conditions in the straight  of the slab caster at SSAB Tunnplåt
AB. The model was verified by experiments in the production tundish, where the local steel
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flows were measured by means of immersed carbon rods. These simulations show the flow at
steady state with constant boundary conditions.

CFD simulations of the flow in straight tundishes with dynamically changing boundary
27  31)

conditions were presented by Chakraborty and Sahai " and  and Sahai '. The
models are used to describe the conditions during ladle change. It was shown that the flow
situation was affected by buoyancy effects when liquid steel of a different temperature was
introduced into the tundish. A shortcut could be caused, when hot steel bypassed the main
bulk close to the surface (or cold steel close to the or bottom).

Physical modelling in water models also has been used to study the flow pattern in the tundish
32 36)

'. The flow was detected by a tracer that was added at the inlet end and detected at the
outlet. Singh and Koria  used KCl and measured the change in electrical conductivity.
Mazumdar et  used the same method with  as tracer. Frequent sampling and
chemical analysis was used by Godiwalla et  Singh and Koria  also visualised the
flow patterns by addition of coloured liquid and photographing. It was demonstrated that a 
proper arrangement of dams and weirs could decrease the tendency for shortcut flows. The
effect of open, submerged and argon shrouded pouring from ladle to tundish was studied in
references  Godiwalla et  also studied the buoyancy effects by pouring water of
different temperature into the tundish. In particular, thermal inversion was studied, i.e., the
situation where the inlet steel was colder than the steel in the tundish. This phenomenon can
occur, e.g., at the end of casting. The response curves for this case indicated increased
shortcuts and dead volumes.

Damle -  developed a tanks in series model to simulate the effects of a steel grade
change in a straight tundish. The verification was done with results from the CFD simulations
mentioned above. A good agreement was reached.

Another approach for simple simulation is the combined model approach. Usually, this model
includes a schematic representation with one fully mixed volume, and one plug flow volume
in series, as well as a dead volume. There may also be a parallel shortcut flow. The volumes
of these blocks are the adjustable constants. These models were used in the interpretation of
the water model studies of ref.

1.3.4 Overall models and systems
Several authors report on integrated models that were used or intended for temperature control

in steel plants ' ' . Hoppman et  report on the development of a prototype model. It
was installed off-line in an existing process control computer. The calculated temperatures of
the steel in ladle during transport and ladle treatment were compared with measured data. A 
standard deviation of 4.7 °C was obtained (mean value for all measurement stations).
Bannenberg et  describe an on-line system that was installed for temperature control in a 
BOF steel plant. A lid and burner practice was used, which gave ladles with a comparatively
reproducible thermal status. Under these conditions the temperature decrease of the steel in
the ladle was only dependent on the holding time and the time for return transport of empty
ladles, and this relation was expressed in a simple empirical equation for the steel
temperature. The steel temperature in the tundish could be kept within± 7°C from the target
value. This value refers to the temperature during the middle of the casting. The temperatures
were considerably lower at the beginning and end of casting of the individual heats. Snoeijer
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et al describe an application in a steel plant where the modelling was greatly simplified by
reproducible conditions. In this case, the conditions were such that all the ladles arriving at the
tapping had a very similar temperature profile, which could be treated as almost horizontal.
Thus, the temperature of the steel in the ladle could be expressed in a simple equation as a 

 of the square root of time and the temperature difference between refractory and
steel. The refractory temperature in turn was expressed in an empirical relation as a
of the ladle history for the last 3 heats. A standard deviation of 3.5 °C was obtained in the
prediction of the tundish temperature.

Zoryk and Reid  report on a temperature control system in a plant with a comparatively
complicated transport flow. A very elaborate thermal tracking system was installed. Al l
operations on every ladle were logged and the temperature profiles of the ladle linings were
recalculated with regular intervals, and used in the calculation of the temperature behaviour of
the steel in the ladle. The model was tested by experiments with multiple dip temperature
measurements. The result for the slab caster showed that the difference between predicted and
measured steel temperatures was within ± 7°C for 92% of the measurements.

The models described so far have been deterministic, i.e. based on a direct description of the
physical procedures. Another approach is statistical modelling. One example of the use of a 
statistical approach is the model for predicted for tundish temperature suggested by Saxen and

 The model is based on a pattern for the temperature in the tundish and statistical
knowledge of how it is influenced by different parameters. The work was carried out in a 
situation involving a straight tundish with one outlet. Exact process knowledge is not
necessary as the model is not based on direct physical modelling of the process. The work by
Hadjiski et al  (previously mentioned in Table 1) is also based on statistical modelling.

1.4 Methods and scope of work 

1.4.1 Problems treated
A number of factors influence the final temperature of the steel in the tundish (compare
Figure 1). During holding and transport of the filled ladle the mean temperature of the steel
decreases by different heat losses. One mechanism is heat transfer by transient conduction in
the wall and bottom of the ladle. This process is dependent on the thermal status of the ladles,
which is in turn dependent on the conditions during the return transport of the empty ladles
from the continuous caster. Heat is also transferred by conduction through the top slag and
subsequent convection and radiation from the slag surface. Even processes within the slag
layer may be of importance, e.g. solidifying or melting. In addition, due to natural convection
there is a downwards cold wall flow, with colder steel in the lower regions of the ladle.

These mechanisms continue during the casting of the ladle. The heat loss through the slag is
influenced by the ladle cover which is presently put on after the start of the casting. Different
patterns of drainage flow may cause the outlet steel to be taken from the cold bottom layers or
from warmer layers. When the steel has arrived in the tundish it looses heat by conduction to
the tundish wall and the slag. The tundish cover is constantly melting during the casting, and
new powder is added intermittently to compensate for this. This may also influence the
temperature. The behaviour of the temperature at the outlet of the tundish is influenced by the
transport time as well as by steel flow phenomena, e.g. mixing and shortcut flows.
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Thus, the field of temperature control is very wide. In this study, the effort has been
concentrated on the following subjects:

• The thermal status of the ladle and its effect on the decrease of the steel
temperature

• The thermal stratification and drainage flow in the ladle, and their effect on the
temperature in the outlet steel stream.

• The mixing and steel flow in the tundish and their effect on the temperature at
the outlet end

The decrease of the steel temperature in the tundish is calculated in some of the papers, which
are included in the dissertation, but is not a major part of this study.

1.4.2 General method
Simple models are developed using existing theoretical knowledge and verified by data from 
experiments and numerical simulations. The flow sheet in Figure 3 shows the general
approach.

of heat
in ladle

Simulation
of heat transfer
in ladle

Analytical model
of heat transfer
in ladle

N

A ) i

B ) i 

D )

F)

Measuremen
of stratification
in ladle

Simulation
of stratification
in ladle

Measurement
of drainage flow
in ladle

Simulation
of drainage
in ladle

Tanks in series
and

analytical model

stratification
and

drainage flow 

F)

 Measurement of  \ Tanks in series model
\ mixing in tundish  of mixing in tundish

Figure 3 General procedure used in the model development. The label "Simulation"
refers to calculations with finite difference or CFD models. "Stratification" refers to
thermal stratification. The regions surrounded by the dashed lines show the areas
covered by Paper A -G.

The procedure is similar for the different fields of investigation. It was carried out in three
steps. In step 1 extensive experimental  was carried out. The aim of this step was to get
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process data for the verification of the models. In step 2 numerical simulations were carried
out, using existing commercial packages. A finite difference package was used for the
simulation of heat transfer, and a Computational Fluid Dynamics (CFD) package for the
simulation of steel flow. The predictions of the simulation models were verified by
comparison with the experimental results from the first step. The models were then used to
calculate process data, which in turn were used to verify predictions from simple models. In
step 3 simple models were developed, which could used in process control systems. These
models were based on analytical equations and/or on the tanks in series principle, and they are
the final product of this study. The verification of the models was made by comparing
predicted data with data that were obtained during the experiments during step 1 and/or with
data predicted by numerical simulation in step 2.

1.4.3 Scope of the individual Papers
The flow-sheet in Figure 3 also includes a rough description of how the main fields of this
study are covered by the separate papers. The sketch is schematic, and in case of overlapping
the figure shows the paper(s) containing the main source of information for that area. A more
detailed mapping is given in Table 2.

Table 2 Different fields of problems and their treatment in the different papers (main
references).

Parameter Paper No
A B C D E F G H

Heat transfer Ladle X X X
Tundish (x) (x)

Steel flow Ladle (x) (x) X X X
Tundish (x) X X

The papers A, B and C deal with the heat transfer in ladles. Both Paper A and Paper B 
partly consist of general surveys. The survey in Paper A covers the heat transfer in the ladle
and also includes a brief description of the effect of thermal stratification. The paper describes
a system for thermal classification of production ladles. The system uses surface temperatures
measured by radiation pyrometers as well as ladle tracking data from other systems and from 

 input by the operators. Simple models for prediction of the decrease of the steel
temperature in those ladles are developed and calibrated using data from numerical
simulations of transient heat conduction. Installation was made in  production control
system of the steel plant of SSAB Tunnplåt AB in Luleå. In that application the classification
was used to compensate the BOF tapping temperatures for variations in ladle status. The

 in Paper B describes the development of models which were part of a prototype
decision support system for C/C operators and covers the effects on the steel temperature of
heat loss and steel flow both in ladle and tundish. The paper also describes the transient heat
transfer in ladles and the development and verification of models based on analytical
equations. Numerical simulation of transient heat conduction was used to create data for
calibration and verification of the heat transfer models and their adjustable constants. Those
studies and part of the theory and model development are described more in detail in the
appendices  paper. The models were also tested as part of an expert system. That
system is not considered as part of this dissertation.
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Paper C describes a numerical simulation model for the transient heat transfer in the ladle and
a comparison of predictions with data from experiments done at SSAB. The model calculates
the temperatures of the lining and steel in ladles (TEMPSIM). A verification with
experimental data is shown for two types of ladles. A simple experimental technique for
verification in actual production ladles is described. It must be pointed out, that the
programming during the development of TEMPSIM was carried out by researchers at Luleå
Technical University and that the layout and development of the TEMPSIM model itself is
not part of this work.

The papers D, E and F deal with the thermal stratification and drainage flows in ladles. Paper
D and Paper E describe development of numerical simulation models for the steel flow in
ladle and their calibration using experimental data measured in production ladles. In both
cases a commercial package for CFD simulations (PHOENICS) was used. Paper D describes
the development and verification of a model of the thermal stratification in a steel ladle. The
model was two dimensional and axi-symmetric. It was used for determination of thermal
stratification in a ladle during holding. An experiment was described, where the thermal
stratification in a production ladle at SSAB was measured by means of continuous
temperature measurements. A verification was made by comparing temperatures calculated by
the model with those measurements. In Paper E the model was extended to simulate the
combined flow caused by thermal stratification and drainage flow in a cylindrical production
ladle, which had an asymmetrically placed nozzle. The steel flow in a ladle during holding,
transport and casting were simulated. The model was a three-dimensional model with an
asymmetric grid mesh. In addition, routines were developed, which could predict the
movement of tracers added into the liquid steel. Then a comparison was made of data
calculated by the model with data from experiments with tracer addition in the ladle. It should
be noted, that the actual CFD simulations of Paper D and Paper E were run by researchers at
Luleå Technical University and MEFOS, respectively. The art of performing these CFD
simulations is not a part of the dissertation.

Paper F describes the development of simple models of the combined effect of thermal
stratification and drainage flows in ladles. Experiments with tracer addition in a production
ladle were carried out to study drainage flows during casting. Tracers were added into the
ladles at different times and positions and the concentration response in the outlet steel stream
was measured. Two types of models were developed for a possible use in process and
production control. One type was based on tanks in series and the other on analytical
equations. A verification of the model prediction was made by comparison of model results
with data from the tracer experiments and from previous measurements of thermal
stratification as well as with data calculated by numerical simulation in a three-dimensional
CFD model.

Paper G and Paper H describe the development of simple models of the effect of steel flow
and mixing in the tundish on the temperature of the outlet steel stream. In Paper G a tanks in
series model is developed, which could be used in process control  the prediction of the
effect of the mixing flows on the steel temperature at the outlet end. The model allows for the
dynamic effects that can be caused, e.g., by buoyancy effects during ladle change. Tracer
experiments in the tundish of the slab casters of  Tunnplåt AB were used for
verification. The results seem to confirm that the flow distribution in the ladle close to ladle
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change is different from that during steady state. In Paper H a tanks in series model is
developed for a different configuration, including an L-shaped tundish with two outlets. A 
model for predicting tundish temperatures from production data is created by combination
with the system of simple analytical models that has been developed at SSAB. Confirmation
is made with data from a previous experiment with continuous measurement of the
temperatures in that tundish. In this paper the decrease of the steel temperature in the tundish
is also modelled using a finite difference simulation in TEMPSIM on an equivalent ladle.

2 Heat transfer in ladle

2.1  of the TEMPSIM model by cooling experiments in the 
steel plant (Paper C) 

The TEMPSIM model is a finite difference model for off-line simulation of heat transfer in
steel ladles. Paper C describes the layout of the model and its verification by experimental
data from SSAB. The change in temperature of the steel in the ladle is determined from its
heat exchange with the surroundings including the lining and the atmosphere. The calculation
of the heat exchange with the lining is based on a numerical simulation model which
calculates the temperature profile within the wall. The calculation of the heat exchange with
the atmosphere takes into account conduction, convection and radiation. The model does not
consider thermal stratification, thermal gradients and heat transfer within the steel bath. Thus,
the temperature calculated is the mean temperature of the steel bath.

In a practical application TEMPSIM, or a similar model, could be used for the calculation of
the adjustable constants in the temperature models, e.g., when new materials are introduced.
The first calculations would have to be made using the data on thermal properties that are
available from literature and/or producers. However, it is often difficult to get data on the
temperature dependent thermal properties that are of sufficient accuracy over the whole
temperature range. Also, when the ladles have been put into production, the values of the
thermal properties can have been modified by reactions of the lining material with steel and
slag. For this reason a practical test is needed, where the material parameters can be checked
by measurements on a ladle in practical production. To be practically useful, the tests should
be carried out as a standard practice by the production department. The procedure must be
very simple, and it must not disturb or delay other activities in the plant.

When the present TEMPSIM model was developed  two types of experiments were
carried out to get data for verification. In one method the temperature profile of the lining was
measured by means of buried thermocouples, that had been installed during relining. The
other method consisted of carefully controlled experiments in which all controlling parameters
were logged and the resulting effect on steel temperature was measured. Both these methods
require a considerable effort when controlled experiments are to be carried out. In addition,
the possibility to follow the change in steel temperature during holding and transport in ladle
is limited in the present plant. Because of this, these methods are too complicated to use for
routine checks in practical production. However, they are useful for development purposes.

In Paper C a simple test procedure is described, which is based on measurement of the
cooling rate of empty ladles after finished casting. The measurement was made using manual
radiation pyrometers. One practical problem with this technique is that local fluctuations of up
to 50  can occur in spite of a very high instrument accuracy. The probable reason is local
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irregularities in surface  (cf. Paper A section "Measurement accuracy"). I f the
result is to be used to distinguish the thermal behaviour of different materials, the differences
between the measured curves have to be big compared to the fluctuations. For this reason a 
comparatively long cooling time is needed. In the experiments of Paper C a cooling time of
up  10 hours was used. During this time the surface temperature was measured with regular
intervals in four positions. The measurements were carried out for two types of ladle lining:
alumina with 80 %  and spinel with  %C. For the former case the reactions between
lining, steel and slag had resulted in the build-up of a complex scull. Samples of this scull was
taken and examined, and temperature dependent thermal properties were estimated.

The cooling was simulated in TEMPSIM, and the calculated surface temperatures were
compared to the results of the pyrometer measurements. For the alumina ladles, good
agreement between measurement and calculation could be reached i f the calculation was
made for a ladle covered with a ladle scull. Both the calculated and the measured curves were
clearly distinguishable from the cooling curve, which could be calculated using the thermal
properties for fresh alumina bricks. During the experiments with the spinel lining there was no
tendency of sculling, and a good agreement between measured and calculated data was
obtained using the properties of the original brick. The cooling curves were clearly
distinguishable from those obtained with alumina ladles.

It can be concluded that the method can be used to indicate the effect of differences in the
temperature dependent material properties. The measurements are very simple to perform. I f
the technique is to be put into practical use the main problem is the need for a long cooling
time. If this is to be made without disturbing plant operation it must be done when the ladle is
taken out of service. With the practice used at SSAB TUNNPLÅT AB in Luleå in  this
occurred twice during the ladle campaign: the bottom exchange which is made after
approximately half the lifetime of the wear lining of the ladle wall and at the end of the
campaign. The measurement at bottom exchange is probably preferable. At that point, the
wear lining is still comparatively thick, and the result will depend mainly on the properties of
the material.

2.2 Thermal classification of ladles (Paper A) 

The surface temperature of the lining decreases rapidly when the ladle is left open after
casting. This decrease is caused partly by the heat lost to the surroundings from the surface,
partly by the heat that is transported by conduction between the surface and the material
deeper inside the lining. The heat loss through the surface is probably controlled mainly by
radiation. The following equation is suggested:

2.2.1 Analytical equation for cooling of empty ladle

(2 )

where
 and  = adjustable constants

 the absolute temperature of the inside surface of the ladle.
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I f not otherwise stated, the temperature refers to a measuring point  up in the ladle.
The last term of the equation corresponds to the heat loss expected through radiation from the
surface. The second term corresponds to the heat flow expected by conduction between the
surface and some region in the inner parts of the lining (if it is assumed that this region has a 
constant temperature and is situated at a constant distance from the surface). Equation (2) has
been compared to a cooling curve calculated by numerical simulation in TEMPSIM (Paper A 
appendix 1). The parameters in the simulation corresponded to the conditions in the steel
plant at that time. The constants in the equation were determined by regression. A good
agreement between temperatures calculated by TEMPSIM and temperatures calculated by
Equation (2) was achieved with the following values of the adjustable constants:  =4.5,

 0.0079 and  =  Equation (2) with these constant values is
referred to as the "Standard cooling equation" in Paper A .

There is one problem with Equation (2) which is not discussed in Paper A. The curve of the
"Standard cooling equation" actually has a minimum point, which will occur at approximately

 °C with the coefficients used in Paper A. If the temperature goes below that value the
calculated temperature loss increases again. This obviously does not correspond to the real
behaviour. In the practical implementation of the model at  a decrease rate, which is
proportional to the temperature, was used instead of Equation (2) in the low temperature
range. This was done mainly to avoid extreme rates in that temperature range. The exact
behaviour of the final cooling of already cold ladles is of limited practical importance for the
temperature model. Thus, there are limited demands on the accuracy of the cooling rate
calculation in that temperature range.

2.2.2  for thermal classification
The decrease rate of the steel temperature in the ladle is dependent on the material properties
and the temperature distribution within the lining. The idea behind the classification is to
group the ladles after their thermal status, so that the decrease rate of the steel temperature is
the same for all ladles within one group. This also means that each group has one set of
adjustable constants for the square root equation, and that these constants are valid for the
heats in all ladles of  group.

One possible criterion is the surface temperature of the ladle. This does not give the whole
truth as the decrease of the steel temperature is also influenced by the temperature distribution
below the surface. In a previous study it was shown, that the cooling rate of the surface at a 
given level of the surface temperature was a function of the temperature distribution in the
lining behind the surface. It was suggested that the cooling rate and the simultaneously
measured temperature could be used as criteria for thermal classification

In the study described in Paper A , a large database of heats was created by simulation in
TEMPSIM, and different criteria for classification were tested on these calculated data. The
following ladle and process data correspond to the practice at that time: The ladle had a 
conical shape with a height of 3.268  and a diameter of 3.580  at the top and 2.960  at
the bottom. The thickness of the shell was 25 mm in the wall and 40 mm in the bottom. There
was no ceramic fibre. The lining in the bottom consisted of 64 mm safety lining and 240 mm
working lining. The lining in the wall consisted of 38 mm insulation, 64 mm wear lining and

 mm working lining. The insulation was a porous brick with the temperature dependent
thermal conductivity ranging from  W/m,°C at 200 °C to 0.42  at 1600°C. The
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safety lining was  The wear lining of the bottom was cast spinel. The wear lining of
the wall was high alumina brick with 80 %  up to 2.536  above the bottom, and slag-
line brick (MgCr) above that level. In the simulation the main wall was divided into 2 sections
of the height  and  respectively. The insulation and the safety lining were
divided into 2 sub-layers each and the wear lining into 6 sub-layers. The sequence from 
tapping to casting was as follows:  tonne of steel and 1 tonne of slag were tapped during 5 
minutes. The temperature of the steel arriving into the ladle was  °C. The continuous
casting started 64 minutes after tapping and lasted 47 minutes. A circular lid was put on the
ladle at the start of casting and lifted off as soon as the ladle was empty. Then, several
sequences of heats in the same ladle were made. The sequences of events between end of
casting and tapping were changed manually between the heats (cooling time, heating with
ladle burner, protection with ladle lids). Thus, several simulations could be made where the
sequence with steel in ladle was identical, but where the thermal status of the ladles showed a 
wide variation.

A program was written that analysed the output data for the individual heats. The cooling rate
 minutes before the tapping was calculated together with the surface temperature of the

lining at the same time and the temperatures of the steel at start and end of the casting. These
data were saved into a spreadsheet file. Totally, 240 heats were simulated. During the
simulation the parameters of the sequence from tapping to casting were varied within a range
that corresponded to the one that can be expected in normal plant practice. A considerable
effort was made to get as close to a stochastic situation as possible by making the manual
change of parameters without any special system.

In Figure 4 the cooling rate and the surface temperature of the heats in the database are
plotted against each other. The cooling rate calculated by the standard cooling equation is
shown. The cooling rate should be close to that of the standard cooling curve if the ladles have
cooled without cover or burner preheating after the continuous casting. On the other hand, i f
they have been  to extra heating they would only be hot on the surface and the
cooling rate could be expected to be higher than that of the standard cooling curve. A 
borderline was created by a shift upwards of the standard cooling curve. This borderline
divides the material into two groups. For each group a regression was made of the decrease in
steel temperature from tapping to start of casting vs. the surface temperature. The standard
deviation from this line was calculated. The borderline between the groups was then moved
manually until that standard deviation was as low as possible for both groups (Paper A 
Figure 18).

The analysis was performed both for the temperature decrease from tapping to end of casting
and for the temperature decrease from tapping to end of casting. The result was similar in both
cases, and it was shown that the optimal position was a borderline that was 3-4 °C above the
standard cooling curve. The group above that borderline is defined as "Surface hot" and the
group below as "Homogeneous". It was also shown that the optimal classification was
obtained i f the ladles within each one of these groups were divided into temperature classes
with a spacing of 100 °C. An attempt was also made to introduce a second borderline and
divide it into three groups. This did not increase the precision. Also, borderlines other than a 
parallel shift from the standard cooling curve were tested, but with less favourable result.
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Figure 4 Database for testing of different criteria for the thermal classification of
The data are created by numerical simulations in TEMPSIM. The diagram shows the
surface temperature and the cooling rate of the ladle  10 minutes before the tapping
for the ladles in the database. The cooling rate calculated from the  cooling
equation" is included for comparison. The borderline to distinguish between  with
a "Surface hot" and a "Homogeneous" temperature profile is also  (from Paper
A).

2.3 Square root equation for transient heat transfer from steel to lining 

2.3.1 Model theory
One of the most important factors influencing the steel temperature is the heat conduction in
the ladle wall. The heat flow within the lining can be described by the Fourier law and the
Fourier equation of heat conduction. The solutions of these equations on actual production
cases could be very complicated. To get simple equations that are useful for practical use two
simplified cases can be studied. In both cases, it is assumed that the thermal properties are
constant, and that the conduction is one-dimensional within a flat wall. It is also assumed that
the resistance to heat transfer through the boundary layers between steel and lining can be
neglected, i.e., the temperature of the inside surface is identical to the temperature of the
liquid steel.

The first case is a steady state case, where the temperature profile within the wall is linear. In
that case the heat flow through the wall is inversely proportional to the wall thickness and
proportional to the temperature difference between the inside (the side which is in contact
with liquid steel) and the outside of the wall. I f the outside temperature and the wall thickness
are assumed to be constant, this means that the heat flow is linearly dependent on the
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temperature at the inside, which is in turn equal to the steel temperature. I f the change in steel
temperature is small compared to the total temperature difference between the steel and the
surroundings, a linear decrease in steel temperature is obtained:

Tsteel _  steel
-  -B * t

where
B is a constant.
t is the time from start of the calculation

 and  are the temperature of the liquid steel at the start of the calculation and
at the time t, respectively

In the second simplified case the steel comes into contact with a wall with a horizontal
temperature profile, i.e., at the time t = 0 the temperature is constant throughout the wall. It is
also assumed that the wall is so thick that the change of the temperature on the outside can be
neglected. Under these circumstances the temperature distribution within the lining can be
described by the "Error function" or ERF equation. The heat flow through the contact surface
can be calculated from the temperature distribution. I f the change in steel temperature is small
compared to the total temperature difference, the decrease in steel temperature will follow an
equation of the following form:

 (4)

where : 
C = an  constant

I f the solutions of these cases can be superpositioned they  give an equation of the
following form, the "Square root equation":

 (5)

where A, B and C are adjustable constants which depend on the properties and temperature
profile of the wall. In the equation the linear term corresponds to the effect of steady state
conduction and the square root term corresponds to the transient effect of the thermal loading
of the lining.

The square root equation is built on the following assumptions:
• the thermal properties of the lining are constant over time and distance
• the steel temperature is constant
• the ladle wall is flat
• the initial temperature profile is linear
• the ladle is filled instantly at the time t=0

In reality none of these assumptions are valid. It is important to study i f the equation gives a 
good approximation of the steel temperature in the ladle in spite of these deviations.

2.3.2 Verification and calibration of the square root equation (Paper B)
It is very difficult to make this verification experimentally. Instead, the verification was made
with temperature curves calculated by numerical simulation in TEMPSIM. The TEMPSIM 
model allows for the effect of the parameters mentioned above. The calculation of steel
temperature by this model has also been verified experimentally.
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In Paper B a large  of numerical simulations were carried out using TEMPSIM. The
temperature behaviour of the steel kept in the ladle was calculated for ladles with different
prehistory and for a holding time with steel in the ladle of 4 hours. The curves showed a big
variation due to the differences in thermal state of the ladles. For all these curves the
coefficients of the square root equation were determined by regression analysis on the
calculated decrease of the steel temperature. The temperatures calculated by this equation
were compared with those from the numerical simulation. One example is shown in Figure 5 
(from Paper B). It can be seen that the square root equation gave a good approximation of the
temperature curve. A good agreement was shown also for the other simulated cases. However,
the values of the coefficients A, B and C were different with different thermal state of the
ladles.

Figure 5 Example  of square root formula for the decrease of the steel temperature
in ladles. Numerical simulation in the TEMPSIM model was used to create the data. The
result of the numerical simulation is shown as the decrease in steel temperature vs. time.
The coefficients in the square root equation were determined by regression analysis of
the calculated result. The temperature decrease calculated with this equation is included
as a regression line in the diagram. (From Paper B, Appendix 1).

The time in the square root equation was calculated with the end of the tapping as the starting
point. The reason is practical, since the production control systems at the steel plant of
Tunnplåt AB in Luleå refer to the end of tapping as the starting point.

2.3.3 Determination of adjustable constants (Paper B)
The thermal classification divides the ladles into groups, where the temperature decrease rate
is similar for the ladles within each group. Therefore, for each group there is a set of the
adjustable constants, A, B and C, which defines the cooling rate for steel which has been
poured into the ladles of that group. The objective of the work was to determine those values
for the different groups.
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To achieve this, a series of curves for the decrease of the steel temperature with time were
created by numerical simulations in TEMPSIM. Every simulation started with a sequence of
10-20 heats, so that the production simulation started with a temperature distribution that
was representative for a ladle in circulation. Then, a cycle was run where the events between
casting and tapping were modified so that ladles of different thermal status were created. The
steel was tapped into that ladle and the temperature decrease of the liquid steel during a 
holding period of 240 minutes was calculated. For each one of these heats a regression was
made to determine the constants in the Square root equation. The constants were stored
together with the surface temperature  minutes before tapping.

One group of such simulations was performed in order to determine the constants for ladles
with a homogeneous temperature profile. Those ladles were allowed to cool freely after the
casting and only the cooling time was varied between the heats. For each case a regression
analysis was made and the values A, B, and C were calculated. The calculations showed that
Equation (5) could be applied for all temperatures. However, the values of the parameters A,
B and C were different depending on the thermal state of the ladle. A table was created, where
the values of A, B and C were stored for each  °C interval. These values are then used as
adjustable constants of ladles with a homogeneous temperature profile.

A similar series of simulations analysis was made where the ladles were preheated under a 
ladle burner between casting and tapping. Ladles with different thermal status were created by
variation of cooling times and burner parameters. The data from those simulations were
analysed in the same way and used to determine a table of constants for "surface hot" ladles.

Figure 6 shows examples of temperature curves that have been calculated using the calculated
values of the constants A, B and C in Equation (5). The data refer to a ladle lined with high
alumina bricks (80 %  From the diagram it is obvious that the classification of the
temperature profile is of similar importance as the temperature itself. A ladle with a 
"homogeneous" temperature profile and a surface temperature of 800 °C gives approximately
the same cooling curve as a "surface hot" ladle with a surface temperature of  °C.
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Figure 6 Decrease of the temperature of the liquid steel in  of different thermal
status (from Paper B) The calculation was made by equation (5) and the values of the
adjustable constants, that had been calculated for the different temperature classes.

2.3.4 Effect of the steel level in the ladle (Paper B)
During the casting the decrease rate of the steel temperature is influenced by the fact that the
steel level decreases. This causes an increase in specific area and this gives an increased
temperature decrease rate. To study this effect a series of simulations was performed, where
the cooling of liquid steel in the ladle was compared for ladles with different degree of filling. 
The simulations were carried out with parameters corresponding to the steel plant data of that
time and the temperature decrease during holding in the ladle after tapping was studied. The
only difference between the simulations was the amount of steel in the ladle. The temperature
decrease rate at a time close to the normal casting time was compared. The evaluation showed
that a reasonable approximation could be made, i f it was assumed that the temperature
decrease rate was proportional to the specific area of the contact surface between lining and
steel. The specific area was calculated for simplified ladle of cylindrical shape. This means
that the temperature decrease rate during tapping could be calculated from the square root
equation using a simple correction factor for the specific surface.
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 rpcorrected
 steel _  steel
dt " dt

where

a
 = the temperature decrease rate with the actual steel level, °C/min

 specific area of contact steel - lining with the actual steel level,

 = the temperature decrease rate calculated using the square root equation
 area of contact steel - lining in the reference case that was used in the

calibration of the square root equation,  /tonne

3 Estimation of temperature decrease in a tundish (Paper H)
The temperature decrease in the tundish has not been considered a  part of this study.
However, it has been estimated in the calculations in Paper B and Paper H. The tundish is of
a different shape than a circular ladle. However, as in the ladle, the heat loss to the lining is
controlled by transient conduction in the lining. For this reason it should be possible to
calculate the temperature decrease with models that are similar to those of the ladle. I f a batch
of steel is held in the tundish without refilling or emptying, it should be possible to
approximate the decrease in steel temperature by a relation of the same type as Equation (5):

 (7)

where
 = The steel temperature that is obtained, i f the only heat exchange is with the lining

 and  = adjustable constants

In the actual case the tundish is constantly drained and refilled with steel of different
temperature. Because of this the temperature in the tundish does not follow Equation (7),
even i f the temperature decrease rate at a given moment is the same. For this reason the
equation is derivated, so that it expresses the time-dependent temperature decrease rate instead
of the accumulated temperature decrease:

 Wining

dt 2*Vt

In the integration of the models this relation can be used once every time step to describe the
effect of heat losses on the steel temperature in the tundish. For the use in a practical
application the values of the constants  and  have to be determined. In Paper H 
this was done by using the TEMPSIM model for heat transfer in ladles to calculate the
temperature decrease of the steel in an L-shaped tundish. As TEMPSIM only can handle
circular ladles the simulation had to be made on an imaginary "similarity ladle", in which the
effect of the heat loss on the steel temperature was similar to that in the tundish. The tundish
was preheated and had a cover with openings. The radiation from the openings in the
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enclosure between bath and cover had a big influence on the temperature of the steel. The
"similarity ladle" was a  ladle with a cover, and with a central circular opening in that
cover. The geometry was chosen so that the specific surface  steel) of all active
surfaces had the same value in the similarity ladle and the tundish, and so that the radiation
view factor from the surface to the openings had the same value as those in the tundish. A 
simulation was made in TEMPSIM, where steel was kept in the "similarity ladle" for a time
corresponding to the time with steel in tundish during casting. Then, the constants  and

 were determined by aregression analysis on the steel temperature vs. time.

In the calculations of Paper B the temperature decrease of the steel in the straight tundish of
SSAB Tunnplåt AB in Luleå was determined by a simple numerical integration using the
Binder-Schmidt method, but the calculation is only briefly described. It is also possible to
make a simulation similar to the one described in Paper H. In this case the physical
configuration is much less complicated, which simplifies the problem of designing the
"similarity ladle".

4 Steel flow in ladle: Thermal stratification and drainage

 Experimental 

4.1.1 Measurement of thermal stratification during holding (Paper D)
The purpose of this experiment was to create data for the development and verification of the
thermal stratification models. To measure the thermal stratification during holding an
experiment was carried out in which steel temperatures at different levels in the ladle were
measured simultaneously. The measurement was done with thermocouples that were mounted
on a vertical rod of ceramic material that was immersed into the steel bath. The measurement
was carried out in the gas stirring plant close to the continuous caster approximately
minutes before the start of casting. The rod was stationary and the immersion was made by
lifting the ladle with an overhead crane. The times and temperatures were stored by an
electronic logger. The rod was fitted with three thermocouples, but the one in the middle
failed shortly after the beginning of the experiment. The ladle used during that heat was
comparatively hot. The surface temperatures measured just before tapping are shown in
Paper D, Figure 1 B. When the ladle arrived at the gas stirring plant of C/C #5 it was lifted
by an overhead crane, until the rod was positioned with its tip = 2 dm from the ladle bottom.
The geometry and the position of the thermocouples are shown in Paper D, Figure 1 A. A 
short gas stirring was made immediately after the arrival to test the bottom plug. Then the
thermal stratification was measured for two holding periods with subsequent gas stirring.

The measured results are shown in Paper D, Figure 2. For both the holding periods the
thermal stratification can be seen as an increasing temperature difference between the
thermocouples. During the gas stirring the difference disappears, as the steel is mixed. A 
comparison of the start and stop times for the gas stirring with the convergence and
divergence of the temperature curves indicates a difference in time synchronisation between
the computer logging of the temperatures and the manual notes of the gas stirring.
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4.1.2 Tracer addition into the ladle to study drainage flow (Paper F)
The purpose of these experiments was to create data for the development and verification of
the drainage models. Tracer alloys were added into the ladle before and during casting and the
response in the chemical analysis of the outlet steel was studied. The tracer elements were put
into cubic containers made of steel sheet. The addition was made by immersing the box under
the steel surface until it was melted. 6 different standard alloys were used as tracers. The data
used in Paper F are from tracer additions made during 7 heats with up to 6 different elements
in each heat. Response curves from a total of 15 additions at the wall and  additions in the
bulk are included in the interpretation.

Two types of tracer additions were made:
• Additions close to the ladle wall. These additions were made > 5 minutes before the start

of casting. The immersion depth was approximately 1
• Additions in the main bulk of the ladle. These additions were made 1.5-4 minutes after

start of casting. The immersion depth was 50-80 cm.

The wall additions were expected to follow the cold wall flow and be situated close to the
bottom when the casting started. Thus, it should be possible to compare the outlet response of
the doped steel that was situated close to the bottom with the bulk additions that were added
close to the surface. The responses to the two groups of addition can be classified into three
main types each. These are shown in Figure 7.

% Me % Me % Me

Time  Time  Time
a) Responses obtained from additions at 
the ladle wall 

 •  • 

b) Responses  additions in 
the main bulk 

Figure 7 Classification of responses obtained from tracer additions into the ladle (from
Paper F)
For the additions at the ladle wall response type 3 is more common, i f the addition is made
close to the side of the outlet nozzle. Type 1 is more common, if the addition is made closer to
the opposite side. The absence of a measured concentration increase in type 3 is probably
dependent on a very fast response that has already passed, when the first sample is taken. For
the additions into the bulk, the dependence of the response on the position of the addition is
less obvious, and the distribution between the response seems to be partly stochastic.

4.2 Numerical  model of the steel flow in ladle 

4.2.1 CFD simulation of thermal stratification during holding (Paper D)
The simulations were made using the PHOENICS commercial package. A CFD model was
developed to study the thermal stratification during holding of the ladle. The ladle was
assumed to be cylindrical. A two-dimensional axi-symmetric grid mesh with 15 x 20 elements
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was used. At the start, the ladle was assumed to be filled with a homogeneous bath of
quiescent liquid steel. Heat losses were introduced through the wall, bottom, and the steel
surface. The local density increase causes a convection flow which is calculated by the
model. The local temperature decrease rates for the wall, bottom and top surfaces were
calculated by separate simulation in TEMPSIM and expressed as  boundary equations. To
test the model, a simulation was made of the experiment with measurement of thermal
stratification in an SSAB ladle. The process data were set as those of the actual experiment.
The results of the calculation are compared to the measured data in Figure 8. The agreement
between measured and calculated values is within the range of measuring accuracy.

0

-25  1 

13:20 13:30 13:40 13:50
Time

Calculated

Figure 8 Numerical simulation of stratification. Comparison of calculated and measured
values.
The TEMPSIM simulation of the heat losses started from a stored temperature profile, where
the surface temperatures corresponded to the ones measured before tapping in the experiment.
This temperature profile in turn was from a simulation, where a cold ladle had been heated
with a burner. Due to the conditions during that simulation, a profile was obtained that gave a 
very high value for the calculated rate of local heat loss from the steel to the region closest to
the bottom. Also, the local heat loss from the steel to the slag-line bricks is higher than the one
of the regions just below. The unequal configuration of the heat flows to the ladle wall also
seems to have influenced the pattern of the steel flow. The velocity fields in Paper D, Figure
6-9 show a pattern with double loops, probably caused by the uneven distribution of the local
heat losses. A more moderate heat loss from the lowest region would be more representative
of a ladle in standard circulation. However, even with a rather extreme internal distribution of
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the heat loss rates the thermal  calculated by the model seems to agree well with
the measured data. The total temperature decrease seems to be similar for the simulation and
the measurement. This indicates that the sum of the local heat losses is comparatively close to
the real heat loss.

The increase of the thermal stratification with time was calculated for ladles of different
thermal status: "hot", "moderate hot" and "cold". For all three cases the increase in
temperature difference between top and bottom seems to increase approximately linearly with
time after the first 5 minutes. A comparison shows that a cold ladle increases the tendency to
thermal stratification. This is logical as the cold ladle gives an increased heat loss rate. The
temperature and density variations caused by this heat loss are the driving force for the
thermal stratification. These results and conclusions are well in agreement with those of
Austin

4.2.2 CFD simulation of thermal stratification and drainage flow during
casting (Paper E)

A three dimensional model was developed for determination of the combined  caused by
thermal stratification and drainage flow in a production ladle with an asymmetrically placed
nozzle. The grid mesh was asymmetric with the axis over the centre of the outlet nozzle. The
heat loss both through the wall and bottom was set to 9,6 kW/m2 which corresponded to the
plant experience on average heat losses. The heat loss through the top surface was 27.1
kW/m2 at the start, and  W/m2 when a ladle lid was put on after the filling of the tundish.
These values corresponds to conduction through a slag of 5 cm thickness.

The model predictions were verified by comparison with tracer experiments. Two cases were
simulated: One were Cu was added at the ladle wall 5.5 min before start of casting and one
where V was added in the main bulk  min after the start of teeming. The concentration in
the outlet steel was calculated and compared to concentrations measured in the tundish close
to the end of the protection tube. The agreement was good after the first  minutes. There are
some discrepancies at the start, which are discussed in Paper E.

4.3 A tanks in series model of thermal stratification and drainage in 
the ladle (Paper F) 

The general principle of the thermal stratification model is shown in Figure 9. The ladle is
divided into a number of tanks situated on top of each other. Before start of casting these
tanks are of equal size. Each tank is divided into two subtanks:

• A cold wall tank containing the steel that is to follow the cold wall flow
downwards during the next time step.

• The bulk tank corresponding to the central part of the ladle.
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Figure  Principle of tanks in series model.

The model works by integration in time steps. The cold wall flow is simulated by moving the
cold wall tank one step downwards for each time step. By definition this means that the
volume of the cold wall tank is equal to the downward flow during one calculation step. As
there is no cold wall flow downwards from the bottom tank this also means that the wall tank
of the lowest level is empty, i.e., all steel is in the bulk tank. The time step of the integration
is chosen so that the downward speed is 2  This corresponds to the value measured by
Jonsson  Within each time step the following calculations are made.

A model for cold wall flow and stratification is used to calculate a new
temperature distribution.

2. I f casting has started, an emptying model is used to calculate the amount of steel
that goes from each level to the outlet nozzle. The temperature of the outlet flow
is calculated as a weighted mean for the individual contributions.

The tanks in series model is based on a series of heat and mass balances. An additional
equation has to be introduced to determine the flow rates because of natural convection. In
this work a constant temperature difference between the cold wall tank and the bulk tank at
the same level has been used.
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The stratification and drainage model is dependent on the following adjustable constants:

The temperature difference between tanks and cold wall flow.

2. The number of tanks

3. The heat loss rate through the wall, top and bottom.
4. Distribution factor for the heat loss from the top surface (direct cooling of top tank vs.

contribution to cold wall flow)

5. Distribution of the outlet flow (relative amount supplied from the different tanks)

The model was verified by comparison of calculated data both with results from stratification
measurements and tracer experiments, as well as with data from numerical simulations in the
CFD model. The comparison with the results from the numerical simulations is shown in
Figure 10.
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a) Comparison with isotherms b) Outlet steel temperature as a function of time 

Figure 10. Comparison of "Tanks in series" model and 3-D numerical simulation. In
figure a) isotherms calculated by numerical simulation after 19 minutes of holding are
compared with the boundary of the cold wall flow calculated by the tanks in series
model. In figure b) steel temperatures in the outlet nozzle calculated with the tanks in
series model are compared with those calculated by three dimensional numerical
simulation. The adjustable parameters are identical to those used for the tracer
experiments.

The left hand figure (Figure 10 a) shows the isotherms calculated by the 3 D
before start of casting. The boundaries between the cold wall tanks and bulk tanks calculated
by the tanks in series model have been included for comparison. They are defined as the
inside radius of cylindrical shells with the same  as the cold wall tanks. They seem to
correspond relatively well to the isotherms. The temperatures in the steel leaving the nozzle
were calculated by both the numerical simulation model and the tanks in series model. The
outputs, expressed as steel temperature vs. time, are compared in Figure 10 b.

The best agreement was reached when the following distribution was used for the outlet flow
in the tanks in series model.

• First 2 minutes: (high speed filling of tundish):  % from the bottom tank.
• The rest of the casting: (normal flow rate through nozzle):  % from the lower

 the ladle.
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I.e. the distribution of the outlet flow changes during the casting. All steel comes from the
bottom layer in the initial period, when the steel flow is great. During the rest of the casting
the distribution changes, so that part of the steel comes from layers higher up in the ladle.

Tanks in series simulations were also made of the experiments with tracer additions. The
values of the adjustable constants were identical to those used in the simulations given in
Figure 10. The calculated values of the concentration response was compared to those
obtained from chemical analysis. Good agreement was reached.

4.4 Simple analytical expressions of thermal stratification and 
drainage in ladles : Paper E 

The objective is to find simple analytical expressions which describe the combined effect of
the thermal stratification and the drainage on the temperature of the steel leaving the ladle.
The expression chosen for the change of the thermal stratification is the previously mentioned

20)

formula by Austin

 rn 

The formula states that the stratification increases with time by a rate that is proportional to
the cooling rate of the steel. One reason why this formula is preferred is that it includes the
effect of the heat loss rate on the thermal stratification. The exponential formula, which was
used in the initial work of Paper B was independent of the heat loss rate. To allow for
different bath depths and the change in bath depth with time the equation was reformulated, so
that the expression of  temperature difference between top and bottom was in °C/m:

 (9)

where:

 ( 10 ) 

 and  = the highest and lowest temperatures in the bath (at top and bottom)
H =the bath depth in
t  time in minutes

r in the Austin equation corresponds to  * H , and C corresponds to- dT/dt.
I.e., to get an exact correspondence to Equation (9) the value of the parameter constant
should be 2.0 / H . The calculations in the paper by Austin et al where made on 200 tonne
ladles. This would mean a bath depth of around 3.5  if they were uniform with the SSAB
ladles, i.e., the value of  in their case could be expected to be 2.0 / 3.5  0.6.

Integration of Equation (9) gives

 (11)

where
 at the time t = 0 

AT = The decrease because of heat loss in the mean temperature of the steel in the ladle since
the start of the integration
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I f we have a well stirred ladle at the start of integration we get  =0, i.e.,
 *AT

The simplest case occurs i f there is a linear vertical gradient through the whole ladle and
steel leaving the ladle comes directly from the bottom layer. In this case the calculation of the
outlet temperature is very simple:

 "  *  (  ) 

In reality, this is not the case. Instead, the thermal stratification is non-linear, and all the steel
is not taken directly from the bottom layer. However, in Paper F it is shown that if the
thermal stratification and the distribution of the outlet flow are uniform, the effect of these
non-linear distributions can be expressed by multiplying  by a correction factor
i.e., Equation (12) is modified into:

 *  *H ( 13 ) 

It was also shown that if the integration started with zero stratification the adjustable constants
appeared in the equations as  i.e., only one constant had to be determined
to express the total effect of the stratification and drainage flow.

In Figure  temperature curve calculated by the equation model is compared to the outlet
temperature calculated with the three-dimensional numerical simulation. The method of
comparison is identical to the one used for the output of the tanks in series model. The
constant  has been adjusted to give the best possible agreement with the
values calculated with the numerical simulation.

0
t

15 30
Time from start of casting, minutes

45

 3D Phoenics  Equation model

Figure  Temperature in the outlet nozzle of the ladle versus time. Comparison of data
calculated by equation model and 3-D numerical simulation. From Paper F.
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The best agreement was obtained i f the drainage flow during the filling of the tundish was
assumed to be different from the flow during the rest of the casting.  was set to 0.1*2=0.2
during the filling period and - 0.1*2= -0.2 during the rest of the casting. As in the case of the
tanks in series model this means that the part of the outlet flow that comes from the bottom is
biggest during the filling period.

5 Tanks in series model of mixing and steel flow in the Tundish
(Paper G and H)

The tanks in series model can be used to describe fluid flow through a chemical or
metallurgical reactor. The vessel is exchanged for a series of subsequent tanks with the same
total volume and with complete stirring in each tank. A low number of tanks corresponds to a 
case with a high degree of internal mixing. A high number of tanks corresponds to a case with
a high degree of plug flow. Such an approach was tested and briefly described in Paper B and
verified by data from a tracer experiment. The experiment only covered the steady state
during the main part of the casting. The effect of a possible mixing in the mould was
neglected.

However, data published from CFD simulations indicate that the flow is also influenced by
27

dynamic changes in the flow, e.g., buoyancy effects close to ladle change " . This effect can
cause shortcut flows within the tundish, which also have to be considered. To meet this
demand a refined tanks in series model has been developed and described in Paper G. The
main flow through the tundish is described by a series of tanks with complete mixing within
each tank. In addition to this the model allows for shortcuts from the teeming stream directly
into each one of the individual tanks. The general principle is shown in Figure 12.

From ladle

To mould

Figure 12 Principle of a tanks in series model allowing for shortcut flows (from Paper
G).

The adjustable parameters in the model are the number of tanks and the size and distribution
of the shortcut flow. That distribution is principally optional. However, for practical process
control the distribution function must be simple and easy to understand. In Paper G a linear
model has been used, i.e., the shortcut flows to the individual tanks increase or decrease
linearly with their position in the row of tanks.
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The model was tested against data from tracer experiments in the production tundish of SSAB
Tunnplåt AB in Luleå. The test samples were taken in the mould. The mixing in the mould
might influence the composition of these samples. To allow for this, the liquid steel in the
mould was introduced as a separate tank during the simulation of the tracer experiments.

A good agreement between the calculated and measured responses was reached for both the
steady state and the ladle change periods. The results seem to confirm that there is a different
distribution of the steel flow in the period shortly after the ladle change. The difference could
be explained either as shortcut flows caused by buoyancy or by increased stirring. It was
possible to set the configuration, so that both the transient and the steady state cases could be
covered by changing the shortcut distribution, but without changing the number of tanks. This
is of importance for the practical use. Changing the adjustable constants for the shortcut flows
is a simple operation which can easily be done during the course of the casting. Changing the
entire configuration by the introduction of a different number of tanks is much more
complicated.

Experiments with different tundish configurations indicated that baffles in combination with a 
dam give a steel flow with decreased tendency for shortcuts. Single dams seem to have the
opposite effect.

The model can predict both the transient and the steady state behaviour, given the proper
values of the adjustable constants. However, it does not deliver the values of those constants.
It is important to gain sufficient knowledge of these values for different possible situations.
Further experiments and numerical simulations ought to be done to gain more data for
verification. In particular, the transient behaviour during ladle change should be investigated
further.

In Paper H the tanks in series concept was tested on a tundish with a completely different
design. The tundish was L-shaped with two outlets and an asymmetric inlet. Also, there was a 
snout, which could be expected to act as a buffer volume. A tanks in series model was
designed including two parallel flows and a buffer volume. The result was tested against
continuous temperature measurements at four points in that tundish. Good agreement was
reached between calculated and measured temperatures. The results from Paper G and Paper
H indicate that the tanks in series models could be used for a wide range of designs.

6 Practical implementation in the steel plant of SSAB Tunnplåt in
Luleå

 Installation of a ladle classification system (Paper A). 
The ladle classification system was installed in  and has been in production since then.
All ladles in circulation are tracked and their heat status is recalculated every minute. The
surface temperature is measured at the burners and when the ladles pass the ladle handling
station. The heat status is calculated by estimating the cooling after the last measurement. If
no measurement has been made the calculated cooling is used instead. From the calculated
heat status the ladles are grouped into two main classes: " surface hot" and " homogeneous",
and each of these groups is divided into surface  classes with a 100  interval.
When the ladle is to be sent to tapping its classification data are sent to the other process and
production control computers of the system.
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A conversion has to be made to adapt the data to the way the heat status is described in the
existing systems. One example is the production control computer, which calculates the
decrease of the steel temperature during the transport from the BOF to the CAS-OB and from 
the CAS-OB to the slab caster. This computer uses only temperature to describe the heat
status of the ladle and it does not take into account the difference between " surface hot" and " 
homogeneous" ladles. I f the ladle has a temperature profile of the type " homogeneous" the
surface temperature corresponding to the actual classification is sent to the production control
computer. The adjustable constants for the temperature model are set to give the best possible
approximation for that case.

On the other hand, i f the ladle has a temperature profile of the type " surface hot" the value of
the surface temperature that is sent to the production control computer is modified to
compensate for the effect of the different temperature profile. The principle can be illustrated
by an example using the temperature decrease curves of Figure 6. Consider a ladle with a 
thermal status corresponding to the group "Surface hot  °C". As can be seen in Figure 6 
the decrease in the steel temperature for that ladle is fairly close to the one for a ladle of the
type " Homogeneous 800 °C". Thus, for a ladle classified as "Surface hot  °C" the
temperature 800 °C is sent. Then the computer will calculate the temperature decrease for
"Homogeneous 800 °C", which is also valid for the actual ladle which is "Surface hot
°C".

An attempt to study the effect of the installation of the system in the steel plant is made in
Paper A, Figure 9 and 10. However, the time period after the installation is short, and the
effect is not very big compared to the precision of the data. To give a definite comparison,
statistics for a longer time period would be needed. However, such data are not available. The
reason is that the handling and treatment of the steel in the ladle between the BOF and the
continuous caster was completely different after the cornmissioning of the CAS-OB plant in

 and the data before and after that installation are not comparable.

6.2 Control philosophy 
The existing control systems have to a great extent been based on compensation for deviations
that have occurred in the previous steps. With this type of control there is a risk of
overcompensation, where fluctuations in the process create dynamic interactions within the
control system itself. Smdies during the implementation of the quality assurance programs
indicated that some of the fluctuations in the steel plant could be caused by this type of
mechanism. The current philosophy at SSAB Tunnplåt AB in Luleå is focused on keeping the
starting parameters as constant as possible, instead of on compensating for their fluctuations
("correct from the beginning"). The previously mentioned results from Bannenberg et
and Snoeijer et  also give evidence that such a philosophy can be successful.

Figure 13 shows data on the steel temperatures obtained in the tundish during standard
production at SSAB Tunnplåt AB in Luleå. The data are from the production control
computer during one month of production. From these data heats have been chosen which
fulfil the following narrow range of data: one single steel grade, 3r d to 5th heat on the tundish,
one type of ladle lining and stirring by bottom plug. The following restrictions were put on the
logged times: the casting time was < 50 min, the time from tapping to next casting was 60 -
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 min and the time from tapping to start casting was < 80 min. The restrictions were
comparatively severe, as only  heats remained.

X
X

X X
X

0 10 20 30 40
Time from opening of ladle, min

Figure 13 Steel temperatures in the tundish for heats with a narrow range of parameters
All temperatures except one are within the range  °C  °C to -5°C. The result indicates
that good precision is possible even without complicated control methods, if the initial
parameters are well controlled.

6.3 A future control system based on "Correct from the beginning" 

At present, compensations are made in the steelmaking for differences in ladle heat status and
in the other input parameters. In a future system the objective should be to keep those
parameters constant so that corrections are not necessary. The most important parameters to
be controlled are shown schematically in Figure 14.

6.3.1 Control of input parameters
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Constant tapping parameters

thermal

Figure 14 Temperature control system with the philosophy "correct from the
beginning". Main parameters that should be controlled.

The thermal status of ladles is defined so that ladles with the same status give identical
cooling curves for the steel in the ladle. In PAPER A the thermal status is described by the
classification of the ladles in groups with the same thermal status within each group. As
mentioned before, there are two main classes; "homogeneous" and "surface hot". A grouping
within these classes by  intervals gives groups within which the thermal status of the
ladles is similar enough for practical purposes.

In a future system the objective ought to be the maintenance of constant thermal status of the
ladles. Thus, corrections in the steelmaking for differences in ladle heat status can be
avoided. For ladles circulating directly from C/C to tapping the transport time back from 
casting should be controlled so that all ladles arriving at tapping are within the same
interval. The mean value of that interval is defined here as Target Temperature or
These ladles will have a "homogeneous" temperature profile, as defined in Paper A.

If the planning situation for a ladle is such that this goal cannot be reached it should be sent to
a burner and preheated so that the cooling curve for the liquid steel is as close as possible to
that of the ladles coming back directly from casting. After that preheating these ladles will
have a "surface hot" temperature profile, as defined in Paper A. In Section 2.3.3 and Figure
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6 it was shown that the surface temperature of a "surface hot" ladle has to be higher than that
of a ladle with a "homogeneous" temperature profile if both ladles are to give the same
decrease in the steel temperature, i.e.,  for the preheated ladles must be higher than

 for the circulating ladles. It should be noted, that  is the aim temperature
when the ladle arrives at tapping, i.e., the surface temperature of the ladle when it leaves the
burner must be higher than

Very good burner control is needed for this practice. The problem has been treated in another
study at SSAB Tunnplåt AB in Luleå  A case was studied where  was 700 °C for
"homogeneous" ladles and 900 °C for "surface hot" ladles. The objective was to find a 
practical solution where ladles with a wide range of prehistory could be preheated so that they
all had a surface temperature of 900 °C ± 50 °C when they were delivered for tapping at the
BOF. Different types of heating strategies were tested by means of simulations in TEMPSIM.
It was shown that the desired control of the thermal status could be achieved using the
existing burner pyrometers in combination with a comparatively simple regulation practice.
The suggested method was that the ladle was to be preheated with 80 % effect until the
surface temperature reached 1200 °C, and then the temperature was kept at that level using the
pyrometer measurement as an input. The burner was lifted off 10 mmutes before the ladle was
delivered for tapping, and the target temperature was then reached by natural cooling. The
simulations indicated that ladles with different prehistories and time schedules were delivered
with a surface temperature within the desired temperature range.

An effective means of controlling the thermal status is to keep the number of ladles in
circulation as small as possible. This will lead to a fast circulation and ladles with a high and
stable temperature. In addition, the properties of the lining and cover materials in both ladle
and tundish should be well-known and as constant as possible.

The time with steel in ladle has to be closely controlled. It should be both as short and as
constant as possible. A short time means that the total decrease in the steel temperature is
small. This also means that the difference in temperature decrease between ladles of different
properties diminishes, i.e., the sensitivity to differences in heat status and lining properties
decreases. Both the total time and the local transport times need to be controlled. It should be
noted that there can be both a direct and an indirect effect of the transport times. For example
the arrival temperature of the steel at the CAS-OB is directly influenced by the transport time
from the BOF. After the CAS-OB treatment this effect is cancelled out by the temperature
adjustment. However, because of the non-linear behaviour of the temperature decrease there is
also an indirect effect of that time on the temperature decrease after the CAS-OB. The
temperature curves in Figure 6 show that the temperature decrease rate decreases with time. I f
the transport time before the CAS-OB is increased, the transport to the slab caster starts later,
and this causes a lower temperature decrease rate during the transport after the CAS-OB
treatment.

Time control places big demands on the practice and systems for scheduling and logistic
control. Also, the decision process for the ladle maintenance operators is complicated when
the practice of controlling heat status has to be combined with other planning restrictions in
the handling and use of the ladles. Some kind of decision support system at the ladle handling
station, e.g., an expert system for ladle maintenance and handling, will be needed.
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A side effect of the new philosophy is that the ladle classification can be simplified. The new
system requires that all ladles have the same thermal status at tapping. Then the main function
of the existing classification would be to facilitate the operation if that rule is not followed.
This can give a message which is wrong from the pedagogic point of view. The existing
classification system should probably be modified into a system which makes a very accurate
prediction of the steel temperature for "correct ladles" with the ordered status, and perhaps an
emergency routine for "bad ladles".

6.3.2 Ladles with different lining material
Generally it would be preferred that all ladles had lining materials with the same thermal
properties. This could be looked upon as a general vision for both steel plant and suppliers.
On the other hand development and test of materials are a production necessity, and it seems
unavoidable that ladles with different types of lining are sometimes in circulation at the same
time. However with the practice discussed in this section only one set of heat loss constants is
needed for each material. I f a new material is introduced it is sufficient to make one
TEMPSIM simulation corresponding to the "correct" process route and then make one
regression to determine the constants. This is only moderately time consuming. Then, at the
first bottom exchange a verification could be made by a cooling experiment of the type
described in Paper C, and the result could be used for a final modification of the adjustable
constants.

6.3.3 Standardised temperature models for all systems
There should be a package of temperature models that is identical for all computer systems in
the steel plant, and the system design should be such that updating could be made
simultaneously in all systems if a change is made in the adjustable constants or in one of the
sub-models. This package includes models that calculate the effect on the tundish temperature
of heat losses that occur in the Ladle (cf. Section 2), in the Ladle (cf. Section 3) or at other
points of the process, as well as the effect of thermal stratification and drainage flow in the
ladle (cf. Section 4) and mixing in the tundish (cf. Section 5). The calculation of the effect of
heat losses in ladle and tundish are made using the square root model: Equation (5) and
Equation (8), respectively. The calculation of the effect of the thermal stratification and
drainage flows in the ladle is calculated using the modified Austin model: Equation  and
Equation (13). The calculation of the effect of mixing flows in the tundish is made using a 
tanks in series model.

It is suggested, that the calculation is made in time steps following the flow-sheet in Figure
15. This diagram directly describes the calculation sequence that was used in Paper H for the
calculation of the temperatures in an L-shaped tundish. The procedure is general and can be
used both for the steel plant at SSAB Tunnplåt AB in Luleå and for other installations. Also
the temperature curves in Paper B, Figure 8 were calculated using a similar operation
schedule. (The main difference in that case was that the effect of the thermal stratification in
the ladle was calculated with the exponential equation of Paper B, Appendix 4 instead of
with the modified Austin model. Otherwise the procedure was identical to the one suggested
here.)

Each step of the calculation sequence in Figure 15 starts with a calculation of the conditions
in the ladle. It has to be noted, that the combined effects of heat losses, thermal stratification
and drainage flows are interconnected. The same heat losses are the driving force for both the
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decrease in steel temperature, and the drainage of steel with a different temperature affects the
mean temperature of the steel in the ladle.

Heat loss of steel in Ladle
"Square root" Equation

I I
Mean temperature |  decrease

 mean
temperature

T
Thermal stratification and drainage in Ladle

Equation model.
I

Outlet temperature

Mixing in tundish
Tanks in series model.

Heat loss of steel in
"Square root" Equation

Other Heat losses
Simple Equations or constants.

SEN temperature

Figure 15 Flow-sheet of one time step of the model that was used in Paper H for
estimation of the steel temperature in the tundish.

The calculation for the ladle is shown at the top of Figure 15:
• First the Square root equation, Equation (5), is used to calculate the decrease in steel

temperature because of heat losses to the  bottom and top surface. The temperature
decrease is corrected for the effect of a changed steel level in the ladle using Equation
The resulting temperature decrease is used to calculate a new mean temperature.

• The calculated temperature decrease ("Heat loss" in Figure 15) is used in the modified
Austin formula, Equation  to calculate the increase of thermal stratification in the
ladle during the time step. The new value of the thermal stratification is saved as a starting
value for the next time step. It is also used together with the mean temperature as input in
Equation (13) to calculate the steel temperature in the outlet steel stream.

• The selective drainage with a steel of a temperature that is different from the mean
temperature influences the mean temperature of the remaining steel in the ladle. The mean
temperature is adjusted for that and saved as a starting value for the next step. (It is to be
observed that the temperature difference because of this adjustment is not an effect of the
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heat losses, and thus it is not included in the heat losses that are used, when the thermal
stratification is calculated by the modified Austin formula.)

When the conditions in the ladle have been calculated the temperature in the steel stream from 
the ladle is used as an input in a tanks in series model of the tundish to calculate a new
temperature distribution in the tundish. The tanks in series model includes shortcut flows, and
the adjustable constants for these flows can be changed dynamically to compensate for the
influence of buoyancy effects at ladle change. Then the temperature decrease of the steel
because of heat losses in the tundish is calculated using the square root equation for the
tundish, Equation (8), and the calculated value is used to adjust the steel temperatures
everywhere in the tundish. The outlet temperature at the SEN nozzle is estimated from the
resulting distribution of steel.

The temperature decreases calculated so far include the effect of heat losses from the steel to
the walls, bottom and top surface in the ladle and in the tundish. The last operation shown in
Figure 15 is a correction for temperature decreases that are not covered by these calculations.
In the calculations of Paper H a correction was made which corresponded to the calculated
heat loss from the unprotected steel stream between ladle and the L-shaped tundish. In the
case of the slab casters at SSAB Tunnplåt AB in Luleå that steel stream is shielded by a 
ceramic tube. The heat loss from that tube was estimated by means of measurements and
calculations in Paper B. The result indicated that the effect of that heat loss on the steel
temperature could be neglected. Independently of the size of that particular heat loss there is
always a risk that temperature effects are caused by phenomena, that are not known or fully
understood during the modelling. For this reason it is suggested that a correction for "Other
heat losses" is included as an adjustable constant, that can be used in the model calibration.

7 Discussion

 Accuracy of measurements 

7.1.1 Measurement of surface temperature
The measurement accuracy of the pyrometer itself is high. However, the practically obtained
accuracy is less. In Paper A it was observed that a difference of up to 50 °C could be obtained
by moving the aim-point of the optical pyrometer. A similar phenomena can be observed in
Paper C, Figure  After approximately 2 hours of cooling the temperature of the measuring
point "middle" increases by 37 °C during 30 minutes. No external heat source has been
available and the ladle has cooled continuously during that time. The reason must be some
variations in the local surface properties, e.g., that surface cracks have opened the sight-line
from hot layers behind the surface.

7.1.2 Thermal stratification
The temperatures are compared to each other and the reproducibility is more important than
the absolute value. At least, i f wires from the same batch are used, the accuracy of the
thermocouples themselves is sufficient compared to the range of data. However, both
thermocouples and electrical connections can be influenced by the chemical and thermal
environment. Practical experience shows that a deterioration can occur, which causes the
measured value to creep, usually downwards. This type of error is dangerous, as it could be
mistaken for a measurement result. In the experiment with measurement during holding and
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gas stirring (Paper D) the temperatures measured at different levels are the same after stirring,
indicating reliable measurements. Only experiments where this type of confirmation was
possible have been used in this study.

7.1.3 Continuous temperature measurement in tundish
The tundish temperature in Paper B Figure 8 was measured by means of a thermocouple
inside a vertical rod, which penetrated vertically into the steel melt. Sometimes the steel level
passed below the measurement point at ladle change, which caused very low temperature
readings. Also, on one occasion, the rod was manually lifted because of other operations at the
machine. That occasion is marked "Insufficient immersion depth" in the diagram. It should be
noted that the very low temperatures at ladle change No 2, 3, and 4 are probably measurement
effects caused by this phenomena. The whole temperature reading was shown in the diagram,
as it was not possible from the data to see exactly when the measurement point was passed by
the steel level.

7.1.4 Tracer addition: accuracy of chemical analysis
As the data are compared to each other, the reproducibility is more important than the
absolute level. Data from the experiments with tracer additions into the ladle were used to
study the reproducibility in the chemical analysis for samples taken in the tundish. The
standard deviation was calculated for a series of consecutive samples, which had been taken
during a time period when the tracer in question was not added. The standard deviation was
0.69  for V and  for Cu (Paper E). A similar analysis on an experiment where
Ni was not added showed a standard deviation of 5.0  for Ni. In Paper G a similar
analysis was made for samples taken in the mould. A standard deviation of 7.2  for Ni
was obtained.

7.2 Calculation of heat loss in ladle: some practical aspects. 

7.2.1 Choice of model
The heat loss rate in the ladle changes with time. Also, the process time schedule can change
between heats. For this reason a model is needed, which takes into account the change of the
temperature decrease rate with time. In this study the square root equation has been suggested.
The main reason is that the cooling rate and its decrease with time can be described with only
two constants'. B and C in Equation (5). An alternative is to store the cooling rate as a 
function of time in tables. The main disadvantage is the size of the tables that have to be
created. In principle the two alternatives are equivalent, and could be chosen according to
what is locally most practical.

7.2.2 Maintenance of adjustable constants
I f the heat loss is to be evaluated by the square root model there has to be a set of the
constants B and C for each of the 2  classes of thermal state. These constants can be
evaluated by numerical simulation and regression as described in Paper B. The procedure
involves a relatively big amount of computing work. If a good result is to be obtained that
procedure would have to be repeated each time a new material is introduced. When the system
is used in practical production this will probably create a serious bottleneck. In the practical
application the recalculation of the constants for new materials would have to be a simple
procedure that could be carried out regularly by production people. This would require a 
development of the off-line program into a very user-friendly system, where the only data
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input is the material properties, and where the constants are received automatically.
Alternatively the problem can be minimised by using the classification principle suggested in
section 6.3.1.

7.2.3 Starting point for the square root equation
I f the ladle is filled instantly the starting point (t=0) of the square root equation is when the
steel comes into contact with the lining. In reality the ladle is filled during a time interval,
usually somewhere between 5 and  minutes. During this time the individual parts of the
limng come into contact with the steel at different times. In this study the endpoint of tapping
has been chosen as starting point for the equation. It is important to study how this choice of
starting point affects the accuracy of the calculated steel temperature. Figure 16 (also from 
Paper B) shows the difference between the steel temperatures calculated by the square root
equation and those calculated by numerical simulations in TEMPSIM, i f different definitions
of starting points are used.

-6

0 60 120 180 240
Time since tapping, minutes

Time is calculated from: 
 Start of Tapping • Middle of Tapping  End of Tapping

Figure 16 Effect of the definition of starting time on the accuracy of the square root
equation. The difference between the temperature calculated from the square root
equation and the one calculated by TEMPSIM is plotted against time with three
different definitions of the time axis. The case simulated is the same as in Figure 5.
(From paper B, Appendix 1).

Independently of the choice of definition, the biggest deviations occur during the first
minutes after tapping. These differences are of no importance in the practical application, as
the first temperature measurement is made, when the steel arrives at the CAS OB after
approximately 20 minutes. After that time the deviation is well within ± 1 °C independent of
the choice of definition. It must also be pointed out that a big part of that difference is actually
a round-off error caused by the fact that the temperature is rounded to whole °C in the
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TEMPSIM output  The curve has a serrated shape with jumps that occur when the
TEMPSIM temperature goes from a value that is rounded off upwards to one that is rounded
off downwards. It can be concluded, that it is appropriate to choose the definition of the
starting point that is most practical for the steel plant in question.

7.3 Model for thermal stratification and drainage flow in ladle. 
Two alternative models are suggested in Paper F: a tanks in series model and an equation
model. A comparison of the calculated and measured results indicates that predictions of both
models agree with experimental results and/or numerical simulations and also with each other.
The tanks in series model is more complex than the equation model, but both are judged to be
simple enough for process control. One reason to choose a more complicated physical model
could be the possibility to get a more general model. However, in the examples of Paper F 
the adjustable constants in the tanks in series model had to be changed when the conditions
changed, i.e., the model was not general in its present stage of development. As the prediction
result of the models was comparatively equivalent the simplest one was recommended, i.e.,
the equation model. In a practical application, the response to a change in conditions, e.g., a 
change in the nozzle flow rate, would have to be accomplished by a temporary change in the

 constants.

An important boundary condition in the tanks in series model is the constant temperature
difference between the cold wall flow and the main bulk. In the simulations of Paper F this
constant had to be changed when the heat loss rate to the lining changed. A big heat loss rate
corresponded to a big temperature difference and vice versa. Probably the behaviour of the
tanks in series model as a general model would be improved if the boundary condition was
modified, so that it included a dependence of the rate of the heat flow from steel to lining.

7.4 Distribution of drainage flow in ladles 
The setting of adjustable constants that was obtained for tanks in series and equation models
in Paper F indicates that more steel is taken from the bottom layer in the first two minutes.
This period corresponds to the filling of the tundish with a flow rate in the outlet stream. After
that time the distribution changes, so that some of the steel comes from layers that are
positioned higher up in the ladle. During this period the flow rate is lower, and it would be
interesting to know if the difference is caused by the change in flow rate or by some other
mechanism.

Austin et  made simulations with different flow rates, that were constant through the
casting and ranged from 250 tonne/h to  They came to the conclusion that the
proportion of steel that was coming from higher levels was larger when the drainage flow rate
was high. The conclusion was based on visual observations of vector fields of the steel flow, 
as well as on the behaviour of the temperature in the outlet steel stream. They noticed a 
temperature increase during the first 80 tonnes. This increase was lower with a high flow rate.

I f these conclusions are applied to the casting at SSAB, the high flow rate during the two first 
minutes should decrease the amount of steel taken from the bottom, i.e., the effect is the
opposite of the one that was shown in Paper F. It seems that the differences in the beginning
are not caused by the difference in flow rate. Probably, the difference is caused by the initial
conditions that occur after opening the nozzle but before the flow-pattern has stabilised.
Another fact that points towards a starting effect is that even in the simulations by Austin et 
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al , which were made with a constant flow rate, there is a small initial temperature drop
which looks similar to the one observed during the beginning of the casting in Paper F.

8 Future developments
Some trials were made in the  tonne ladles of SSAB to measure the thermal stratification
during casting. Some  readings were obtained that lasted until the thermocouple
was passed by the steel  On the other hand, there were problems with thermocouple
failure, and the conditions were such that the thermocouples could not be checked against
each other. For this reason these stratification measurements have not been used in this study.
If the technique could be developed, so that readings with granted reliability for all
thermocouples would be obtained throughout the casting, the understanding of the thermal
stratification and drainage could be improved. The work would need a considerable amount of
economical and technological resources as well as knowledge on both process and
measurement technology. Probably it ought to be carried out as a co-operative project with
both steel plants and instrument manufacturers.

The tanks in series model for thermal stratification and drainage in ladles could be of interest
for process control if it could be made more general, i.e., i f a wider range of cases can be
covered without changing the values of the adjustable constants. According to the discussion
in Section 7.3 the main problem is probably the model and boundary conditions of the tanks
corresponding to the cold wall flow. It would be of great interest to look for new approaches
for the wall tank simulation, include them into the tanks in series model and test the results. A 
big part of such a  would be the preparation of a database of ladle data that could to test
the models. It must contain data with a considerable range of the input parameters. Probably
it is more appropriate to create this database by CFD simulation than by experiments.

In paper G it was shown that a tanks in series model with shortcuts can simulate the steel flow
in tundish both at ladle change and steady state. Further research should be focused on
increasing general knowledge on the physical processes during these conditions and how they
influence the adjustable constants of the model. Important developments are:
• Development of the tracer addition techmque, so that the addition is as close to a well

defined point-source as possible and that its dissolution in the steel is as close to
instantaneous as possible. Then experiments should be made where steady state and ladle
change are studied on the same heat. Preliminary experiments have been made and the
results are promising. However, it was also shown that there are still problems to be solved,
e.g., the interaction of the slag with the addition containers.

• Experiments with radioactive tracers. Additional knowledge can be gained by measuring
the response continuously at well defined points, where this cannot be done with sampling.

• Development of the existing CFD model of the SSAB tundish. The results of the tracer
experiments can be used both in the calibration and development. The could then be used
in the development of the tanks in series model.

• It is also of interest to combine the existing CFD models to get an integrated model, which
can be used to study the effects of transients on the total system

The work in this study is based on deterministic modelling, i.e., equations or models that are a 
description of physical phenomena. It is possible that also a statistical modelling could be
used (cf. Section 1.3.4 and reference  It would be of interest to study i f the model
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predictions can be further improved by integration of a statistical model at least for some
phenomena.

The new control philosophy, that is described in Section 6.2. requires that a great part of the
effort should be focused on the possibility to improve the control of the input parameters. One
of the most important parameters is the thermal status of the ladles. A practice involving a 
new burner control has been suggested. Verification by means of numerical simulation has
been used. Further studies, for instance test runs with manual regulation and measurements in
the steel plant would be of interest.

A simple test of the control philosophy was made in Section 6.2. The results indicated that a 
good temperature accuracy could be reached. The method used was choice of heats with
proper input data. There is a risk of subjective judgement in the selective discharge of heats
which are "wrong", and this can be a source of error. It would be interesting to get also an
experimental verification. One method could be a comparatively short campaign where all the
input data mentioned in that section are extremely rigorously controlled.

9 Conclusions
Experimental work and numerical simulations have been used to study the processes in ladle
and tundish which influence the behaviour of the steel temperature. The results have been
used to develop and verify models that are simple enough for a possible use in process
control. The work has been concentrated on the following fields of study: The heat loss in
ladles, the thermal stratification and drainage flows in the ladle and the mixing and steel flows
in the tundish.

Experiments in the steel plant of SSAB Tunnplåt AB in Luleå have been used to calibrate a 
finite difference model of transient heat transfer in steel ladles. Results from simulation in that
model have been used to develop and verify models, based on analytical equations of the
cooling of empty ladles and of steel in the ladles. A system for thermal classification of ladles
has been developed and put into production at the steel plant of  Tunnplåt AB in Luleå.
The system uses permanently installed pyrometers in combination with manual ladle tracking.
A practice has been tested, where the adjustable constants in the finite difference model can be
verified by simple cooling experiments. Good agreement between the predicted an measured
cooling was obtained for cases i f the material data were well known. If these data are not well
known the techmque seems to be useful as a practical test of the adjustable constants in the
simulation model. This is of special interest, e.g., when new ladle linings are introduced.

Thermal stratification and drainage flows in steel ladles have been studied by experiments
with continuous temperature measurements and tracer additions into the ladles of the
production plant. CFD models for the steel flow in ladle have been calibrated for the
conditions of the steel plant of SSAB Tunnplåt AB in Luleå and verified by comparison of the
experimental data with results of the numerical simulations. Models, which are possible to use
in process control, have been developed and calibrated for the conditions of the steel plant of
SSAB Tunnplåt AB in Luleå. Two types of models have been developed based on analytical
expressions and on tanks in series simulation, respectively. Model predictions were compared
with results from experiments in the production plant and with data from numerical
simulations. A good agreement was reached for both types of models.
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The mixing and steel flows in the straight tundish of SSAB Tunnplåt AB in Luleå have been
studied by tracer additions in the production plant. A tanks in series model allowing for
shortcut flows has been developed. Model predictions were compared with results from the
tracer experiments, and a good agreement was reached. The results indicate that the flow
pattern at ladle change is different from the one at steady state. Both conditions can be
simulated with one configuration of tanks by using different values of the adjustable constants
for the distribution of shortcut flows.

Based on the present knowledge the following simple models are recommended for use in
process control:

• Cooling of empty ladles: Analytical equations. 
• Decrease of the steel temperature in ladle: Analytical equations, Square 

root type. 
• Decrease of the steel temperature in tundish: Analytical equations Square 

root type. 
• Stratification and drainage flow in ladle: Analytical equations. 

Mixing in tundish: Tanks in  model with shortcut. 
An alternative solution for the stratification and drainage flow in ladle is the tanks in series
model. It is somewhat more complicated, but would be especially interesting if it could be
developed to be more general.

The control philosophy at SSAB is now based on an increased reproducibility of the input
parameters, rather than on compensations for their fluctuations. An implementation of the
results is suggested, which is modified according to that philosophy.
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M E A S U R E M E N T O F L A D L E W A L L
T E M P E R A T U R E T O I M P R O V E C O N T R O L

O F S T E E L T E M P E R A T U R E IN B O F P L A N T

Carl-Erik Grip

SSAB TUNNPLÅT AB

ABSTRACT

The surface temperature inside the ladles is measured by
radiation pyrometers on their return from CC plant and
during pre-heating. The temperature drop of steel in ladle
is predicted from these data and ladle history. A concept

 simple equations" has been used in the model
building. The system has been in successful operation
since 1992.

INTRODUCTION

To control the steel temperature at casting we need to
compensate for the variations in the thermal state of the
ladles before tapping. To do this we need:
• Methods to measure the ladle temperature.
• Models to translate the measurements into a relevant

thermal status.
• Models to calculate the effect on the steel

temperature.
• A system for the practical use of these data in the

process computers.
The purpose of this project was the installation and
running in of such a system in the steel plant of SSAB
Tunnplåt in Luleå.
Practical application and results are described in the text,
models and theory in Appendixes.

PLANT LAYOUT AND LADLE

The plant layout is shown in figure 1. Two BOF-
converters produce steel for two slab casters and one
bloom caster. A ladle furnace is serving the bloom
caster. The steel for the slab caster is treated in a 

 which was commissioned in the autumn

of 1993. The ladle metallurgy plant just after the BOF
converters will be closed down , when the  plant
is in full operation.
Two companies operate within the same plant area.
SSAB TUNNPLÅT AB owns the coke and BF plants,
BOF plants with ladle metallurgy, RH , CAS-OB and
slab casters. The slabs are rolled into strip in the hot and
cold strip mills of SSAB TUNNPLÅT AB in Borlänge.

 PROFIL AB owns the bloom caster with
adjoining ladle fumace as well as a local rolling mill for
bars and sections. They purchase liquid crude steel in
ladles from SSAB TUNNPLÅT AB.

Slab casters

CAS-OB
(New)

Ladle

Old ladle
metallurgy

(Closes

Fig  Plant layout

 PROFIL AB 

furnace
Bloom caster
(CC# 1)

After finished casting all ladles pass the ladle
maintenance plant, where nozzle exchange or main-
tenance is carried out. The ladles then go to the "sanding
station" , where the nozzle outlet is covered with sand.
After the ladle maintenance plant the ladles are either
transported to tapping position or they are put under
vertical burners to keep their heat.

PREVIOUS WORK ON TEMPERATURE
CONTROL

The plant has reached its present design by gradual
expansion and rebuilding of an old plant site. This
implies a complicated transport system. This can cause
long and irregular ladle holding times. This influence is
further increased by the fact that the ladles are
comparatively small with a high cooling rate. Therefore,
temperature status of the ladle lining has a crucial
influence on the possibility to control the steel
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temperature . In our plant this was observed and
quantitatively measured very early (1). Ladle burners
have been installed for ladle drying as well as for ladle
preheating. The preheating burners were originally
horizontal burners, but they have later on been
exchanged for vertical burners which allow for oxygen
enrichment. Figure 2 below shows the location of the
burners in our plant. Burners number 3-5 are old burners
mainly used for ladle drying, the burners number 6-9 are
more modern and allow for oxygen enrichment. Burners
number 8 and 9 are actually one burner with two covered
ladle positions.

Fig 2. Burners and sanding stations

To ensure hot ladles a fast and well controlled ladle flow
is also required. A central computerized control room
was installed very early for the logistic management of
ladles and molten steel. A well equipped ladle
maintenance station was installed, which minimizes the
delays for ladle maintenance. Sanding stations of our
own design have been installed for similar reasons (see
fig 2).
SSAB Tunnplåt also took part in a Scandinavian group
study organized as the committees No. 2535/88 (2) and
2361/91(3) of the Swedish Ironmasters' Association. One
suggestion from this study was that the temperature
status of the ladles should be measured by means of
radiation pyrometers. Some practical trials were made in
Luleå as well as in other plants.
The start of QDT (quick direct tapping) also increases the
demand for good temperature control.
Therefore we decided to install a system with radiation
pyrometers as suggested in the Scandinavian group study.

At the same time a complete revamping of our  was
made, including insulation lining.

PYROMETER INSTALLATIONS

The pyrometers are installed at the following positions:
 At the sanding position in the ladle maintenance

plant. This plant is passed by all ladles on their way
back from continuous casting. After nozzle
maintenance the ladle is kept in "sanding" position,
where the nozzle outlet is covered with sand. The
pyrometers are placed to measure the wall
temperature of the ladles in connection with sanding.
The arrangement is shown in figure 3.

Fig 3. Sanding station with pyrometer

2. At the ladle track just before the converter. This
measurement is used mainly as a system control. (The
result is obtained too late to have an influence on the
process).

3. At the ladle burners. The pyrometer is placed facing
the ladle  through the burner lid. The temperature
is monitored continuously during heating. The
pyrometers are installed only on burners number 6-9,
not on the burners for ladle drying (number 3-5). The
arrangement is shown in figure 4. (Next page).
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Fig 4. Burner with pyrometer

Fig 5 shows the principal layout of the system. The
pyrometer instrument reads and digitizes the signal at
regular intervals. The signal is sent over the ETHERNET
network to the ladle computer. The ladle maintenance
operators communicate with the computer over an
operators module (discless PC). The ladle computer
translates the information to ladle temperature status and
sends the information to the other units of the steel plant
as well as to the production control computer.

Operators
 Module

Ladle
 Computer
 (VAX)

Production
control,
BOF etc

Fig 5. Physical network

MEASUREMENT ACCURACY

The instruments themselves have a very good accuracy.
For the pyrometer at the sanding station the following

data are given:
• Uncertainty = +-(.25% of T  1°C). In our case

this corresponds to approximately +-3.5°C.
• Repeatability = +-(. 15% of T  our case this

corresponds to approximately +-1.5°C.
The standard deviations around the regression line in
Appendix 5 are in good agreement with these data.
However, the main factor influencing the practical
accuracy is not the instrument accuracy. The biggest
effect comes from differences in physical properties of
the ladle wall (slag coating, wear, cracks, etc.). Practical
trials with portable pyrometers showed a temperature
difference of up to 50°C between different aim points on
the ladle wall.

MODEL WORK

The general philosophy at the Luleå plant is that simple
equations are preferred in the process computers. The
amount of calibration constants should be limited. Both
constants and equations shall be easy to understand.
When a complex reality calls for more sophisticated
models these are used off-line and the simulation results
are used to create model equations. As an example,
Appendixes 1 -2 show how comparatively simple
equations for free cooling of ladles and cooling of steel in
ladle could be evaluated from simulations in

To get a good prediction of steel temperature a good
system for ladle classification is required. This must
describe not only the temperature level, but also the
distribution of temperature within the lining. For
see discussion in Appendix 3. Many computer
simulations were made to find the best method of
classification. In short, the Tesults show that the
optimal solution is to classify into two main groups:
"surface hot" and "homogenous", and with
intervals within these groups. See Appendix 4.

The effect of worn vs. new ladles is discussed in
Appendix 6. It is shown that with the system chosen the
effect on steel temperature is included in the
classification. Thus, we do not have to compensate for
this in the equations for steel temperature.

The constants in the steel temperature equation are stored
with one set of values for each ladle class. When the
ladle computer sends the thermal status to the other
computers of the steel plant, it also sends the equation
constants that are applicable for this ladle. Thus, we do
not have to update one table per computer.
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CLASSIFICATION AT THE SANDING
STATION

After nozzle repair/replacement the ladle is placed in
fixed position at the sanding station, The operator then
releases sand over the nozzle outlet and the ladle is lifted
off. The pyrometer is mounted permanently to point at a 
place approximately halfway up the ladle wall, when the
ladle is in sanding position. The reading of the pyrometer
is monitored by the system every 15 seconds. Figure 6 
shows a typical registration sequence for a ladle passing
the sanding station.

Sanding period 

Maximum value is

Temperature,
degrees C 

900.

800

700

600

BOO

400

300

200

100

0

0 60
 seconds

Fig 6. Registration at the sanding station.

The "dip" in temperature during the sanding is caused by
the sand cloud. The temperature level used by the system
is the maximum value. Regular control with manual
pyrometers show that the normal handling of the ladle
before and after sanding is sufficient to get a good
measurement of the temperature level and so no extra
holding time has been necessary.

The group of the Swedish Ironmasters' Association
suggested measurement of the cooling rate to classify the
ladles as "surface hot" respectively "homogenous"(2).
The measurements and calculations in Appendix 4 show
that holding times that could not be accepted  the
production flow would be required. Instead another
method was chosen. We use a comparison of actual and
theoretically expected temperature level on arrival at the
sanding station.

In figure 7 temperatures for ladles arriving at the sanding
station have been plotted against time from end of
casting.

1500
Surface

Original standard
cooling curve 

 240 360 480
Time from  of

600

Fig 7. Temperatures measured at the sanding
station

The data in fig 7 can be divided into two groups:
• One group that principally follows the theoretical

equation. These  have cooled freely in air. They
are of the homogenous type.

• One group that shows much higher temperatures.
These ladles are "surface hot".

The theoretical temperature, calculated with the standard
cooling equation (see Appendix 1), has been included
for comparison. The computer uses a line  above
the theoretical curve as a borderline to distinguish
between the two groups. The comparison of theoretical
and logged data showed some deviations from the stan-
dard cooling curve. The practical effect of this was that
some ladles with short holding time that were obviously
"homogenous" were instead classified as "surface hot"
ladles. To avoid this the constants in the equation are
being revised  this exception the results are
satisfactory.

TEMPERATURE MEASUREMENT AT THE
LADLE BURNERS

The surface temperature measured by the pyrometer is
used as input for a model that calculates the temperature
profile across the ladle lining. In the model the lining is
divided into layers and the temperature in each layer is
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recalculated each minute by the Dusinberre integration
method.
The thickness of the individual layer is calculated by the
computer to fit the calculation frequency. This is done
when the ladle arrives at the station. At the same time a 
"starring" temperature profile is set from the temperature
and profile class of the ladle. After each recalculation a 
new temperature and profile class are determined from
the level and shape of the calculated profile. The profile
calculation is used only in this application and when the
ladle leaves the burner only the temperature and profile
class are stored.
This method of continuous integration may seem too
sophisticated for determining surface temperature and
profile class. The reasons for using it are as follows:
• In the long term perspective we will want to use the

system for process control of burner operation. A 
good knowledge of the temperatures "inside" the
lining is  be able to do this.

• The Dusinberre model provides a better possibility to
correct the classification for different ladle wear (see
below).

For burners number 3-5 we have no pyrometers. For
these burners we use time schedules for the increase in
ladle temperature. These schedules are stored as a data
table for each burner. This practice is also used for the
other burners in case of pyrometer trouble . 

ESTIMATION OF LADLE SCULLS

Ladle sculls have a very big influence on the
temperature. In our plant the sculls are calculated by
comparing old and new ladle weights. The weighing is
carried out in the overhead crane. The practical
experiences have shown inconsistencies. One cause was
differences between the crane-weighers. A new practice
was suggested by two operators, who also played a major
role during the implementation. The general principle of
the new practice is:
1. Adjusting practice, so that weights from the same

crane are compared if possible.
2. Routines using the visual observations for calibration.

The change in tara weight from heat to heat in the same
ladle is shown in figure 8. With the old practice there
were jumps without explanation. With the new practice
there is instead a constant trend. The remaining jumps
are calibration for different crane weighers when we
change track between CC number 4 and 5.
One lesson that can be learned from this is that we need
to use the creativity of people from all  in the
organization for a successful time-temperature control.

Weight of

48

 heats in the same ladle

Fig 8. Tara weighing for Ladle Sculls.

PYROMETER FUNCTION

The pyrometers at the sanding station and over the ladle
transfer car track have not presented any problem so far.

The burner pyrometers at the ladle burners operate in a 
very harsh environment directly on top of the burner lid.
From time to time there have been problems with their
availability. The causes have  overheating because of
cooling failure, burning of cables, obstructions or dust on
sighting glass etc. Taken one by one, these matters may
seem trivial, but together they are problematic. The
equipment places a big demand on the preventive
maintenance operation.

TEMPERATURE RESULTS
The development of temperature accuracy  is
shown in figure 9. The diagram shows the percentage of
ladles arriving at the ladle metallurgy plant within
±  (weekly averages). The symbols refer to BOF
number 1 and 2.
During the period the accuracy has continuously been
improved. The improvement is caused by this system as
well as by the continuous work on temperature control
during the time period in question. It is difficult to
distinguish among the causes. As the setting of aim
points is influenced by expected accuracy, the difference
between aimed and real temperature does not give the
whole truth.
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Fig 9. Temperature difference on arrival at
ladle metallurgy 1990-1993

Another measure of the total efficiency in temperature
control is the amount of scrap cooling after tapping that
is needed to get a correct final temperature in ladle. The
trend of this factor is shown in figure 10. The symbols
are the same as in figure 9.

Ui

750

500

 250oo

 Start of 
 system 

Jan-90  Jan-92 Jan-93 Jan-94

Fig 10. Corrective scrap cooling  -

In this case we can see a clear breakpoint at the time of
system start. We are not quite sure why this shows in
figure 10 but not in figure 9. One factor is perhaps an
increased confidence in the temperature predictions.

FURTHER WORK

STRATIFICATION IN LADLE

For evaluation of the tundish temperature the
stratification of steel in ladles is of great importance.
Most of the data published are based on calculation in
advanced theoretical models (4, 5, 6) . Some
measurements are reported (7). It is of interest to have a 
knowledge of the practical behaviour of the stratification
in our own plant. Therefore, an experiment was carried
out according to figure

1650

1625

3 1600

1575

1550
1120 1125  1135 1140 1145 1150

Fig  Measurement of Stratification in Ladle

The measurements were carried out with the ladle
hanging in the overhead crane next to our C/C machine
No. 5 before continuous casting. After immersion of the
measuring lance periods with gas stirring were
interrupted by periods of waiting without stirring. The
figure shows that the thermal gradients between top and
bottom layer are destroyed in about 5 min. After end of
gas stirring new stratification occurs in approximately the
same time. Theoretical calculation gave a time of around
3 min. This is a little shorter than the time actually
obtained.
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"SIMPLE EQUATION" MODEL FOR
TEMPERATURES

We wanted to test if a model based on fairly simple
equations could be used to simulate the total temperature
behaviour from tapping to tundish. Therefore a test
model was built in PC environment. (Programming
language: C). The model uses temperature classification
as mentioned above as input together with process data
for tapping, ladle treatment and casting. It produces
temperature curves for steel in ladle and tundish. Simple
equations and parameters for temperature evaluated by
TEMPSIM and experimental data and literature were
used. Figure 12 shows an example of temperature output
from the model.

0  40 60 80 100 120
Time

 12. Calculation of temperature behaviour
 (Equation model)

The model was produced mainly as a test of the concept
of simple equations. The results are, however,
astonishingly good. A very important task is to improve
the mixing and gradient models. A research project to
improve our knowledge of stratification and mixing in
ladle and tundish is currently being planned.

BURNER CONTROL

The pyrometer measurement at the burners is now used
passively i.e. to monitor actual temperature and
compensate for the differences in the steel
Instead it would be better to use the pyrometer for
process control of the burner, so that all ladles could be
of the same temperature when delivered to tapping. A 
preliminary study has was carried out as a diploma
project. Further work is planned to start this year.

CONCLUSIONS

This work has shown that a system which monitors the
ladle temperatures and makes compensations in the
process increases the temperature precision of the steel.
We believe that further improvement can be reached with
further development of models for stratification in ladle
and tundish as well as new systems for burner control.
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APPENDIXES

Appendix 1:
STANDARD COOLING EQUATION.

A cooling curve was created by simulation in TEMPSIM
with the following parameters.

A ladle was circulated 10 times with 2 hours' free 
cooling between cast end and tapping

2. After the last casting the ladle was allowed to cool
freely. The data of temperature vs. time were
converted to EXCEL format

Degrees  \ 

15 -

v

10

5

0

400 600 800 1000

Ladle  C 

Fig 13. Determination of standard cooling
equation for new ladle.

Regression analysis of these data showed that the best fit
is given by an equation of the general form:

A +

Physically the first and forth degree expressions represent
conduction and radiant heat transfer respectively. The
equation suggested in reference 1:

A +

is included for comparison.

Appendix 2:
EQUATION FOR TEMPERATURE LOSS
OF STEEL IN LADLE
The controlling processes are combined stationary
(through lining and slag) and unstationary (thermal
loading of lining) flow. The analytical solution of this
problem usually provides a horizontal parabola i.e., the
square root model (1,2). In reality the situation is more
complicated by several layers of refractory with different
properties. The properties also change with temperature.
The curve below was created by simulation in TEMPSIM
with the following parameters.
L A ladle was circulated 10 times with 2 hours' free

cooling between casting and tapping
2. After the last tapping the heat loss of the steel in the

ladle was logged and converted to EXCEL format.

'Regression equation; 

 deviation  degr.
Standard deviation  degr.

Time since lapping

Fig  Determination of cooling formula
for steel in ladle (example).

Regression analysis of these data shows that they fit well
with an equation of the general form:

A + B * Time + C x (Time)0-5

i.e. the square root model can be applied. Simulations for
other conditions showed similar results.

 STEELMAKING C O N F E R E N C E PROCEEDINGS



 3:
EFFECT OF LADLE HISTORY ON STEEL
TEMPERATURE
For ladles arriving at tapping in our steel plant two main
types of "prehistory" are dominant:
• Ladles going direct to tapping after casting and nozzle

maintenance.
• Ladles that are being kept under ladle burner, until

transport to tapping position.
Figure  shows the temperature profiles in two ladles
with different prehistory. The temperatures were
measured before sending the ladles to the tapping
position. The surface temperature on the inside was
measured by means of a portable radiation pyrometer.
The temperatures within the lining were measured by
thermocouples installed in the lining during ladle
relining. The ladle coming from casting to tapping shows
a relatively low surface temperature, but behind the
surface it is still very hot. The ladle that is taken directly
from the burner shows a much higher surface
temperature, but the lining behind the surface is cold. It
is obvious that serious errors can be the result, if the
surface temperature alone is used as criteria for ladle
temperature status.

0 SO 100  200 250 300
Distance from

Fig 15. Temperature profile in ladle lining.

Figure  shows the cooling of steel in ladle from
tapping to end of casting for one ladle coming directly
from casting and one ladle taken from burner to tapping.
The curves have been generated through computer
simulation with the TEMPSIM model. The general
temperature levels of the two ladles have been chosen, so
that the total temperature loss from tapping to end of
casting is the same in both cases. A cold ladle has been

included for comparison.

 -

 fi

i
;

 20 40 60 80 100 120
Time from start of tapping , min

i
Fig  Temperature behaviour in steel wth

 ladle status.
Temperature adjustment can be made at the ladle me-
tallurgy station between tapping and casting. Suppose
that we have a ladle following the upper curve and that
the operator believes that the ladle is of the other type.
He then concludes that the steel is above the aim tempe-
rature and starts cooling, with the result that the
temperature is too low at the c/c plant. To get an
accurate prediction of the temperature behaviour of the
steel we need a temperature classification that includes
both the temperature level and the temperature
distribution . 

Appendix 4:
COMPUTER SIMULATION OF LADLE
CLASSIFICATION
The group study of the Swedish Ironmasters' Association
(2) suggested cooling rate and temperature as criteria for
classification. This is fairly easy to evaluate in the
computer and was used in the simulation.
We began by creating a data base of simulated heats. The
TEMPSIM model was used to simulate 240 cases with a 
wide span of ladle prehistory:
• Ladles with free cooling, ladle cover and burners.
• Two levels of burner effect.
• Time under burner 1-2 hours.
• Cooling time before burner 1-8 hours.
• Cooling time before tapping 1-8 hours.
• Different sequences of these combinations.
The TEMPSIM programme can export the thermal
behaviour of the total ladle lining and the temperature

 S T E E L M A K I N G C O N F E R E N C E PROCEEDINGS -



behaviour of the steel in ladle as a text file. A conversion
programme analyses this text file and temperature,
cooling rate and steel temperatures as well as main
parameters are stored in an EXCEL file. 

Figure  shows the cooling rate and surface temperature
before tapping into these ladles. The standard cooling
equation is included for comparison. We have also
included a borderline created by "parallel shift" of the
standard cooling formula:

 + parallel shift

Above borderline 

£
s

 dar

-
 BOO  GO 1000

 C 

Fig 17. Data base of simulated heats.

The problem is to find a position of this borderline so
that it separates ladles of one type from ladles of another
type. If the separation into groups is perfect, it should be
possible to predict the temperature loss of steel from the
group and the ladle. That is to say, within each group we
should have a good correlation between ladle temperature
and heat loss.

The optimization was made as follows:

The borderline was moved upwards in small steps.
2. For each step a regression line was calculated for the

populations above and below the borderline.
3. The standard deviations around these lines were

chosen as criteria to optimize the position.

Fig  shows how the standard deviations of the two
groups change when the borderline is moved. The best
compromise seems to be a position  above the
standard cooling curve.

Standard
deviation
(degrees

0 5 10 15
Position of borderline

(distance from standard cooling curve in degrees

Fig  Effect of moving the borderline in fig

The diagrams show the optimization of the prediction of
temperature loss from tapping to start of casting. We also
studied the prediction of temperature loss from tapping to
ladle metallurgy and from ladle metallurgy to start and
end of casting. (This is not included here.)

The calculations above have all been made with a 
borderline formula created by a "parallel shift" of the
standard cooling formula. Similar experiments were
performed with a formula constructed by a "proportional
shift":

 (proportional shift)

The results were less favourable.
We also tried to introduce a second borderline i.e.
classification of temperature profiles as homogeneous,
intermediate and surface hot. (i.e. the principle shown in
the lower diagram of figure 5). This did not give any
significant improvement i.e. it is sufficient to use two
groups defined as "surface hot" (above borderline) and
"homogenous" (below borderline)

The next step was to decide the interval between classes
of surface temperature. The two groups "homogenous"
and "surface hot" were divided into regular temperature
intervals. If the spacing is correct all heats within one
group should show the same temperature drop of steel in
ladle. Different spacing was tested in the computer. The
standard deviation in steel temperature within the
intervals was used as criteria. Fig 19 shows some results.
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Fig  Effect of different spacing.

In principle, the tighter the spacing the better the
accuracy. To go from 200 to  degree spacing
provides a considerable improvement. To show the limit,
if the interval is decreased indefinitely even the value for
a continuous spacing i.e., a temperature equation has
been included. Very little seems to be gained by
decreasing the spacing below 100 degrees C. Also the
practical limit of measurement accuracy (see main text)
makes a spacing tighter than  degrees C less
meaningful.

chosen so as to avoid the positions most likely to contain
ladle skulls. All ladles passing this station were followed
by the research department for one week, and when they
were in position on the sanding station the temperature
registered on the pyrometer instrument was recorded
every 15 seconds. To give a sufficient formula for
evaluation the ladles were held in measuring position
from arrival at the station until 5 min after sanding.
Figure 20  an example of a measured temperature
curve.

Sanding Stable period Lifting off 

700

650

 for "stable"
/(Standard

From these calculations we decided on a system of
classification with two groups "HOMOGENEOUS" and
"SURFACE HOT" and 100 degrees intervals within
these groups.

600 4.  - - •

0 2 4 6 

Fig 20. Cooling curve at the sanding station

Appendix 5:
PRACTICAL TRIALS ON THE
DETERMINATION OF COOLING
FORMULAS

Before installation of the system practical trials were
made on the planned installation sites: the sanding station
and over the ladle transfer car before the converter. A 
LAND pyrometer was installed provisionally at the
intended measuring position for the test period. All ladles
passing the station were held for 5 min to give a suitable
curve. The temperatures were read from the instrument
every 15 seconds, and registered manually.
The sanding station is passed by all ladles after nozzle
maintenance  exchange. The ladle is kept in a fixed
position and loose sand is filled on top of the nozzle
outlet, (to prevent frozen steel in the nozzle during
tapping and transport). The pyrometer was positioned to
measure the ladle wall temperature. The position was

The curve shows a sharp dip in the beginning when the
sand is added. The reason is probably that the sand
"shadows" the radiation measurement, see figure

Fig  Effect of sand on pyrometer reading

The shadow comes partly from the sand dust itself.
Perhaps even  created by burning of C contained in
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the sand contributes to this phenomenon. (The absorption
bands of  are within the measuring range of the
pyrometer). A stable curve that can be used for calcu-
lation of cooling rate is obtained  seconds after the
sanding. In figure 22 the regression line for this period is
plotted. The standard deviation around the curve
(extreme values during sanding and "lift-off" excluded)
was 0.8°C/min for the heat shown. The standard
deviations for all heats within the series are summarized
in figure 22.

Standard deviation

60%
= appr 1 degree C 

Fig 22. Accuracy in cooling curve.

The median value of the standard deviation for all heats
studied was 1.0  C/min. From this the accuracy of the
determination of cooling rate can be calculated:

2
 cooling rate= 2 '

 23 this accuracy is plotted against holding time.

c

o
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 S 
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10

Holding

Fig 23. Effect of holding time on accuracy of
cooling rate

With a very long holding time the cooling rate can be
calculated with good accuracy. With decreasing holding
time the accuracy decreases.

We estimated that the cooling rate had to be measured
within ± 1  to provide good classification i.e.,
3 * S < =  In figure 24 we can see that this

demands an extra holding time of * 5 min for each ladle
at the sanding station. The possibility to do this was
discussed in detail with the management and the
operators. The practice was considered a bottle neck. In
critical situations there is also a risk that a shorter time is
used to save the situation, which would reduce the
availability and accuracy of the

Appendix 6:
EFFECT OF LINING WEAR

Fig. 24 shows the temperature profiles measured in the
lining during a cycle of two consecutive heats: Tapping-
End C/C-Next tapping-End next C / C .

1200
End C/C 

Before tapping 

200

 200
Distance from

300

Fig 24. Measured temperature profile in lining
during two consecutive cycles

The effect of heat from the steel in ladle and the cooling
after the casting is that a temperature "wave" moves
inwards. We can, however, see that it moves slowly, and
so the refractories which are > =  mm from the
surface are not affected during one cycle. From this we
can also draw the conclusion that the temperature
conditions of this "inactive" zone do not affect the steel
temperature during the same cycle. Only the refractories
in the active zone 0- "100 mm from surface have time to
affect the steel. The temperature of this layer is expressed
by the temperature classification. If this classification is
correct it will be enough to describe the steel
temperature. The ladle wear only affects the size of the
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inactive zone.

To avoid misunderstanding we point out that the wear, of
course, influences the steel temperature. However, the
effect is a different temperature profile in the "inactive"
zone. This influences the steel temperature during
subsequent heats, not during this heat. However, when
the ladle temperature is measured for those heats, the
effect shows as a different temperature in the active
layers and is automatically included in the temperature
classification.
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PREDICTION MODEL FOR T E M P E R A T U R E BEHAVIOR IN A 
TUNDISH: A PRACTICAL APPROACH USING AN E X P E R T SYSTEM.

Carl-Erik Grip
SSAB TUNNPLÅT AB ( * 

Anna Karin Österberg
Seco Tools AB (**

ABSTRACT

The temperature control system at SSAB TUNNPLÅT A B , LULEÅ W O R K S uses radiation
pyrometers to measure the surface temperature inside the ladles. The temperature drop of steel in
ladle can be predicted using this information together with the ladle history. The system is described
in earlier publications.

In order to predict the temperature behavior of the steel in the tundish the models used must include
even dynamic phenomena  stratification). Models based on finite element calculations can give a 
good simulation of these processes. However, they are usually too sophisticated for practical use in
process control when the production rate is high.

At S S A B TUNNPLÅT A B , LULEÅ W O R K S more elaborate models are used in connection with
measurements to obtain data for model development. From such data a mathematical model has been
developed which predicts the temperature in the ladle and in the tundish. The model is based on
simple equations.

An expert system for smooth casting has been developed. Data on ladles from the C A S - O B are used
to choose the appropriate actions before and during casting. The decision model results in warnings
and advice: if the operator should change ladle, if the casting speed should be changed etc. The
behavior of steel temperature in the tundish during casting is predicted by the temperature model. The
system is operated in a PC-environment. It has been tested off-line using all necessary data from our
ordinary slab casting heats in our slab casters. The evaluation shows that the advice given was
generally good.

This paper describes development and details of the mathematical model, the development of the
expert model and the practical results of the off-line testing

A previous paper (1) described a system for monitoring ladle heat status and its use in production
control. This paper describes the development and testing of models to predict tundish temperatures,
as well as a test application with an expert system for smooth casting.
Application and results are described in the text, models and theory in the appendices.

The plant layout is shown in figure 1. Two BOF-converters produce steel for two slab casters and one
bloom caster. A ladle furnace serves the bloom caster. The steel for the slab caster is treated in a 

INTRODUCTION

PLANT LAYOUT AND L A D L E F L O W

Postgraduate student at Luleå university, dept. of Process Metallurgy
Master thesis carried out at SSAB Tunnplåt AB in 1993 is part of this work

C A S - O B plant.

(1)



Two companies operate within the same plant area. S S A B TUNNPLÅT A B owns the coke and B F
plants, B O F plants with ladle metallurgy, R H , C A S - O B and slab casters. The slabs are rolled into
strip in the hot and cold strip mills of S S A B T U N N P L Å T A B in Borlänge. I N E X A  AB owns
the bloom caster with adjoining ladle furnace as well as a local rolling mill for bars and sections.
I N E X A  A B purchases liquid crude steel in ladles from SSAB TUNNPLÅT AB.

HM  sation

INEXA
 c/c #1

Ladle furnace

Figure  Steel works layout

After finished casting all ladles pass the ladle maintenance plant, where nozzle exchange or main-
tenance is carried out. The ladles then go to the "sanding station" , where the nozzle outlet is covered
with sand. After leaving the ladle maintenance plant the ladles are either transported to tapping
position or they are put under vertical burners to keep their heat.

In  a system for constant monitoring of the heat status of the ladles in circulation was installed.
The general layout is shown in the picture below.

Ladle Operators Module (PC)

a

E t h e r n e t

7

Production c o n t r o l , BOF etc

Figure 2. Temperature control system at SSAB

The surface temperatures of the ladles are measured at the ladle burners as well as at the sanding
stations passed by the ladles before tapping. The system uses the pyrometer measurements and the
ladle history. The ladle is classified into a heat status group as mentioned above. When the ladle is
planned for tapping data for calculation of heat loss in steel is sent to the other systems. The system is
described in ref. (1).

(2)



"SIMPLE EQUATION" MODEL TO PREDICT S T E E L
TEMPERATURES IN L A D L E AND TUNDISH

A model to simulate the thermal behavior of steel plant ladles as well as the interaction between ladle
lining and steel has been described in previous publications (2, 3). This model (TEMPSIM) is used
off-line for model development and to create model equations. However it is too sophisticated for use
as a process model.

The aim is to control the temperature of the steel that leaves the tundish. To do this a process model
that includes the temperature losses in ladle, the pouring stream and the tundish as well as the effect
of stratification and mixing in ladle and tundish is needed. The model must be suited to run as a 
process model within ordinary process computers. It must also be easy to understand. This means that
only simple models are acceptable. Therefore a model based on simple equations was developed.
The following has been considered:

A. Heat losses

Heat loss during tapping
In our case this is taken care of by the tapping model of the B O F computer. Therefore it is not
modeled in the ladle models.

Heat losses during holding and transport.
A lot of different production cases were simulated in T E M P S I M and cooling equations for steel in

ladle were evaluated from the results. The evaluation is discussed in more detail in Appendix  In
spite of a wide variation in conditions it was possible to fit all cooling curves into an expression of the
same general type:

AT = A + B  (time) +  *
The only difference between the different cases were the values of the constants A, B and C .
The values of the constants depend on the thermal condition of the ladle. For the practical use we
must define this condition. In an earlier paper (1) it has been shown that it is sufficient if we group the
ladles in two main groups ("Surface hot" and "Homogeneous" temperature profile in lining), and
divide these into subgroups with a temperature interval of 100 °C. The ladles are classified with this
system. A table has been constructed in which values of the parameters A, B and C for each of these
"heat classes" have been stored. The diagram below shows examples of heat loss curves that have
been calculated using these data.
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Figure 3. Calculated heat loss in ladles with different temperature profile in the
lining.

From the diagram it is obvious that the classification of the temperature profile is of similar
importance as the temperature itself. A ladle with "homogeneous" temperature profile and a surface
temperature of 800 °C gives approximately the same heat loss as a "surface hot" ladle with and a 
surface temperature of 1000 °C.

The constant A expresses differences in heat loss at tapping and is of interest only for the tapping
model of the B O F . If we calculate the heat loss in ladle after tapping we get a subtraction where A 
disappears. Therefore for ladle models we only need B and C.

Heat loss in tundish
Non-cylindrical shape and conditions with constant and simultaneous filling and emptying makes
T E M P S I M less suitable for modeling. Instead a S C H M I D T integration was used. The process is
principally the same as in the ladle and we get a square square root expression of similar type. The
time is defined from the start of the first heat in the ladle.

Heat loss through ladle slag
A standard slag was used in the T E M P S I M simulations in Appendix 1, and its effect is included in the
parameters A, B and C . The calculations in Appendix 2 and 3 show that slag parameters influence the
steel temperature. However, if we want to use the model for control purposes, these parameters are
usually not known when the calculations are made. For this reason a slag model is not included. One
of the most important of the "missing" parameters is the actual value of slag thickness in the ladle.

A new method for on-line measurement of slag thickness has been developed at SSAB (4). So far it
has been tested in pilot plant scale.

Heat loss from gas stirring
Some calculations are described in Appendix 3. The effect of open eye, convection and stirring gas
can be neglected. Therefore a moderate gas stirring hardly affects the temperature. If the temperature
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is measured at the surface there can be a false cooling as the hot steel at the surface mixes with cold
bottom steel.

At S S A B TUNNPLÅT in Luleå the only gas stirring is in the C A S - O B plant. Here the stirring is
violent. This causes convection and mixing of the slag and has a considerable effect on the
temperature. The temperature effect is included as empirical data in the C A S - OB computer.

The expert system application discussed in this paper covers the processes after C A S - OB so we do
not have to take gas stirring into account.

Heat loss between ladle and tundish and between tundish and mold
The heat dissipates into protection tube, and from there it has to be transported as radiation loss. On
one occasion the surface temperature of the two tubes was measured at  °C and  °C
respectively. The heat loss in steel caused by this could be calculated as 0.03 °C and 0.06
respectively. If the tube surface reaches steel temperature (obviously it cannot be higher) it increases
to 0.13 °C in both tubes. This heat loss can be neglected.

Process effects: ladle treatment, alloying etc.
This is handled by the B O F and C A S - O B process computers.

B. Other physical effects.

Thermal stratification in ladle. (Formation and dissipation of gradients).
Data have been published from pilot plant measurements (5) and numerical simulations (6, 7 and 8).
From the pilot plant data the stratification seems to approach an asymtotic end value. Some
calculations (6) show a linear increase. An exponential model was chosen to simulate the asymtotic
behavior of the pilot plant data. Details of the model and its fitting to those data are shown in
Appendix 4.

The stratification has also been measured in our own ladles by means of thermocouples, shielded
with  tubes and fitted on a modified gas stirring rod (1). The diagram below shows the
fitting of the equation to these results. The parameters  and  are explained in Appendix 4.
The numerical values are not the same as in the pilot plant experiments. This is not unexpected with a 
different ladle geometry (ladle size 105 and 7 tonnes).
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Figure 4. Evaluation of constants from stratification measurements at SSAB.

Outlet conditions in ladle
It is simply assumed that the ladle is emptied from the bottom, layer by layer. This may have to be
revised. See discussion.

Mixing in tundish:
We have neither complete mixing nor clean plug flow. This gives a complex relation between ladle
outlet temperature and the temperature in tundish next to the outlet end. In the first version we used
full mixing plus a time delay which corresponded to the retention time. The same model was used in
the expert system.

Later a " tanks in series" type of model was developed. In the diagram below it is tested against data
from a tracer element study.
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Figure 5. Simulation of tundish with "tank in series" model.

For a straight tundish without internal walls the best fitting was obtained if the tundish was divided
into 4 tanks with full mixing. Similar data for tundishes with walls are shown in Appendix 5.

IMPLEMENTATION INTO T H E PRODUCTION SYSTEMS

The temperature control system that was installed  (1) included a temperature classification as
described above. The existing computer systems contained temperature control models and
procedures that would have been expensive to change. It was judged unrealistic to do this. However it
was possible to design the information to these systems so that their calculated results came as close
as possible to those of the model.
For instance, the production control computer classifies the ladles in heat classes and stores linear
heat losses for these classes. The classes are defined by a temperature value. There is no
differentiation between surface hot and homogeneous profile. The following principle was used to
make that system use the information on ladle heat status:

• For a ladle with homogeneous heat class a temperature corresponding to the actual 
surface temperature is sent. 

• For a ladle that is "Surface hot" the ladle computer a temperature value that is lower 
than the actual surface temperature is sent. (Compare fig. 3 above). 

This gives a result which is acceptable if temperature accuracy is considered. However it presents a 
pedagogic problem. We have to explain to the operators why they find a temperature of 800 °C on the
computer screens when they have just measured 1000° C !

Models for the stratification and the tundish are not included in the production systems.
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OFF-LINE TEST OF E X P E R T SYSTEM F O R SMOOTH CASTING

 expert system for smooth casting has been developed. Data concerning ladles and steel from
previous stations are used to choose the right action during casting. The system results in warnings
and advice to the operators e.g. on the changing of ladles, regulation of cast speed and removal of
oxide from the submerged entry nozzle. The system has been tested off-line using necessary data.

Background and general principles
Expert systems store knowledge of a human expert as a database of rules. They can be used to draw
conclusions from a body of given rules. By using the right knowledge an expert system can give
solutions to problems similar to those of the human expert. Many systems have been developed for
the practical application. The system was built with Xpert Rule in DOS-Windows environment. Xpert
Rule can communicate with other Windows software, e.g., Excel . The system was designed as a 
prototype for manual input of data.

Scope of the system
This expert system uses data on the ladles arriving at the slab caster to give the operators advice on
how to control the casting process. The aim with the expert system is also to make it possible to
standardize the operation. The system covers the process from C A S - O B to C / C . It uses a numerical
temperature model to predict the temperature in the tundish. From the results from the temperature
model and some other important casting variables, for example, time, position of the stopper rod and
when the next ladle is in cast position, this system is able to give the operators advice on how to act in
different situations.

The aim was to give advice on the following actions:
• Change of ladles 
 Remove oxides in the submerged entry nozzle 

• Regulate the casting speed 
Change the steel level in the tundish 

• Break the cast sequence 
The principle of the system is to collect data and continuously measured values concerning one ladle.
From the data a modeling is made and advice formulated through a set of rules. Figure 6 illustrates
how the expert system works.
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Collect ladle data.
Treat data.

Calculate and use data
 for this moment.

\
Compare with the set of rules

Risk of problems or need of changes ? 
Yes No

\ \
Advice or warnings. OK.

\

New ladle?
Yes No

Data for next moment ] 

Figure 6. The principal step-by-step function of the expert system.

Input data
The data used by the expert system is listed below:

• Temperature in the tundish 
The temperature in the tundish is an important factor that is used as a base for decision
making concerning the control of casting. The temperature is measured manually three
times at each ladle during casting. Between the measurements the temperature model was
used to update the temperature. This gives a valid temperature every time the expert system
is going through the set of rules.

• Predicted final temperature in the tundish 
The operators make a manual estimation of the temperature in tundish at cast end. The
quality of their decisions depends on the accuracy of that estimation. The expert system
calculates that temperature. This gives an added value.

• Position of the stopper rod 
The steel flow out of the tundish is regulated automatically from the steel level in the mold.
Oxides in the submerged entry nozzle obstruct the steel flow. The automatic system
compensates by changing the position of the stopper rod. The position is logged. When the
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displacement has reached a critical value this indicates that oxygen cleaning of the
submerged entry nozzle is required.

• Weight of steel in the ladle 
The weight of steel shows how much steel it is left to cast. This also gives data to calculate
the time left before the ladle is empty and the temperature drop at the end of the casting.

• When next ladle will be in cast position 
If the next ladle is not in the turret when the previous ladle is empty problems may occur.
This is a factor that the C / C operators cannot control but they must take it into account.

• Present cast speed 
• Calculations which connect casting speeds to present mold area 
• If the ladle is cast in a sequence 

Decision models
The decision models are grouped into three different main groups as in the figure below. Each part of
the model consists of a set of rules. A part of one of these "decision trees" is shown as a flow sheet in
appendix 6 

Break the casting
or switch ladle

 YES Advice

{ n o

 oxides
the submerged entry

nozzle
 YES Advice

Regulate the
casting speed

Continue casting

Figure 7. Structure of decision process

 YES Advice

The most important decisions within each set of rules are summarized below:
• Break the casting sequence or change ladle 

If the ladle is empty the actions depend on the position of the next ladle. If it is late the
casting shall be stopped. If the delay less than the critical level this will result in a warning
If next ladle is in the turret it shall be shifted into casting position. When only the slag is
left in a ladle the next ladle in the sequence shall be shifted into casting position. If the
temperature in the tundish is below a critical level the next ladle shall be shifted in as soon
as it is in the turret.

• Remove oxides from the submerged entry nozzle 
Oxides may be removed only when the temperature of the steel in the tundish is high
enough to avoid freezing.
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• Regulate casting speed 
An increase is made  if the temperature is low. The timing of ladles is considered. A 
decrease can be caused by high temperature or a delayed ladle.

Implementation of temperature model
In most cases the advice is based on a prediction of what the temperature in the tundish will be with
the actions taken. Thus, the model has to take into account even the dynamic effect of stratification,
behavior in tundish etc. The temperature model described above was used. The tundish model was of
type mixing plus delay.

Results
The implementation of the temperature model involved constant fitting. The agreement between
model and measurements was good. Examples see Appendix 6. Somewhat astonishing was the fact
that the degree of stratification that gave the best agreement was much lower than the one measured in
ladles (Appendix 4) as well as data reported in the literature(6, 7, 8)

To evaluate the expert system, data and controlling actions from production during the casting of
eight heats were logged in detail. The data included all actions performed by the operators and the
effects of these. Then the same heats were run off-line by the expert system The advice given by the
expert system was compared with the actual actions taken by the operators at the C / C plant as well as
the result of these actions. The evaluation is summarized below.

Table 1 Summary of results

Event The expert system Total

Temperature predictions The prediction wasn't
satisfactory for 2 heats

8 heats

Counted cast time 1 heat was incorrect
(more than 5 minutes)

8 heats

Same decision as the production 8 advice  control actions

Advice to actions that were not taken in
production

3 advice  control actions

Of the advice given by the expert system, in seven of the eleven instances operators were advised to
change ladle because there was no more steel left in the ladle. One of them was faulty. The reason
was that the time to cast the steel in that ladle was much longer in reality compared to what the one
predicted by the expert.

Twice the expert system gave the advice that the operators should adjust the speed. This was done in
one case at approximately the same time as was suggested by the system.

Twice the expert system suggested removal of oxides from the submerged entry nozzle. In the actual
heats this was done in one of the cases. In the other it was not done. The reason was that a removal
attempt (without success) had been made already. The operators thought a new one was meaningless.
Instead they lowered the speed and managed to cast out the heat. This special case was outside the
limits for this prototype system.
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COMPARISON OF TEMPERATURE MODEL WITH CONTINUOUS
TEMPERATURE MEASUREMENT IN TUNDISH
A period with continuous measurement of temperature in the tundish was carried out in November
1994. The measurements were made with Contitherm elements from Hereus Electronite. The
elements were immersed vertically in the neighborhood of the tundish outlet. In the picture below the
temperatures measured in the tundish for 5 consecutive heats are compared with the temperatures
calculated by the model. The model used was the one described above. The "tank in series" model
was used to describe the mixing in the tundish.

Ladle
Top, middle 
and Bottom 
(Calculated)

Tundish
Model

10.00 12.00 13.00

Figure 8. Comparison of model and continuous temperature measurement

Even in this case the agreement seems to be good. As with the expert system we had to introduce a 
very low degree of stratification to get the best fitting. Except from this no fitting was made but the
calculated constants were used.
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DISCUSSION

Temperature models
The most astonishing result is the discrepancies on stratification. Published data on numerical
simulation (6,7,8) show a considerable stratification. Measurements at M E F O S (5) as well as in our
plant (1) show the same thing. In spite of this the models on tundish temperature give the best
agreement if a very low degree of stratification is assumed.
Our preliminary theory is that there is a stratification, but that the explanation is the emptying
mechanism in ladle during casting. In the model it was assumed that the bottom layer always goes into
the tundish. Probably the outlet takes steel from a volume including steel from several levels in the
ladle. Thus the tundish temperature is less sensitive to the stratification. The stratification is important
in spite of this. If the bottom layer is left in the ladle the cold residue can cause endpoint freezing as
well as scull formation. A project has recently been started to study stratification phenomena.
Because of these results we the plan will probably modified to include even studies on the emptying
process.

Expert system
The results of the off-line test of the expert system are promising. The new control system for our C / C
machines will probably include some kind of expert system. It is not decided if the first application is
to be the starting control mentioned in this study or for instance the alarm system

Improvement potential.
If the results are implemented in the production control, this can give

• A stable and well controlled tundish temperature 
• Smooth casting gives increased yield and production. 
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APPENDIXES

Appendix  HEAT LOSS TO LADLE WALL
The steel loses heat through stationary and transient conduction in the ladle wall and the slag layer on top of the
layer. From the general solutions of Ficks second law an equation of the following form can be expected:

AT = A + B  (time) + C
where

AT = Heat loss in steel, °C
A, B and C  constants

To test if this applied even for complicated conditions we used simulations in TEMPSIM. TEMPSIM is a 
general simulation program which calculates the wall temperature profile and its influence on the steel
temperature in ladles. TEMPSIM has been thoroughly tested with our ladles and compared with actual
measurements of temperatures in ladle wall and steel. (2,3) It can be used to simulate complicated cases.
Cooling curves were created by simulation in TEMPSIM. Then regression analysis was used on the result. The
figure below shows an example of heat loss in steel calculated by TEMPSIM simulation. The calculated
regression line has been included.

0 60 120 180 240

Time from end of Tapping, minutes

Figure 9. TEMPSIM simulation of heat loss and regression line.

The definition of the time axis could be a matter of discussion. The first part of the steel has been in contact with
the wall since tapping start, the last since the end and the rest during an intermediate time. Should we use time
since beginning, middle or end of tapping? The diagram below shows the deviation from the regression line if
different definitions are used.
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Figure 10. Effect of time definition.

Theoretically, calculation from mid-tapping could be expected to give the best approximation as it represents the
mean residence time for the steel in ladle. This seems also to be the case in reality, although the difference is
marginal at least after some minutes. In our case the most practical definition is from end of tapping, as this
definition is used in the rest of our production control. The first temperature is measured at arrival to CAS-OB.
At this time the difference for this definition is of no practical consequence. Therefore it is used in our work.

TEMPSIM simulations were made for ladles with different sequences of events before tapping and the
regression mentioned above was repeated. The diagram below shows the value of the constants A, B and C for
different temperatures for ladles with a "homogeneous" temperature profile.
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Figure  Evaluation of equation parameters for different temperatures.

A linear relationship seems to be possible. However, we have instead chosen to classify the ladles in groups after
temperature status . We use two main classes: one with ladles that are "Surface hot" (Mainly ladles that come
directly from burners) and one with ladles with a "Homogeneous temperature profile" (Mainly ladles that come
directly from C/C). The diagram above is from the "homogeneous" class. Ladles of the "surface hot" class give a 
similar diagram. Within each class the ladles are grouped in 100 °C intervals.

During casting the behavior is complicated by the fact that the steel level decreases. In the diagram below heat
losses for ladles of different filling degree have been calculated using TEMPSIM. They have been plotted
against specific surface (bottom + wall area in contact with steel). Reality is a little complicated as we have heat
losses with different characteristics from walls, bottom and slag. In spite of this there is a good linear relationship
between heat loss and  surface except from the last tons.

 ton 50ton  ton  ton
Heat loss,
°C / min

2,5
c

2

1.5

1

0,5

0 1

0 1 2 4 5 6
Specific surface (wall and bottom), m2/ton steel

Figure 12. Effect of filling degree on heat loss in ladle.
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Appendix 2: HEAT LOSS THROUGH L A D L E SLAG 
Slags of a composition corresponding to ladle slags have high heat transfer capacity, up to 4 W/m,°C at steel 
temperatures. The slag receives heat from the steel, it is transported by conduction through the slag and leaves 
the slag as radiation. In the diagram below heat losses through conduction and radiation have been calculated for 
slags of different surface temperature and thickness. 

1.5 

0.5 

0 

, °C/min 

Equilibrium points 

•—> ~~~~ 

500 700 900 1100 1300 

Surface temperature of slag , °C 

Conduction through slag of different thickness 
2,5 cm 5 cm 7,5 cm 

Radiation from surface 

Figure 13. Effect of slag thickness on heat loss 

The slag is in equilibrium i f the heat transfer through the upper surface is equal to the heat transfer through the 
slag. The Equilibrium points have been included in the diagram. We see that the slag thickness has a great 
influence on the heat loss. 

The diagram below shows examples of slag temperatures measured at some different occasions. (Not the same 
heat). The temperatures were measured by radiation pyrometer. 
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Figure 14. Examples of surface temperatures of slag in ladle. 

In the case with lance stirring at CAS OB with bell down the slag was very inhomogeneous: There were large, 
solid pieces of low temperature (approximately 80 % of area) with liquid slag (approximately 20 % of area) 
between them and next to the lance. (The areas are very approximate because of obscured vision.) At casting the 
ladle is covered with a lid that is transferred from ladle to ladle during ladle change. The lid was not absolutely 
flat. So the measurement during casting could be made by "peeping" through a small opening between lid and 
ladle. ( I f it can be estimated that the radiation temperature is homogeneous inside the room between lid, ladle 
wall and slag.) 

Appendix 3: EFFECT OF GAS STIRRING ON HEAT LOSS 

Gas stirring can be expected to influence the steel temperature through several mechanisms 

• Radiation from the open "Eye" 

• Physical heating of the stirring gas 

• Effect on convection in the steel in the ladle 

• Effect on the slag: Physical heating, radiation, conduction 

The open eye is seldom more than l m 2 . This gives a heat loss of approximately 1.4 °C during 10 min. gas 
stirring. The Physical heating of the stirring gas gives 0.03 °C during the same time. These losses can usually be 
neglected. 

The effect of convection in the steel can be explained by a layer with a horizontal temperature gradient next to 

the wall. This works as an insulation. The temperature difference over this layer does not seem to exceed 10 °C 

according to pictures published from Phoenix simulation (4,5,6). At the start of gas stirring this layer is 

destroyed. I f we use this data the heat flow in the lining can be calculated for the following sequence of events: 

• When the stirring starts the insulating layer is destroyed. The lining is suddenly in contact 

with a steel that is 10° C hotter. This increases the heat flow from the steel 

• During stirring the lining is heated until the surface is in equilibrium with the "new " steel 

temperature. This causes a gradual decrease of heat flow down to the original level. 

• When gas stirring stops the steel is in contact with a brick that is warmer than before. This 

causes a period with low heat loss until the lining temperature profile has stabilized 

again. 
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The diagram below shows the effect of convection during 10 min. gas stirring. The effect is shown as the 
accumulated temperature difference from an unstirred ladle. The calculation method is SCHMIDT integration in 
the lining. The temperature difference over the "insulation layer" has been assumed to be 10 °C. (The heat that is 
transported through the steel is identical to the one transported through the brick. Therefore this calculation of the 
effect on heat flow in the brick is equivalent to calculation in the steel). 

Difference, °C 

0,5 t 
0 3fj , 60 9 P 

- -

Gas stirrins 

Time, minutes 

-1.5 

Figure 15. Calculated effect of convection in steel 

We see that the effect of convection on heat loss is very small. Part of the effect is also canceled because of the 
temporarily decreased heat flow after the end of gas stirring. The conclusion is that this effect can be neglected. 

The effect of the slag is of greater importance. In the CAS-OB we have a very violent stirring which causes a 
high surface temperature and a large radiation loss from the surface during the stirring period. Our practical 
experience shows a heat loss of 1.0 °C/min. The radiation loss that can be calculated from the measurements in 
f ig 14 is of the same magnitude. There is also a dynamic effect: During stirring heat is lost by heating the slag. 
After the gas stirring part of this heat is regained as the steel is in contact with a preheated slag. 

In the diagram below the dynamic effect is calculated using SCHMIDT integration for the slag layer and 
radiation from the surface. At the start of stirring the surface temperature of the slag is estimated to be the 
measured temperature " CAS in" in figurel4. The slag temperature is estimated to display a linear variation from 
the surface to a steel temperature of 1600 °C. During stirring the slag is estimated to the temperature given as 
"CAS Stirring" in the same figure and with a similar linear gradient. As in figure 15 the effect is shown as the 
accumulated temperature difference from an unstirred ladle. 
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Fig 16. Effect of transient conduction in slag 

Appendix 4: STRATIFICATION I N L A D L E 

The picture below shows measurements in a 7 ton ladle at MEFOS (5). The measurements were made with 
thermocouples penetrating into the steel from the ladle wall. The numbers 1,2 and 3 refer to thermocouples at 
top, middle and bottom. 

T, °C 

1700 

1600 

1500 

0 5 10 15 20 25 
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Fig 17. Stratification measurements in 7 ton Ladle at MEFOS (5) 

The stratification is fast at the beginning and then seems to flatten out gradually. In the gas-stirring period the 
stratification disappears and after the end of gas stirring (and a short calming down period) it starts to rebuild 
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again at approximately the same rate. From the diagram the stratification seems to approach an asymptotic end 
value. For this reason an exponential model was built. 
The following expression was used: 

C —C 
f~i S~1 _ ^end 

end 

Where: 
G: 

Gstart-

Gend'-

Gholding' 

time: 

Vertical gradient, °C/m 
Value of G at start of holding t, °C/m 
Equation constant = value of G after an unlimited holding time, °C/m 
Equation constant = Time constant., m i n 1  

Time in minutes 

Parameter fitting for the MEFOS trials gave the following results: 
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Fig 18. Evaluation of constants f rom the MEFOS experiments 

Similar data from SSAB's ladles are shown in the main text. 

Most data published from calculations made in Phoenix and similar models show that the stratification is not 
homogeneous, but that the gradient is much more steep next to bottom. (6,7,8). The following factor was defined 
to correct for the non-linear stratification: 

Cbottom= (mean temperature-bottom temperature)/(Surface temperature - mean temperature) 

Using the isotherms shown by O. J. Ilegbusi and J. Szekeley (7) the constant C b o t t o m was estimated to 
approximately 2.0. 
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Appendix 5: " T A N K I N SERIES" MODEL FOR TUNDISH W I T H WALLS. 

The internal walls cause a physical separation within the tundish. The best result is obtained i f we use these 
natural divisions and then subdivide as shown below. The diagram compares the model with results from tracer 
element studies 
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Fig 19. "Tanks in series" model. Test on tundish with internal walls. 
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Appendix 6: D E C I S I O N PROCESSSES I N EXPERT S Y S T E M 

Part of the decision tree "Break the cast sequence or switch ladle " is shown 
as an example. 

f -\ 

Time 

(min) 

< =5 min >5 min " 
Present temperature (°C) 

<1534°C 

A D V I C E 1 

Wait and see 

Do nothing during 

the first 5 min. 

I 
Last ladle i n sequence? 

Decision tree 
continues  

NO 

Is the following 

ladle in the tower 

A D V I C E 2 
Wait and see 

Low temperature but last ladle/ 

in sequence 

NO YES 

Steel weight in the ladle (ton) 

1 1 
< 1 ton 1 - 20 ton > 20 ton 

^ - ^ A D V I C E 
f Switch in next ladle \ 

V Very low temperature!! J 

I I \ 
Decision tree continues. 

D A T A 

FOR NEXT 

L A D L E 

Figure 20. Part o f decision tree 
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Appendix 7: Expert system. Implementation of temperature model. 

(Examples of results) 

Heat number XI900 X1901 X2292 

Heat weight, tonnes 107,2 105,5 108,2 
Ladle temperature, °C 800 700 
Time CAS-OB - C/C start, minutes 13 13 12 
Temperature out from CAS-OB, °C 1583 1583 1592 
Remaining steel in Tundish from the previous heat, tonnes 6 11 0 
Temperature of remaining steel, °C 1553 1547 
Spontaneous opening of ladle Yes Yes Yes 
Casting Time, minutes 44 44 42 

Heat number in sequence 8 9 6 
Heat number on Tundish 2 3 1 
Cleaning of submerged entry nozzle, minutes from start No 9,5 No 

A: Good fitting of temperature model 

T, °C X1900 
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B: Less perfect fitting of temperature model 
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I • 
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Figure 21. Calculated and measured tundish temperatures. (Examples) 
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Abstract 
A numerical simulation model for the prediction of lining and steel temperatures in ladles is 
described. The model is based on a finite difference method, and calculates the effect of 
transient heat transfer represented by heat conduction in wall, bottom and cover, radiation 
heat transfer and convection. It is used as a tool in the development and updating of simple 
models for process control and to get decision data. In a practical application methods are also 
needed for regular updating of the numerical simulation model. A simple technique based on 
cooling experiments is described. Experiments have been carried out on the production ladles 
at SSAB TUNNPLÅT AB in Luleå with two types of lining. The results show that a good 
agreement is reached and that the technique could be used for updating, e.g., when new 
materials are introduced. A case where the lining was modified by sculling was studied. The 
verification technique is simple enough to be convenient for regular use in a production plant. 

Keywords: Process control, Ladle, Temperature, Numerical simulation, Temperature models, 
Transient conduction 
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11ntroduction 

1.1 Background 
Good knowledge of the heat transfer phenomena in ladles, especially the thermal content of 
ladle linings, is necessary in the improvement of the time -temperature control. Models for 
numerical simulation of the transient heat transfer are a powerful tool for reaching that goal. 
These models must be general and powerful enough for a detailed calculation of complicated 
heat cycles. On the other hand, the handling and calculation must be simple and fast, so that 
extensive series of simulation may be produced with limited effort and time consumption. 
One model of that type is the computer program TEMPSIM, which is specially designed for 
modelling of heat transfer in steel ladles. 

A potential use for such a model at SSAB Tunnplåt AB in Luleå is the updating of the 
adjustable constants in the heat loss equations of the production control systems. This is of 
interest, e.g., when new lining materials are introduced. One problem is that the data on the 
thermal properties of the materials in their working environment are not always exact enough. 
Also, the properties can change due to interaction with metal and slag. Thus, for this 
application there is a need for a standard method by which the adjustable constants can be 
updated by simple plant experiments. 

During the development period, the TEMPSIM calculations were verified by experiments 
with thermocouples inside the lining, as well as with well controlled experiments with liquid 
steel in the ladle. These techniques are far too complicated for use as a standard method for 
updating. Instead a simpler verification technique is needed. The objective of this study is to 
find and demonstrate such a practice. 

1.2 Work done by others 
In order to know the thermal contents of linings of steel ladles, a considerable number of 
investigations were carried out by many researchers resulting in a great volume of literature. 
A review over the literature showed that roughly two kinds of methods were used in the 
investigations. One method is direct measurement of lining temperatures of steel ladles 1 - 1 0 ^ 
another one is mathematical model simulation 1" 6 ' 1 0" 1 7 ) . T n addition, previous publications also 
showed that mathematical modelling exhibited more advantages over the direct measurements 
of lining temperatures. Mathematical modelling is convenient, efficient and flexible. Any 
modification of ladle conditions such as changes in operation and in lining materials including 
occasional formation of ladle scull can be easily accounted for in mathematical models simply 
by correcting parameters. On the contrary, the direct measurement method, which always 
encounters more or less practical difficulties in implementation, is inconvenient, sometimes 
time consuming and inflexible to the varying conditions of steel ladles. Nevertheless, some 
practical measurements are necessary in validating the mathematical models, because 
mathematical models must be verified by a certain number of direct measurements. 
Consequently, mathematical model simulations with verification by experimental 
measurements have been widely carried out with many models of different types. Generally, 
nowadays there are about three types of mathematical models for simulating heat transfer in 
steel ladles, namely: A) the numerical model based on finite difference method 1 " 6 ' 1 0 " 1 6 )

j B) the 
energy balance model ) and C) the fuzzy knowledge model. 1 3 ) 
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Among these types of models, those based on the one-dimensional finite difference method 
are presently the most developed and used by a large number of researchers. For instance, 
Tomazin et a l 2 ) developed a numerical model of this type to study the influences of ladle 
lining temperatures on the compensation of tapping temperature of steel. Mucciardi n ) used 
the computer software FASTP to study the distributions of energy losses from liquid steel to 
ladle lining and to the environment both for regular ladles and for insulated ladles, with and 
without cover. Chen and Wang 1 4 ) established their numerical model to find an optimum ladle 
preheating schedule. They also used the thermal state of the ladles to determine the target 
value of the blow-end temperature of the converter. Olika and Björkman 5 ) used a ladle heat 
transfer simulation package TEMPSIM to predict both the lining temperature and the steel 
temperature in 105 tonne production ladles. Liu et a l 1 7 ) did a two-dimensional finite 
difference numerical analysis on 701 production ladles to explore the optimum thermal 
conditions for steel ladles in circulation in steel works. Satisfactory predictions were obtained 
by using all these numerical models, which showed a good agreement with the measured data. 

In addition to the numerical methods which were mostly used in the modelling work, 
analytical methods for solving the heat transfer equations were also adopted by some authors. 
Rees et a l 1 2 ) conducted both analytical solutions and numerical simulations on heat transfer in 
composite ladle walls. The proper insertion of an insulating layer was studied which provided 
valuable knowledge for ladle design. Fredman and Saxen developed an analytical solution 
on the heat transfer in "thermally lazy" outer lining layers and a numerical solution on the heat 
transfer in "thermally active" inner lining layer (i . e. working lining). In this approach the 
dynamic behaviour of thermal storage in the working lining of steel ladle can be closely 
simulated. 

Furthermore, some numerical models were developed with a wider scope of applications. 
Hlinka et a l 1 6 ) established a numerical model that can simulate not only the heat losses 
through ladle lining but also the stratification phenomenon of steel melt in the ladle. Zoryk 
and Reid 4 ) developed a numerical model that can simultaneously on-line track the thermal 
states of multiple ladles. In application, this model is normally combined with another model, 
the on-line steel temperature flight-path model. Consequently, the steel temperature in ladles 
can be successfully predicted with an average of 86% of the predictions with errors falling 
within ±5 °C. 

Different attempts have been made to verify the calculations with measurements in production 
ladles. The most common method seems to be thermocouples buried inside the lining l \ This 
method gives a good verification of the actual temperature in the lining, but at the cost of 
considerable time and effort. An easier method is to use pyrometers to measure the 
temperature of the hot face and/or the cold face 1 , 5 ' 1 4 ) . This is more easily performed but gives 
somewhat less information. Temperature measurements in the liquid steel were used in some 

1,5,10,16) 
cases . 

1.3 Scope of the work 
TEMPSIM is a valuable tool for development and calibration of process control models. For 
this purpose a tool is needed for verifying the model, e.g., when different lining materials are 
used. When the TEMPSIM model was developed the verification was done by means of 
buried thermocouples and by measurement in the liquid steel. Both methods provide an 
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accurate verification. However, controlled experiments with these techniques would be too 
complicated and time-consuming for the practical purpose of this study. Measurement of cold 
face temperature is a comparatively simple method, but was not considered significant enough 
for use as the only method. Therefore, measuring the hot face temperature of ladle lining was 
adopted as the main strategy for validating the model established in this work. 

This study describes the present status and features of the TEMPSIM model for ladle and steel 
temperatures. A practical verification techmque is then described, based on simple cooling 
experiments in empty ladles. With this method measured values of the temperature of ladle 
lining are obtained, which can be compared with predicted values from the model. Two types 
of lining have been studied by experiments in the steel plant. One case is an alumina lining 
which is heavily influenced by interaction with slag and steel, and the other case is a lining of 
spinel bricks. In the first case the lining was heavily modified by interaction with liquid steel 
and slag. A special study was made of the properties of the modified lining and the calculated 
properties were used in the simulations. 

2 Ladle heat transfer modelling package — TEMPSIM 

2.1 Scope of the model 
TEMPSIM is specially designed for modelling heat transfer in steel ladles at any stage during 
ladle operation cycles. Presently, it can simulate the following heat transfer phenomena 
occurring in a ladle operation cycle: 

- Heat transfer during cooling (cleaning and nozzle preparation) of an empty ladle 
after last casting operation; 

- Heat transfer during preheating of an empty ladle; 
- Heat loss during tapping of steel from a primary furnace into a ladle; 
- Heat balance in a ladle holding steel melt; 
- Heat transfer through linings of ladle and cover; 
- Heat transfer through top slag layer including melting and solidification of the slag; 
- Heat exchange during ladle metallurgy such as vacuum treatment and re-heating; 
- Heat effects of additions (e. g., alloying and de-oxidation); and 
- Heat transfer in ladle with changing melt level during continuous casting. 

The following sections describe the fundamental theories on which the TEMPSIM model is 
based and the general form in which it is constructed. 

2.2 The Model Theory 

Theoretically, TEMPSIM is set up based on solving basic heat transfer equations representing 
heat conduction, convection and radiation taking place in a steel ladle. By using a numerical 
method (the finite difference method), it calculates (a) heat balance of steel melt in ladle, (b) 
heat conduction through linings of ladle and cover, (c) heat radiation in the empty space 
enclosed by ladle and cover and (d) heat convection at the solid/gas interfaces including 
natural convection of heat from outer shell surfaces of ladle and cover to the atmosphere. 
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2.3 The ladle geometry 

The ladle geometry simulated by TEMPSIM can be cylindrical, conical or a combination of 
both. The ladle lining consists of bottom and side wall being defined by regions, for which the 
material name, density, heat conductivity, specific heat capacity, thickness and height of the 
lining used in each region must be specified. Totally four lining regions can be defined for a 
ladle, with region 1 standing for the bottom and regions 2 - 4 for the side wall. Figure 1 
shows such definitions. A lining wear can be prescribed for each region. 

The lining regions defined in such a way also serve as temperature regions. However, when a 
ladle is filled with melt, any one of the lining regions 2 - 4 is divided into two temperature 
regions, depending on the melt level. Thus, five temperature regions are formed and are also 
illustrated in Figure 1. 

The ladle wall can ultimately be divided into five different layers, i.e., a shell plate, ceramic 
fibre, insulating lining, safety lining and working lining (cf. Figure 1). The ladle wall 
thickness, measured from the outside to the inside, is further divided into sub-layers. These 
sub-layers are the elements used in the finite difference numerical method to solve the heat 
conduction equation and calculate the temperature profile in the ladle lining. In the 
calculation, each sub-layer is assumed to have a uniform temperature that is defined at the 
centre of the sub-layer. 

2.4 Heat balance in steel melt in a ladle 

TEMPSIM assumes the liquid steel in a ladle to have a homogeneous temperature. A heat 
balance equation can therefore be written for the steel melt held in the ladle during a short 
time interval as 

rp rpQ 

-rrr s~< sleel steel f , f , /") /") ( 1 \ 

steeV^sleel 4̂  — xiinpul ~ xioutput ~ i£sleel-lining ~ xisleel-slagV •*• / 

where W s t e e l is the total weight of liquid steel (kg); C s t e e l is the specific heat capacity of liquid 
steel (J/kg-K); At is the time interval or step (s); T s t e e l is the present temperature of liquid steel 
(K); T° s t e e I is the old temperature of liquid steel at last time step (K); Q i n p u t is the heat coming 
from the heating elements such as electrodes and from exothermic chemical reactions taking 
place in steel such as de-oxidation reactions (W); Qoutput is the heat consumed by cold 
additions (e.g,. alloys and scrap) and by endothermic chemical reactions (W); Qsteei-iining is the 
heat loss rate from steel to ladle linings (W); and Qsteei-siag is the heat loss rate from steel to top 
slag(W). 

2.5 Heat conduction in linings of ladle and cover 
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TEMPSIM uses the finite difference scheme to numerically solve the heat conduction 
equation for the linings of ladle and cover. One-dimensional transient heat conduction is 
considered. The model assumes that the heat flux is perpendicular to the boundaries of each 
element (sub-layer) of the lining. Each element has a uniform thickness, but can have different 
inside and outside areas. The latter feature is justified both by the curvature and by the 
geometry at the corner between the bottom and the cylindrical wall (cf. Figure 1). Figure 2 
depicts of such formulation, where Ax i 5 T i 5 Q and X-, stand for, respectively, the thickness (m), 
temperature (K), total heat capacity (J/K) and heat conductivity (W/m-K) of the lining sub
layer element z; and A; is the cross section area between sub-layer elements z'-l and i (m 2). 

By using the finite difference method (cf. Figure 2), the temperature of a sub-layer element i 
can be calculated by 

where Tj is the present mean temperature of the sub-layer element z (K); T°j_i Tj° and T° i + 1 are 
the previous mean temperatures of sub-layer elements i and z'+l ( K ) , respectively; and ßj. 
i , ß ; and ß i + 1 are coefficients corresponding to sub-layer elements z'-l, i and z'+l, respectively, 
which can be derived from the following expressions: 

Ä 4 = 

ßM = 

2A, 
Ax,_, Ajc,-

+ -
4-1 K 

Ax, + AxM 

4 4+1 

Equation (2) is numerically stable as long as 

lAt-ßil < 1 

2.6 Heat radiation from solid surfaces 
Radiation heat transfer can occur in the empty space inside the ladle and above the melt i f the 
ladle holds steel. Top and bottom surfaces of the space are considered to be parallel and 
circular, and any number of side surfaces can be used. A l l lining surfaces are assumed to be 
black bodies. Therefore, the radiation heat flow rate from the black body surface i to another 
black body surface j is: 

Q^S^-T*) ( 3 ) 
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where Qy is the radiation heat flow rate from surface i to surface j (W); Sy is the direct 
exchange area between surfaces i and j (m 2), which can be calculated by using the concept of 
a so-called view factor that is solely dependent on the ladle geometry; T s i and T s j are 
temperatures of surfaces i and/" ( K ) , respectively; and a is the Stefan-Boltzmann constant 
(5.67xl0"8 WW-K" 4 ) . 

2.7 Heat convection at the solid/gas interfaces 

At the inside surfaces of linings of ladle and cover and the top surface of slag layer, the 
convection heat flow can be calculated as 

QCOM = Ascc{TS - TGW) ( 4 ) 

where Q c o n v is the convection heat flow rate (W); A s is the area of solid surface (m 2); and a is 
the heat transfer coefficient (W/m 2-K) which can be calculated as 

a = 1.4 T -T 
s gas 

0.25 

where T s is the temperature of solid surface (K) and T g a s is the temperature of the gas phase 
(K). 

At the outer shell surfaces of ladle and cover, a heat balance equation can be formulated for 

the shell as 

rp rpO 

''shell ^shell — Alining xiradi )dcom 

where W s h e „ is the weight of shell plate (kg); C s h e l l is the specific heat capacity of the shell 
(J/kg-K); T s h e I 1 is the present temperature of the shell (K); and T ° s h e l l is the previous 
temperature of the shell at the last time step (K). 

In addition, Q ! i ni ng is the heat flow rate (W) conducted from lining to shell that can be 

calculated by the equation 

Qiining = Ax-ax- (T, — Tshell) 

where A, and TX are the area (m 2) and temperature ( K ) , respectively, of the first lining sub
layer next to the thin ceramic fibre layer which is contacting with the shell plate; and a x is the 
overall heat transfer coefficient (W/m 2-K) among these layers and can be derived from the 
following equation: 
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«1 = 
^ shell , fibre + . A X 1 N 

V ̂ Khell Afibre ^Å, 

where Ax s h e l I , A x f l b r e and Ax! are thicknesses (m) of shell plate, ceramic fibre and the first 
lining sub-layer, respectively; and X s h e l h A^ l b r e and X} are the corresponding heat conductivities 
(W/m-K). 

Q c o n v is the natural convection heat flow rate (W) from the shell surface to the atmosphere and 
is calculated by equation 

Qconv ~ A-shell ' a s ' ijshell ~ ^amb ) 

where A s h e l | is the area of shell surface (m ) and is the ambient temperature (K). 

a s is the natural convection heat transfer coefficient (W/m -K) and can be estimated from the 
following equation 

10.25 
a s — & s ' \Tshell TAMB i 

Furthermore, Q r a d i is the heat flow rate (W) radiated from the shell surface to the atmosphere 
and is derived as 

Qradi ~ ^ shell ^^ij"shell ~ ^Lmi) 

where s is the emissivity of the shell surface. 

2.8 Heat transfer in top slag layer 

The slag model of TEMPSIM assumes that the top slag is comprised of two kinds of slag, 
namely, liquid and solid slag. The stirring intensities acting on the slag are considered to be 
either moderate or violent. The moderate stirring condition keeps both the solid slag and the 
liquid slag in layers with the former floating on the top of the later. For the violent stirring, the 
solid slag and liquid slag are assumed to be mixed well enough forming a single slag layer. 

Under the moderate stirring condition, the heat transfer from steel to the solid slag layer can 
be approximately expressed by the equation 

— T -T 
Qsleel-slag = ^Is^ls 

where T l s is the temperature of liquid slag (K); T s s is the temperature of solid slag (K); Åls is 

the average heat conductivity of solid and liquid slags (W/m-K); Az l s is the distance between 
centres of solid and liquid slag layers (m); and A l s is the area of the interface of solid and 
liquid slag layers. The liquid slag is assumed to have a linear temperature distribution through 
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the whole layer thickness. Thus, the mean temperamre of the liquid slag is then calculated as a 
mean of the steel temperature and the liquidus temperature of the slag. 

Consequently, a heat balance equation can be written for the solid slag layer as 

^ss^ss ^ ~ Qsleel-slag ~ Qslag-air ~*~ ^slag ~~L ( ) 

where W s s is the weight of solid slag (kg); C s s is the specific heat capacity of solid slag 
(J/kg-K); H s , a g is the fusion heat of slag (J/kg); Q si ag. a i r is the heat loss rate from the surface of 
solid slag layer (W), which can be calculated by using equations (3) and (4). 

The rate of melting of solid slag and of freezing of liquid slag is calculated from the energy 
transported to and from the slag. The power lost from liquid slag to the solid slag, at a given 
time interval, is equal to the stun of powers used to heat solid slag, melting it and lost from the 
top surface of solid slag, as implied by equation (5). 

Under the violent stirring condition, solid slag and liquid slag are strongly mixed. Therefore, 
equal temperature is considered for both steel and liquid slag, and the mean temperature of 
solid slag is assumed to be at its maximum, which is the liquidus temperature of the slag. The 
top surface temperature of the slag layer is assumed to be the mean temperature of liquid slag. 

2.9 Auxiliary models 

In order to develop TEMPSIM into a general purpose model that can simulate the whole ladle 
operation process, i.e., from the preparation of an empty ladle (e.g., preheating) to the end of 
casting, some auxiliary heat transfer models such as preheating model, tapping model and de-
oxidation model as well as ladle metallurgy model (e.g., vacuum treatment with heating 
electrodes), etc., are also required. They are established in TEMPSIM as sub-models. A 
detailed description of these auxiliary models can be found elsewhere1,1 \ 

2.10 The Structure of TEMPSIM 

Generally, TEMPSIM is constructed with three programming parts, namely, INPUT, 
CALCULATION and OUTPUT, as illustrated by Figure 3. The INPUT part is open for users 
to define the simulation conditions. This part is constructed with a menu system, where data 
input is carried out via forms (direct input) or from a data file. Al l inputs are performed in this 
part and can generally be classified as: 

1. The geometry of ladle and cover (with or without heating electrodes) 
2. The amounts of input materials such as weights of lining refractory, steel and slag 

as well as other additions 
3. The amount of input energy (from preheating burner and/or from re-heating 

electrodes) and the initial values such as temperatures of input materials 
4. The thermal physical properties of materials 
5. Other parameters which are used for example for specifying some ladle operations 

such as preheating with a burner, tapping of steel from a primary furnace into a 
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ladle, additions of alloys, de-oxidation and slag former additions, re-heating with 
electrodes, and emptying steel into a casting mould. 

6. A procedure list describing the ladle operation flow as a function of time 

The CALCULATION part solves heat transfer equations, using the finite difference numerical 
method. The following parameters are calculated by this part: 

1. Mean temperatures of steel melt, liquid slag and solid slag 
2. Temperature profiles in linings of ladle and cover 
3. Heat losses through different regions of linings of ladle and cover and through the 

top slag layer 
4. Weights of steel, liquid slag and solid slag, and 
5. The inside volume of the ladle (at different lining wear conditions) and height of 

the steel bath as well as the thickness of liquid and solid slag, etc. 

Finally, the OUTPUT part gives results corresponding to time in the form of tables and/or 
diagrams. This part of TEMPSIM has two major functions: namely, 1) directly listing input 
data and calculated results on screen or to printer and 2) storing the results in a temporary 
result file that can be treated later on. A l l types of results can be output completely or 
selectively as the user desires. Typical outputs of TEMPSIM are temperatures, energy losses, 
weight of materials and geometrical parameters. Furthermore, the output of results as a 
function of time can also be coupled with the corresponding ladle operations. This type of 
output, e.g., variation of steel temperature with time, is very useful as the effects of ladle 
operations (e.g., heating and alloying, with and without cover, etc.) on the temperature of steel 
melt in ladle can be explicitly revealed. 

3 Determination of the properties of slag scull 
The thermal properties of the lining are modified by reactions with steel and slag. The 
mechanism can be infiltration, partial solution and/or build-up. In many experiments in this 
study the ladle wall was covered by a scull consisting of frozen steel and slag phases. This 
scull reached a thickness of up to 50 mm. In the simulations it has to be treated as part of the 
lining. To determine the thermal properties of such a scull, samples were taken at a ladle 
relining. The samples were taken halfway up from the bottom and at an angle of = 45° 
relative to the position of the trunnion. The photograph in Figure 4 shows the structure of two 
relatively thin pieces of scull (= 25 mm). The scull seems to be a complex three- dimensional 
structure of steel (light in the picture) and a slag phase (dark in the picture). 

An analysis in a SEM-EDAX equipment showed that the main component of the slag phase 
was A1 2 0 3 . The analysis also showed some Fe, but this reading may be caused by metal phase 
under the surface. For this reason no statement is made on the exact Fe-content of the slag 
phase. The mean A1 2 0 3 - content of the slag phase could be calculated to approximately 80 %. 
In the calculations in this section i t has been assumed that the thermal properties of the slag 
phase are the same as those of the limng material with 80 % A1 2 0 3 in Table 1. 

To determine the mean metal content two big pieces were weighed, the volume was 
determined by water-dipping and the density was calculated. A content of metallic iron of 
21.7 % and 32.7 %, respectively, was calculated using the densities of the pure slag and metal 
components. 
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The thermal conductivity was determined on cylinders that were cut out with the axis 
perpendicular to the lining surface. Two cylinders were taken from each piece and the 
conductivity parallel to the axis was measured. The results are shown in Figure 5. One 
problem was that the individual elements of the metal phase were irregular and big compared 
to the sample size. This caused a variation in the conductivity between the test cylinders. The 
standard procedure is to use the mean value of the two cylinders. In Figure 5 the individual 
measurements are plotted to give an impression of the accuracy. 

The measured conductivity is valid only at room temperature. A temperature dependent 
conductivity is needed for the models. The conductivity of a composite can be computed by 
means of the "homogenisation" theory i f the structure and the properties of the components 
are known. Such a calculation is very complicated and involves a more detailed knowledge of 
the physical structure. However, two extreme cases can be described by simple relations: 
serial conduction and parallel conduction. These are illustrated in Figure 5. For these two 
cases the following formulas apply: 

kparallell = m i k l + m 2 k 2 ( 6) 

K 

k , k 1 

" m, m, ( 7 ) 

where 
kparaiieii= the mean thermal conductivity for an aggregate of material #1 and material #2 
arranged in parallel as in Figure 5, 
^series= the mean thermal conductivity for an aggregate of material #1 and material #2 
arranged in series as in Figure 5. 
k j and k 2 = the thermal conductivity of material #1 and #2 
m x and m 2 = the volume fraction of material #1 and #2 

The conductivity at room temperature for these two cases was calculated and has been 
included in Figure 5. In reality the aggregate is a complex mixture of undefined character. For 
such a mixture the mean thermal conductivity, k, is somewhere between the two extremes 1 9 ) : 

^series - k - ^parallell ( 8 ) 

As can be seen in Figure 5 this is true also for the measured conductivity of the slag scull. To 
estimate the conductivity of the intermediate structure, the arithmetic and geometric means of 
knjea,, and k p a r a l l e I 1 have been included in the diagram. The geometric mean seems to give the 
closest approximation to the measured data. It has been chosen as the best guess considering 
the accuracy of the data, i.e.: 

K " 1 1 ( 9) 
+ 

k k 
series parallel 
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The Equations (6), (7) and (9) make it possible to calculate the temperature-dependent 
thermal conductivity of the scull from the thermal conductivity of its components. The 
density and the heat capacity can be calculated as weighted means of the properties of the 
components. The temperature dependent properties of a slag scull with 32.7 wt % metallic 
iron have been calculated and included in Table 1. The thermal properties of the slag phase 
were assumed to correspond to those of a lining material with 80 % A1 2 0 3 in Table 1. The 
conductivity of the steel phase was interpolated or extrapolated from the following data: 52 
W/m,°C at 0 °C, 52 W/m,°C at 800 °C and 31 W/m,°C at 1300 °C. The density and heat 
capacity of the metal were estimated to be 7800 kg/m3 and 787 J/kg °C, respectively. 

4 Measurements and simulations of the cooling of production ladles 
after casting 

4.1 General data of the steel plant and ladles. 
The main body of the experimental work has been carried out on production heats in the steel 
plant of SSAB TUNNPLÅT AB in Luleå. The steel is made in two 107 tonne BOF 
converters. It is cast in two slab casters (C/C #4 and #5). The ladle treatment is done in a CAS 
-OB plant situated just before the slab casters or in an RH plant situated after BOF # 1. After 
casting the ladles are transported back to the ladle maintenance station. In this unit, 
inspection, nozzle repair and sanding are done. Depending on the production schedule they 
are either transported directly to BOF tapping or put under burners to retain their heat. 

This work includes production data and experiments from the period 1993 - 1997. Two 
different designs have been used, because of a change in the ladle design during the first 
months of 1996. These are shown in Figure 6. During the period considerable efforts have 
been made to improve the limng behaviour. Thus, different lining materials have been in use 
from time to time, especially in the wear lining. Table 1 shows data on the thermal properties 
of the materials that have been used in the ladles during the course of the work. 

Initially the bottom lasted the whole campaign. After the introduction of the spinel lining, the 
life of the wall lining has been increased to approximately 80 heats and outlasted the life of 
the bottom, so there was a bottom change after approximately 50 heats. 

4.2 Measurements and simulations on open ladles after casting 

4.2.1 Measurement 

The cooling of the ladle wall was followed by intermittent measurement of the surface 
temperature with a manual radiation pyrometer. The measurement was made in three points at 
the ladle wall and in one point at the bottom. The positions of the measurement points are 
shown in Figure 7 a. The measurements for the "high" position were made 0.5 -1 m from the 
top, for the "middle" position halfway up and for the "low" position 0.5 -1 m from the 
bottom. The measurement for the "bottom" position was made on the bottom 0.5 - 1 m from 
the wall. The latter position was the only one that was physically possible for the operators. 
The distances are manual judgements, not actually measured distances. 
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The experiments were carried out in such a way that the decrease in surface temperature could 
be followed up to 10 h. The first measurements were made directly after casting and during 
transport. Then, the ladle was positioned close to a bridge in the steel plant, from which the 
operators could measure the temperature in all four measurement points. For production 
reasons, only ladles that were taken out of service could be studied. This generally happens at 
the end of the campaign, which gives an överrepresentation of old ladles. For the alumina 
ladles it was possible to get some data on younger ladles by using the occasions when the 
steel plant was closing for a summer stop. For the spinel ladles the life of the wall exceeded 
that of the bottom, and it was possible to carry out measurements on middle aged ladles when 
they were taken out of service for bottom change. 

4.2.2 Simulation 

TEMPSIM was used to predict lining temperatures of the ladles on which the above 
mentioned experiments were carried out. The geometrical dimensions corresponded to those 
of Figure 6 a for alumina ladles and Figure 6 b for spinel ladles. The wall above the bottom 
was divided into two regions with a height of 1.586m and 1 m respectively. Above that there 
was a 0.65 m region of MgCr, which was divided approximately in the middle by the steel 
surface. Calculations were made for a new lining and for a wear corresponding to 1/3 and 2/3 
of the wear lining. This corresponds to a wear of the ladle wall of 50 mm and 100 mm, 
respectively, and a bottom wear of 80 mm and 160 mm, respectively. The wall of a new ladle 
was divided into 10 subdivisions, 2 for the safety lining and 8 for the wear lining. In a worn 
ladle the number of subdivisions was manually decreased, so that the thickness of the 
individual subdivisions was approximately the same. The ratio between the wear and the 
original thickness of the wear lining was assumed to be 1/3 for a middle aged ladle and 2/3 for 
an old ladle. (A direct measurement of the wear was not possible.) 

The lining regions used in the TEMPSIM calculations are not identical to the positions of the 
temperature measurements. In Figure 7 a these positions are compared. The following 
conversions have been used when the measured values are compared to those calculated by 
TEMPSIM: the temperature of the "Bottom" position corresponds to Temperature region 1 
of TEMPSIM. Measurement position "Low" corresponds to calculated Temperature region 
2. The temperature corresponding to measurement position "Middle" is calculated as the 
arithmetic mean of the temperatures calculated for Temperature region 2 and 3. Measurement 
"High" corresponds to Temperature region 4. 

To get a reproducible starting condition every simulation was preceded by 20 standard cycles 
with the following schedule: 107 tonne of steel and 1 tonne of slag was tapped into the ladle 
during 5 minutes. The temperature of the steel arriving into the ladle was 1675 °C. The ladle 
reaches the caster 63 minutes after tapping. The ladle was assumed to be under cover between 
the 20th and the 50th minute, corresponding to the time used for CAS-OB treatment. The 
casting lasted 47 minutes. A cover was put on at the start of the casting and lifted off 1 
minute after the end of casting. This cover was assumed to be moderately hot with a standard 
temperature profile that was stored in the program file. The ladle was then allowed to cool 2 
hours between the end of the casting and beginning of the next tapping. After the final casting 
the ladle was allowed to cool down without lid for 10 hours. 
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4.2.3 Results and comparison between predictions and measurements. 

A summary diagram of measured and calculated lining surface temperatures during long term 
cooling of ladles is shown in Figure 8. The diagram shows the decrease in the surface 
temperature measured at the middle position as a function of time. Data are included from 7 
heats with alumina (80% A1 20 3) and 4 heats with spinel in the ladle wall. The ladle design 
corresponded to Figure 6 a for the alumina ladles and to Figure 6 b for the spinel ladles. 
Ladles with different lining and different degree of wear have been separated by different 
symbols. The following definition has been used to separate ladles of different wear: "New 
ladle" = the first 25 heats, "Middle-aged ladle" = 26-50 heats and "Old ladle" = more than 
50 heats. 

The alumina ladles show a much faster cooling than the spinel ladles. The difference is 
expected because of the different material properties. The thermal conductivity of the spinel 
ladles is higher than that of the alumina ladles. This gives a higher rate of heat transfer from 
the hot layers beneath the lining surface, whereas the heat loss from the surface is unaffected 
by the conductivity within the brick. Because of this the temperature decrease of the surface is 
slower with the higher conductivity. After a long cooling time (more than 3 hours) the old 
altrmina ladles seem to cool faster than the younger ones. Otherwise, the effect of ladle age is 
within the range of accuracy. 

The diagram in Figure 8 also includes one cooling curve calculated by TEMPSIM for a ladle 
with a working lining of 80 % A1 2 0 3 in the wall. The wear of the ladle wall was assumed to 
be 50 mm. The calculated cooling rate is faster than the measured ones for both spinel and 
alumina. The difference from the data measured for the spinel ladles is probably due to the 
high conductivity of the spinel bricks. The difference from the data measured for the alumina 
ladles may be explained by the fact that these ladles are covered with a ladle scull which acts 
as part of the lining, and that this scull has a higher conductivity than the original brick. 

To study the mechanism behind the differences, calculations were made on individual cases. 
Some examples are shown in Figure 9 -11. In these diagrams the temperatures in all the four 
measurement points are compared with values from the TEMPSIM calculations. Figure 9 a 
shows 10 hours of cooling for a relatively new ladle. The ladle had been in production for 36 
heats. The average lining life at that time was approximately 70 heats for both bottom and 
wall. It was lined with a wear lining of 80% A1 2 0 3 and a bottom of cast spinel. The ladle 
design corresponded to the one in the left hand part of Figure 6. At that time the slag was 
comparatively rich in A1 2 0 3 , which gave a tendency for sculling. In the calculation the wear of 
the ladle wall was assumed to be 50 mm, and the bottom and the wall below the slag-line 
bricks were assumed to be covered by a 25 mm thick scull. The ladles cool down to 
approximately 400 °C during the 10 h. The bottom is hottest, and the temperature of the wall 
is highest close to the bottom and lowest close to the surface. The measured values from the 
first hour seem to be higher than the calculated ones, but from that time calculated 
temperatures seem to agree comparatively well with the measured values within the accuracy 
of the data. However, the temperature measured at the bottom is generally somewhat higher 
than in the calculation. 

The cooling rate of the ladle was decreased by the introduction of the scull. The main reason 
is that the thermal conductivity is higher than that of the original lining, cf. the explanation for 
the discussion of the difference in steel temperature decrease between alumina and spinel 
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ladles. Figure 9 b shows a similar comparison for another ladle. The agreement between 
measured and calculated data the first 5 hours is similar to those of Figure 9 a. After that the 
ladle tends to cool faster than expected from the calculation. One reason could be that the 
scull was thinner. In this case the ladle had been in production for 18 heats. According to 
practical experience the scull was thick enough to be visible to the naked eye after 
approximately 20 heats. A possible reason for the difference between measured and calculated 
temperatures could be that the scull is new and relatively thin. 

Figure 10 shows similar measurements for a ladle lined with a spinel brick with 10 % C. 
These ladles had a lining life of up to 90 heats and the bottom was exchanged once during the 
life-time. The measurement was made when the ladle was taken out of service for bottom 
exchange after 46 heats. I.e., the wall was middle aged, and the bottom was old. The cooling 
curves are similar. The cooling rate was lower than for the alumina ladles. This is mainly 
because the spinel brick with 10 % C has a very high thermal conductivity. Also the bottom 
was slightly colder than the lowest part of the wall, probably due to its larger wear. Also in 
this case a simulation made using TEMPSIM has been included. 50 % wear of the wear lining 
was assumed. The agreement is relatively good. 

4.3 Measurements and simulations on ladles with lid 
In some cases circular lids lined with ceramic material are used to slow down the cooling of 
the ladle. One of the experiments was designed to test the effect of such a lid. The ladle was 
lined with 80% A1 2 0 3 . It was taken out of service after the last heat of the lining campaign, 
and the cooling was followed by a manual pyrometer until 9 hours after the ladle had left the 
caster. 

A lid was put on 20 minutes after the ladle had left the slab caster and lifted off 2 hours later. 
During that period a "hanging" thermocouple was used to measure the ladle temperature. The 
arrangement is shown in Figure 7 b. The thermocouple tip was in a position corresponding 
approximately to the measurement point "low". It was also possible to make a measurement 
with the radiation pyrometer through a small irregular gap between the lid and the ladle. That 
measurement was approximately in the position "high". 

Figure 11 shows the measured temperatures. Immediately before putting on the lid the 
temperature difference between the position "high" and "low" is 86 °C. When the lid is put 
on the temperatures in the position "high" (radiation pyrometer) and the point "low" ( 
hanging thermocouple) converge towards each other, and the mean value of the temperature 
difference during the period with the lid on is 20 °C. When the lid is lifted off the 
temperatures start to diverge again. The temperature difference is 63 °C at the first 
measurement without lid, and 9 hours after the end of the casting it has increased to 107 °C. 

The measurement shows an increase in temperature when the lid is put on. This is due to the 
fact that the heat transport out of the ladle is decreased by the lid, whereas the heat flow from 
the hot layers below the lining surface is uninterrupted. When the lid is lifted off the 
temperature decreases and seems gradually to go back to an extrapolation of the original 
curve. 
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A simulation was made in TEMPSIM and the result has been included in the diagram. The 
calculated curve shows the same general behaviour as the measurements. The agreement is 
relatively good for the wear lining and the bottom. The measurement in position "High" 
shows a much more rapid cooling than the calculated one. A comparison with the primary 
data from TEMPSIM shows that this measurement instead shows a good agreement with the 
output for the section that was defined as "Temperature region 5" in Figure 1. This is the part 
of the slag line brick that is above the steel surface when the ladle is filled. One explanation 
could be that the measurement was made on a point that had been above the steel surface 
during the last heat. 

5 Discussion 

5.1 Effect of emissivity 
The TEMPSIM model assumes black body radiation of the inside surfaces, i.e., the emissivity 
is assumed to be 1.0. The real surfaces have an emissivity lower than 1. This can be a source 
of error. The effect would be that the calculated heat loss could be expected to be higher than 
the real one, especially at higher temperatures. The cooling curves in Figure 8-11 tend to 
show that the calculated surface temperature is lower than the measured one especially during 
the first hour when the temperature is high. 

The effect of the emissivity on the heat loss of the ladle is diminished by the fact that the heat 
is lost by the radiation through a hole, not directly from the lining surface to the surrounding. 
The inside of the ladle could roughly be estimated as a cylindrical hole with a flat bottom. The 
apparent emissivity of the opening of such a hole is shown in ref. 2 3 ) as a function of the ratio 
depth/radius. For the investigated ladle this ratio is approximately 2.5. In this case a decrease 
in the emissivity of the wall and bottom from 0.9 to 0.5 gives a decrease in the apparent 
emissivity of the opening from 0.98 to 0.81, i.e., a decrease in the inside emissivity of 44% 
gives a decrease of the radiation heat loss through the opening of only 18%. 

The extension into a fu l l grey surface model would mean a big increase in complexity and 
calculation effort. I f this is to be meaningful the emissivity of the lining surface at steel plant 
temperature must also be known. However very little data are available on the temperature 
dependent emissivity for the actual oxide materials of the lining surface. Data given for 
different oxides in ref. 2 3 ' 2 4 ) show a big difference between different materials, and there is a 
temperature dependence which can be of different size and direction for different materials. 
For example, the emissivity of pure A1 2 0 3 decreases from approximately 0.75 at room 
temperature to 0.3 - 0.4 at 1500 °C 2 3 ) , and the emissivity of pure iron oxide is around 0.8 and 
increases slightly with the temperature 2 4 ) . 

Also, the radiation pyrometer is calibrated for a certain emissivity, and the temperature 
measurements could be affected by a difference from the actual emissivity. During the 
experiments the pyrometer was set at a value of s = 0.8. It should be observed, that the 
radiation that is measured is the one leaving the opening. This means that the measurement is 
influenced by the apparent emissivity of the opening rather than by the local surface 
emissivity. An apparent emissivity of s = 0.8 corresponds to a surface emissivity of 
approximately s = 0.5 considering the geometrical effects mentioned above. 
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A practical test was made to study the sensitivity of the pyrometers to the emissivity. Several 
measurements in fast sequence were made on the same point on the ladle wall. The emissivity 
setting of the pyrometer was changed between the measurements. The range of those settings 
was from e = 0.5 to s = 0.85. For pyrometer 1 (used in the high temperature range) the 
average effect was a temperature increase of approximately 20 °C per 0.1 unit of emissivity. 
For pyrometer 2 (used in the low temperature range) the same parameter was 90 °C per 0.1 
unit of emissivity, i.e., that pyrometer is much more sensitive to differences in the emissivity 
setting. 

It should be noted that the radiation reaching the pyrometer is composed of both direct 
radiation from the measurement point and radiation reflected from other parts of the enclosure 
formed by wall + bottom + opening. Thus, the measured value could be expected to 
correspond to some kind of weighted mean between the temperatures at the measuring point 
and the temperatures of the other surfaces taking part in the radiation exchange. 

5.2 Influence of slag scull on the steel temperature 
The properties of the lining are influenced by interaction with steel and slag, and this also 
influences the steel temperature. To study this, some simulations on the effect of the ladle 
scull on steel temperature were performed. Ladles with 50 mm scull and ladles without scull 
were subjected to the same prehistory and the steel temperature was compared. The ladle scull 
causes a lot more heat loss in the steel. This can be expected as the thermal conductivity is 
much higher than that of the original lining material. The accumulated effect from tapping to 
casting is approximately 20 °C. 

It should be pointed out that when the ladles arrive at tapping the surface temperature of the 
ladle with scull is higher than that of the clean ladle. I f the thermal state of the ladle is 
determined by pyrometer reading or operator observations the conclusion wil l be that the ladle 
with sculling is hotter than the clean ladle. This would lead to an adjustment downwards of 
the aim temperature for the ladle with scull, i.e., a compensation for the apparent ladle 
temperature can lead to a correction in the wrong direction. 

5.3 Practical use 
The TEMPSIM model is practically used at SSAB Tunnplåt AB in Luleå, e.g., in the 
development of models for process control. Calculated values of process data can be used to 
calibrate and verify models as well as to calculate proper values of the adjustable constants 
2 0 ' 2 1 ) . Another application is to calculate data to be used for decisions on process routes, new 
equipment, etc. Olika et al 2 2 ) used the TEMPSIM model to calculate boundary conditions for 
a Computational Fluid Dynamics (CFD) simulation of thermal stratification in a 105 tonne 
ladle. 

In these applications it is a big advantage that the present structure of the TEMPSIM model 
makes it relatively fast. On a PC with 100 MHz Pentium processor a simulation of a cycle 
tapping-transport to CC - casting - transport back can be carried out in 9 seconds including 
storage of the event log on disk. This makes it possible to get a sufficient amount of results 
within an acceptable time. 

The verification technique used in this work seems simple enough for practical use as a tool 
for regular updating, e.g., when the lining materials are modified or changed. 
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6 Conclusions 
• It has been proved in this study that the software package TEMPSIM is an effective tool in 

simulating heat transfer in steel ladles. This program can be used to predict the thermal 
state of a steel ladle and the temperature of steel melt during successive ladle operation 
cycles. 

• A fast calculation is made possible even for complicated problems because of the relatively 
simple structure of the program. 

• The model predictions have been satisfactorily verified by carrying out an extensive series 
of cooling measurements on production ladles at SSAB Tunnplåt AB in Luleå. 

• In the practical application a convenient experimental technique is needed to check the 
effect of the properties of new materials. The method used in this study is simple enough 
for that purpose. 

• Interaction of the lining materials with steel and slag can change the thermal properties of 
the lining. In the current study a slag scull was formed. An evaluation of the properties of 
that scull was made, and the effect on the result was successfully simulated. 

• Ladles lined with a material with a high conductivity give an increased heat loss of the 
steel. On the other hand, the decrease in surface temperature is lower, and they appear to be 
hotter than ladles lined with a material with a low conductivity. In practical production this 
may lead to a temperature compensation in the wrong direction. 

• At SSAB the model has been used as a practical tool both for model development and to 
get data for decisions on new equipment, process routes etc. 
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Tables 

Table 1 Thermal properties of materials used in the study 

Density, 
kg/m3 

Thermal conductivity, 
W/m°C 

Heat capacity, 
J/kg °C 

Temperature, °C 200 600 1000 1400 1600 200 600 1000 1400 1600 
Ceramic fibre 80 0,02 0,03 0,04 0,04 0,04 850 1000 1100 1200 1200 
Chamotte 2100 1,56 1,65 1,76 1,87 1,87 860 977 1084 1200 1200 
Slag line brick 3110 4 2,6 2,09 2 2 1010 1194 1280 1368 1419 
80 % AI203 2900 2,15 2 1,84 1,74 1,65 850 1030 1125 1180 1200 
Spinel 10% C 3000 7,4 7,4 7,4 7,4 7,4 850 1030 1125 1180 1200 
Casting mass for 
bottom 

2750 1 1,3 1,5 1,7 1,8 850 1030 1125 1180 1200 

Slag scull 3648 3,91 3,46 3,14 3,08 2,99 840 993 1073 1120 1137 
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Figure 1 Schematic representation of ladle geometry, lining regions and 

temperature regions defined by TEMPSIM 





* * * I N P U T * * * 

GEOMETRY MATERIAL ENERGY PROPERTY OPERATION 
1: Geometry ot ladle 1: Weight ot linings 1: Energy from 

preheating burner 
1: Densities 1: Preheating 

2: Geometry ot cover 2: Weight of steel 
1: Energy from 

preheating burner 2: Heal conductivities 2: 'lapping 
3: Definition of regions 3: Weight of slag 2: Energy from 

heating electrodes 
3: Heat capacities 3: Alloying/deoxidation 

4: Thickness of lining wear 4: Weights of alloys 
2: Energy from 

heating electrodes 4: Radiation parameters 4: Ladle metallurgy 
5: Thickness of sculling 

onto lining surfaces 
5: Weights of other 

additions 
3: Initial temperatures 

of input materials 
5: Heat of fusion 5: Continuous casting 5: Thickness of sculling 

onto lining surfaces 
5: Weights of other 

additions 
3: Initial temperatures 

of input materials 6: Heat ol reactions 6: Transport and cooling 

* * * C A L C U L A T I O N * * * 

* * * O U T P U T * * * 

G E O M E T R Y M A T E R I A L T E M P E R A T U R E E N E R G Y 
1: Volume ot steel melt 1: Weight ot steel melt 1: Temperature ot steel 1: Energy loss from steel to linings 
2: Height of steel melt 

1: Weight ot steel melt 
2: Temperature ofliquid slag 2: Energy loss from steel to top slag 

3: Volume ol liquid slag 2: Weight of liquid slag 3: lem perature of solid slag 3: Energy loss through linings 
4: Thickness of liquid slag 

2: Weight of liquid slag 
4: Temperature profiles in ladle linings 4: Energy loss through top slag 

5: Volume ot solid slag 3: Weight of solid slag 5: Temperature profiles in cover linings 5: Energy gain for ladle preheating 
6: Thickness ot solid slag 

3: Weight of solid slag 
6: Temperature in the space above melt 6: Energy gain for steel re-heating 

Figure 3 General structure of TEMPSIM 



Figure 4 Structure of slag scull. The dark phase is slag or ceramics, the light phase is metal. 



C o n d u c t i v i t y , W / m 

Figure 5 Mean thermal conductivity of an aggregate of metal + ceramics as a function of the metal content. The measured data are 
from measurement on a steel scull sampled from a production ladle at relining. Calculated data are included for serial and parallel 
conduction as well as mean values between these cases. 
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Figure 6 Ladle designs used at SSAB Tunnplåt AB in Luleå during the course of the work. 



a) Without lid b) With lid 

Figure 7. Manual measurement of the inside wall temperature in a ladle. The left picture shows the positions for measurement with 
radiation pyrometer in an open ladle. The right picture shows the arrangement of thermocouple when the ladle was covered with a 
lid. The positions of the measurement points are compared to the temperature regions that have been used in the simulation (defined 
as temperature region 1-5 in Figure 1). 
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numerical simulation in TEMPSIM is included. The calculation was made for a ladle lined with 80 % A1203 with 50 
mm wear and without ladle scull. 
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Figure 9. Measurement of surface temperatures on emtpy ladles which were cooling down after continuous casting. 
The wall lining was 80% A1203. Surface temperatures calculated by TEMPSIM are included for comparison. It was 
assumed that there was 50 mm wear and that the lining was covered with 25 mm scull. The temperatures refer to the 
measurement positions which were defined in Figure 7 a. 



Figure 10. Cooling of a ladle after casting. The lining is spinel with 10 % C. The 
measurement was made after 46 heats when the ladle was taken out of service for 
bottom exchange, i.e., the wall is middle-aged and the bottom is old. The cooling 
calculated by TEMPSIM is included for comparison. 50 % wear is assumed on the 
wear lining in the whole ladle. No sculling is assumed. The temperatures refer to the 
measurement positions which were defined in Figure 7 a. 
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The melt stratification phenomenon, which results from the nat
ural convection in ladles holding molten steel, is of fundamental 
importance for the temperature control in the continuous casting 
process. The progressively increasing stress on the quality of 
continuously cast products necessitates much tighter tundish 
temperature control, which in turn will require a more precise 
definition of the extent of melt temperature stratification in ladles. 
For this reason, ladle melt stratification phenomena were studied 
both by numerical simulations, using the PHOENICS package, 
and by plant measurements at SSAB Tunnplåt AB's steelworks 
in Luleå. The parameters studied in the numerical simulations 
were the fluid flow velocity field, the temperature distribution field, 
ladle initial heat content and height to diameter ratio of ladles. 
One of the important boundary conditions that was used in these 
numerical simulations was the time and geometry-dependent 

heat loss rate through the ladle walls, which is the major cause 
of the natural convection. This transient boundary condition was 
obtained from the temperature simulation model TempSim. Steel 
temperatures measured at different positions along the ladle 
height are compared in the paper with results from the numerical 
calculations. The possibility of expressing the stratification with 
a simple formula was discussed. However, to propose this model 
for industrial use, experimental verification with prolonged 
holding time is needed. 
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When l iqu id steel is held in ladles, heat losses w i l l 

occur through both the side walls and bottom of 

ladles, as we l l as through the top slag surface, due to 

transient conduction. As shown by Hl inka [1, 2] and 

others, [3, 4] an important consequence of this heat 

loss is a possible steel temperature stratification. The 

progressively increasing stress on the quality of con

tinuously cast products necessitates much tighter tun

dish temperature control, which i n turn wou ld require 

a more precise definition of the extent of melt tem

perature stratification in ladles. This rises the fo l 

lowing questions 

• how big is the heat loss? 

• how big is the stratification? 

To answer the first question, a ladle heat simulation 

model TempSim has been further developed at the D i 

vision of Process metallurgy, Luleå University of Tech-

• This paper was presented at SCANINJECT VII, the 7th Inter
national Conference on Refining Processes, Luleå, Sweden, 
7-8 June 1995 which was organised by MEFOS, Luleå. 

nology [5] as a co-operative project between Scandi

navian steel plants, Swedish Ironmasters' Association 

and ABB Metallurgy AB. Principally, TempSim calcu

lates how the profile i n the ladle l in ing changes as a 

funct ion of time for a chosen sequence of events. From 

this, the heat flows and the effect on steel temperature 

are calculated. The calculation of the temperature pro

file is made for the bottom and four different tempera

ture regions of the wal l . 

Regarding the second question, a lot of publications 

have been made on numerical simulation of the effect 

of the natural convection i n ladles. Ilegbusi & Szekely 

[6] have simulated this process and the subsequent 

development of stratified layers. Stratification results 

i n the replacement of colder, more dense layers of 

f l u i d beneath warmer, less dense ones. The calcu

lations of Ilegbusi & Szekely [6] focused on reducing 

the influence of stratification through the use of mag

netic stirring to promote bulk mixing. Aust in et al. [7] 
examined the impact of the stratification on the 

teeming temperature by studying the numerical 

analysis of the evolution of natural convection and 
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melt stratification developed i n the ladle. However, 

they used a un i form heat f lux over the ladle walls and 

bottom as we l l as insulated top surface. Practically, 

heat loss f r o m the ladle varies f r o m time to time and 

f r o m ladle to ladle. Even in the same ladle, the heat 

loss rate can differ along the height as different parts 

of the ladle l ining is made of different material. There

fore, this variation should be included i n the study 

of temperature stratification phenomenon i n the ladle. 

Measurement of stratification has been reported for 7 

ton ladles at MEFOS [8]. These measurements were 

performed by shielded thermocouples. They were in 

serted through the ladle l in ing at top, middle and 

bottom and penetrate into the melt. 

The purpose of this work is to examine the effect of 

time and geometry dependent heat loss rate through 

the refractory on the stratification. The relationship 

between heat loss rate through the refractory and time 

can be gained f rom the ladle temperature simulation 

model (TempSim). The effect of ladles w i t h different 

thermal content through the ladle walls and different 

A) Experimental setup 

826 

|S46 

890 

B) Ladle temperature before tapping 
(measured by radiation pyrometer) 

Fig. 1. Measurement of stratification at SSAB Tunnplåt AB in Luleå. 

ladle geometry on the melt temperature stratification 

is examined. Theoretically calculated results of strati

fication is compared w i t h results f rom plant measure

ments at SSAB Tunnplå t AB Luleå. 

Measurements in the steel plant of 
S S A B Tunnplåt Luleå 

Stratification in the ladle 
To get data on stratification in ladles, a direct meas

urement was made i n a ladle at SSAB Tunnplåt AB 

Luleå. The experiment was carried out at the stirring 

station which at that time was situated just before the 

continuous casting machine. A t this station the ladles 

were stirred by b lowing argon through a porous 

bottom plug. A stirring rod is also installed at this 

station in case of problems w i t h the porous plug. 

The experimental set-up is shown in Fig. la . For the 

measurement, the stirring rod was replaced w i t h a 

special temperature measuring rod. The thermo

couples were protected by metal ceramic tubes (CER-

MOTHERM) and mounted so that they penetrated 

horizontally into the melt. The output f r o m thermo

couples were sent to a datalogger. 

The trial was made on a ladle that was fairly hot, 

(c.f. Fig. lb ) , and an extra time margin of 20 m i n was 

included during planning of the heat. A t arrival on 

the stirring station a short stirring was made (function 

test). The ladle was then l i f ted over to the stirring rod. 

For 2 stirring periods (~5 min each), gas stirring was 

performed by means of bottom porous plug. Between 

Steel temperature, °C 

1650 

1625 

1600 

1575 ^— 

1550 

Gas stirring 

13.20 13.25 13.30 13.35 13.40 13.45 13.50 

Time 

Fig. 2. Measurement of stratification at SSAB Tunnplåt AB in Luleå 
(9). 
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the stirring periods there was a holding period of ap

proximately 5 min . The gas f low dur ing the stirring 

period was -150 1 A r / m i n NTP. This was a moderate 

gas stirring, the slag cover was hardly affected and 

the open eye diameter was about one meter. This was 

standard praxis at that station. (To get homogenis-

ation of the steel bath without affecting the steel 

quality.) Fig. 2 shows that a considerable stratification 

develops as soon as the stirring is turned off and that 

i t disappeared during stirring. 

Temperature distribution in ladle lining 
Temperature i n the ladle l ining has been measured at 

SSAB Tunnplå t Luleå on several occasions [10]. The 

temperatures were obtained by means of thermo

couples which have been installed into the brick 

dur ing the relining of the ladles. The data in Fig. 3 

shows the temperature distribution for a ladle w i t h 

similar heat status as the one used dur ing the stratifi

cation measurement. (Comparison w i t h Fig. 1 shows 

that the temperatures measured on inside are very 
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Fig. 3. Temperature distribution in ladle lining. 
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similar to those measured i n that ladle). The tempera

ture distribution is measured i n the bottom and at two 

levels of the l ining. The number of measuring points 

in the bottom was l imited as the bottom l ining was 
produced by casting. 

Numerical model work 

Use of TempSim to calculate the initial and 
boundary conditions 
Short description of simulation program TempSim. 

TempSim is a ladle heat balance simulation program 

which was originally part of the ASEA Masters re

finery, marketed by ABB Metallurgy. The program has 

Lining 
level 3 

lining 
leve?2 

Lining 
level 1 

Insulating lining 
Safety lining—, 

Working lining 

Temp. 
Region 5 
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Temp. 
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(a) 
region 2 
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(b) 
Fig. 4. Division of ladle lining levels, temperature regions, layers and 
sublayers in the model and calculated heat fluxes from the steel melt 
into different regions. Observe that level 2 is divided into 2 tempera
ture regions by the melt surface. 



been further developed by the Divis ion of Process Me

tallurgy at Luleå University of Technology. 

The facilities considered in the program are: 

one ladle 

one heating roof w i t h electrodes 

one vacuum cover 

two other covers 

A cylindrical, conical or a combination of both ladle 

geometries can be simulated. The ladle can be placed 

under the different covers or wi thout cover. Ladle pre

heating, ladle cooling, alloy and slag forming agents 

additions are some of the possible real operations at 

the ladle metallurgy process which can be simulated. 

A ladle is, i n the input, divided into 4 regions for 

which the material name, thickness and height must 

be defined. Region 1 is the ladle bottom region. The 

ladle side-wall divides into three regions which repre

sent regions 2-4 in the input. When a ladle contains a 

melt, any one of regions 2-4, depending on the melt 

level, is d ivided into two to f o r m the f i f t h temperature 

region (c.f. Fig. 4a). For all 5 regions, i t is necessary to 

define the mean initial temperature profiles through 

the l in ing . TempSim was used to prepare the 

boundary conditions for stratification simulations in 

this work . The l in ing profile i n figure 3 was used as 

starting condition for the simulations. A TempSim 

simulation was performed w i t h these starting data 

Data on Heats and Ladles 

TEMPSIM 
Numerical simulation of : 

• Temperature profile in lining 
• Heat exchange with steel 
• Effect of ladle burners etc. 

1 

Output: 
• Mean temperature of steel =f(time) 
• Heat flow rate steel - lining =f(time) 

Phoenics 
Numerical simulation of: 

• Steel flow in ladle 
• Stratification in ladle 

Fig. 5. Information flow during combined simulation in TEMPSIM 

and Phoenics. 

Melt stratification phenomena 

Table 1. Example of parameters used in eq. (6) for the "moderate hot" 
ladle case 

Regions a b-10 4 c 

1 12085 4.9841 11066 
2 1290 7.0630 73994 
3 9831 4.4195 7368 
4 18690 4.4195 12373 

Table 2. Parameters used in calculations 

Parameter Value Units 

density (o) 7000 kg/m3 

thermal expansion coefficient (ß) 0.0002 1/°C 
viscosity (hi) 0.005 Pa.s 
specific heat (Cp) 787 J/kg°C 
prandtl No. (ah) 0.9 -
ladle radius 1.302 m 
melt height 2.799 m 

and the actual sequence of events f r o m the heat. Fig. 

4b shows the heat losses obtained f r o m the simulation 

at different ladle regions. Regression analysis was 

used to determine the constants a, b and c (eq. (6)) 

which are needed for the numerical simulation. The 

heat loss through the top surface was almost constant. 

Some of the principal outputs f r o m the TempSim 

simulation are the time dependent mean melt tem

perature and heat f l ow rate between melt and dif

ferent l ining regions. These TempSim calculated par

ameters are used (c. f. Fig. 5) as init ial and boundary 

conditions i n the stratification simulation. 

Stratification and natural convection simulation 
in ladle holding melt 
The ladle is modelled as a cylinder of radius R con

taining steel to a height H. The simulation begins wi th 

an assumed homogeneous and quiescent ladle f u l l of 

molten steel. Heat is transferred f r o m the steel to the 

surrounding refractory surfaces. Due to the heat 

losses, f l u i d elements close to the wa l l become cooler 

and therefore more dense. Under the influence of 
gravity, these f lu id elements sink, giving rise to 

natural convection currents. I n the absence of 
drainage, these convection currents are responsible 

for forming colder layers of melt at the bottom of the 

ladle. 
The problem is to calculate the thermal and velocity 

fields which develops dur ing the ladle standing time 

and to examine how these results vary w i t h different 

operating strategies. The problem may be stated i n the 

f o r m of differential mass, momentum and energy bal

ances, which take the fo l lowing forms: 
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Mass 
dQ 

dt 

+ V • QU = 0 , (1) 

d ( o u ) _ _ 

Momentum + w • V ( o h ) = - V P + V 
df 

[(Hi + Ht)VM]+F B , (2) 

Energy 
d(o/z) _ 

' +U • V(Qh) = 
dt 

Cp CTh/ 
(3) 

u t is the turbulent viscosity calculated through the use 

of a standard k - s turbulence model [11]. Generally 
the turbulence model is an approximation wh ich 
takes account of the fact that the diffusive transport 
of momentum and energy is enhanced i n a turbulent 
flow. Away f r o m solid walls, turbulent d i f fus ion of 
heat and momentum dominates over laminar d i f 
fusion. 

F B represents the buoyancy force, given by 

f b = Qg , 

Q = Qref+erefßC^ref-T) 

(4) 

(5) 

This states that as a f l u i d element decreases i n tem
perature i t experiences a greater force i n the direction 

of g. The buoyancy term is responsible for the coup
l ing of the momentum and energy equations. 

The boundary conditions employed for the surface 
between l ining and steel were 

• no slip at all the bounding surfaces 

• axial symmetry about the centerline 
• transient heat losses by conduction into the solid 

surfaces. 

Because of the slag thickness at SSAB Tunnplå t AB 
Luleå is quite small the heat loss through the top slag 
layer can not be neglected. A typical calculated heat 

loss f rom the slag surface is 8923 W / m 2 . Heat lost to 
the ladle inside surface wall at different regions were 
used to form the transient boundary conditions. Ladle 
is divided into 5 regions for wh ich 5 transient 
boundary equations were used i n the simulation. The 

transient equation used has the f o r m 

q = aé-~bt)+c (6) 

which is extracted f r o m transient melt heat loss calcu
lated by TempSim. To get the constants i n the equa

tion Tempsim calculations were performed. The par
ameter values use in eq. (6) are shown i n Table 1. 

Eq. (1-6) were solved using a computational 

package, PHOENICS, employing 15x20 grids. A ladle 
standing time of 30 m i n in real time required about 4 
h computer time on a PC pentium processor. 

Velocity vectors 

Nl'l ' ' 

V i ' ' 

V , > > 

\ / n \ \ V \ \ 

V. 

v j 

\ i 
\ 4 

V \ \ \ 

\ % t 1 
t t I T 

t t f f 

t ! t t 
t t 1 t 

\ \ \ \ 

\ \ \ \ \ 

\ \ \ N \ \ \ \ \ \ \ 
\ \ \ \ \ \ \ \ 1 I t T 
, ( , , t f r r 11 r f 

11 111 t t r / / 1 ? 

t f / / / / / / / / / i 

1 t t r / / / ; i i f i 

\Å i I \ \ v v v \ \ \ \ \ 1 

\ i \ \ v v \ \ \ \ 1 1 t 1 t 
\ i . t / / / / / / / / M r 

Fig. 6. Velocity vectors and isotherm fields after 5-min standing time. 
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Calculation parameters and results 

Calculation parameters 
Table 2 shows the configuration of the ladle simulated 

together w i t h the values of the thermophysical prop

erties of l iqu id steel used i n the calculation. 

Calculation results 
A selection of calculated results are shown i n Figs. 

6 to 13. Fig. 6 shows predicted velocity vectors and 

isothermal fields for a 105 ton ladle after 5 m i n 

holding time. The isotherms are flat, except for the 

regions near the ladle walls where there is a strong 

heat f lux to the walls. The isotherms purely illustrate 

also the counteracting effects of melt circulation and 

the steep temperature gradients i n the near regions of 

the walls, where the cooling takes place. The pattern 

of velocity f ie ld seen i n Fig. 6 are in close agreement 

w i t h the results obtained in the literature [6, 7, 12]. 

Near the walls colder f l u i d sinks under the influence 

of gravity producing a layer w i t h colder and thereby 

denser steel at the bottom of the ladle. The centreline 

velocity f ie ld shows an upward f low of warmer steel 

because of its lower density. The temperature differ

ence between the top and bottom after 5 m i n hold ing 

time is 11 °C at a position 2/3 of ladle radius f r o m the 

centre. 

Figs. 7 to 9 show predicted velocity vector and iso

therm fields for the same ladle after a standing time 

of 10, 20 and 30 min , respectively. I n the present s imu-
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Fig. 8. Velocity vectors and isotherm fields after 20-min standing time. 

lation, the ladle wa l l is divided into three regions w i t h 

different refractory materials. Accordingly, the dif

ferent regions have different thermophysical prop

erties for which heat absorption becomes different for 

different regions. This different heat absorption ca

pacity influence the f low pattern of the l iqu id steel in 

such a way that a counter f low field appears after a 

ladle standing time of 10 min . As a result of this 

counter f l o w field, a zone of stagnant area appears as 
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Fig. 9. Velocity vectors and isotherm fields after 30-min standing time. 
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Fig. 10. Calculation of stratification: comparison of calculation and 
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Isotherms for "cold" ladle "Hot" ladle 

I -14.6 " -7 .7 J 

Fig. 11. Calculated isotherm fields for "cold" and "hot" ladle after 5-
min standing time. 

Isotherms for H/D = 0.9 H/D= 1.4 

-0 .4 
-0.8 

Fig. 12. Calculated isotherm fields for ladle HID = 0.9 and HID = 1.4 
after 5-min standing time. 

can be seen f r o m Figs. 7 to 9. The isotherms illustrate 

that stratification is seen to be increasing w i t h 

standing time. The result obtained in this simulation 

is i n good agreement w i t h reported results i n litera

ture [7]. The magnitude of temperature stratification 

along the ladle wal l decreases w i t h ladle standing 

time. The isotherms also become flatten through out 

the ladle radius except very small parts seen at 

bottom of the ladle wal l . 

Discussion 

Comparison of simulated results and plant 
measurements 
The comparison between calculated and measured 

temperature gradients are shown in Fig. 10. The meas

urements were taken at the positions shown i n Fig. 

la . The difference between measured and simulated 

temperature gradients at the levels of 30 cm f r o m the 

top and bottom are good. The differences are of the 

same magnitude as the fluctuations i n the tempera

tures measured. 

Effects of ladle initial heat content and geometry 
on melt stratification in ladle 
Different ladle initial heat contents and geometry 

were simulated i n order to obtain more insight on 

their contribution to the stratification i n the ladle. Di f 

ferent ladle init ial heat content w i l l lead to different 

heat loss rate. As a consequence of this, different melt 

stratification in the ladle results. To assess this mech

anism, three levels of ladle heat contents: "cold", 

"moderate hot" and "hot" ladles w i t h corresponding 

initial l in ing temperature distribution profiles were 

simulated by TempSim, wi th the output parameters 

being the heat loss rate (W/m2) and the average melt 

temperature drop rate (°C/min) . As an input, the heat 

loss rate was used in the melt stratification simulation 

by PHOENICS. 

The isotherm fields for the "moderate hot" ladle are 

already shown i n Fig. 6. The isotherms for the "hot" 

and "co ld" ladle after 5 min holding are shown i n Fig. 

11. The difference between the temperature at the top 

and bottom of the ladle is much bigger for the cold 

ladle than for the hot one, and the "moderate hot" 

ladle is somewhere i n between. The development of 

the temperature difference w i t h time is shown i n Fig. 

14. I t increases w i t h time. The increase seems to be 

almost linear. 

The effect of ladle shape on melt stratification in 

ladle was simulated for three different ladles. I n all 

three cases ladle heat content and number of heats 

served were assumed to be identical. I n addit ion to 

these, all ladles were taken to be of equal volume. The 

ratio between ladle height and diameter was used to 

simulate the difference shapes. The values used were 

H/D=0.9, H/D=1.15 and H/D=1.4. 

Fig. 12 shows isotherm fields for ladles w i t h H/D= 
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- H/D =0.9 

• H/D =1.15 
• H/D =1.4 

15 
Time (min) 

Fig. 13. Stratification for ladles HID = 0.9, H/D = 1.25 and H/D=1A. 

"cold* ladle 
"moderace hot" ladle 
"hot" ladle 

Fig. 14. Stratification for "cold", "moderate hot" and "hot" ladles. 

0.9 and H/D=1.4. By referring to Figs. 6 and 12, the 
effect of ladle geometry is not as such different i n all 

three cases for the first 5 min . Further, as i t is seen 

f r o m Fig. 13, variation of stratification wi th different 

ladle shapes can be neglected for the first 10 mins. 

Af te r that the effect increases somewhat. However, i t 
is st i l l small compared to the effect of other par

ameters. Therefore, i t is not worthwhi le to consider 
geometry effect on stratification i n ladle. 

Description of a simple model for direct prediction 
of melt stratification in an industrial ladle 
Fig. 14 shows that, for a particular industrial ladle, 

temperature gradient between the top (hottest) and 
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Time,Minutes 

-»- llegbusy - Szefce/y (6) Chakraborty • Sahai (12) Formula, Austin et al. (7) I 
j — Measured, Pilot Plant (8) —Measured, SSAB (fig 2) Phoenics (This work) j 

Fig. 15. Stratification as a function of time. Curves from different 
sources. Comment: The curve from Chakraborty - Sahai [12] is from 
their calculation on a ladle with insulated top. 

the bottom (coldest) parts of the steel bath in ladle 

increases closely w i t h ladle standing time. In addition 

to this, the different ladle in i t ia l heat content (in terms 

of the average melt temperature drop rate) has a sig

nificant effect on slops of the curves shown in this 

figure. This means that the melt stratification strongly 

depends on ladle standing time and ladle initial heat 

contents. Thus, i t may be possible to use these t w o 

parameters to develop a simple model for predicting 

the melt stratification i n the industrial ladles. 

Fig. 15 shows the stratification as a function of time 

f r o m different sources (measured data as well as cal

culations). The exponential expression that has so far 

been tested by SSAB Tunnplå t AB was designed to f i t 

data f r o m actual measurements i n pilot plant [8] as 

wel l as i n SSAB Tunnplå t AB's o w n ladles. Austin et 

al. [7] suggested a formula that gives a straight line 

through origo in figure 15. The growth rate of the 

stratification i n their formula is proportional to the 

heat loss rate. Our analysis of the calculated data i n 

figure 14 supports the theory by Aust in et al.[7] that 

the growth rate is proportional to the heat loss rate. 

Regarding the curve shape the numerical simula

tions of this work (Fig. 15) seems to give relationship 

that is linear but do not pass exactly through origo. 

For the measurements in the ladles of SSAB Tunnplåt 

AB Luleå the holding time is too short to give evi

dence of the curve shape. 

Different simple numerical expressions have been 

studied. However a new series of measurements is 

being planned. I t was decided to wait for the experi

mental evidence before going deeper into this matter. 

Conclusion 

The fo l lowing conclusions can be drawn f rom the 

model simulations and f r o m measurements of melt 

stratification in ladles. 

(1) The stratification calculated w i t h PHOENICS is 

i n good agreement w i t h stratification measured at 

SSAB Tunnplå t AB Luleå. 

(2) The ladle ini t ial thermal state has pronounced 

influence on melt stratification. "Co ld" ladle linings 

result i n more significant stratification than after 

serving for many heats. 

(3) The effect of ladle shape is small compared to 

ladle ini t ia l thermal content. 
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List of symbols 

G- density ( k g / m 3 ) 

P: pressure (Pa) 

Ul laminar viscosity (Pa s) 

fe: enthalpy (J/kg) 

cp: heat capacity G /kg °C) 

8- gravitational vector ( m / s2) 

T: temperature (°C) 

ß: thermal expansion coefficient (1 /°C) 

u: velocity vector (m/s) 

F B : buoyancy force ( N / m 3 ) 

Ht- turbulent viscosity (Pa s) 

k: thermal conductivity ( W / m °C) 

°h- Prandtl number (—) 

t: time (min) 

reference temperature (°C) 

Qref- reference density ( k g / m 3 ) 

<?• heat loss rate ( W / m 2 ) 
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A three-dimensional mathematical model of a casting ladle based on fundamental transport equations 
has been developed. The model may be used for predictions of both a standing ladle and a ladle from which 
steel is teemed into a tundish. An additional feature of the model is that it can predict concentration profiles 
of tracer elements which are added to the steel. The predicted concentration profiles during teeming are 
compared to experimental data from plant trials performed at SSAB and the agreement is found to be good. 
The model is used as a tool in the development of process control models. 

KEY WORDS: liquid steel; ladle; thermal stratification; drainage; fluid flow; numerical simulation; trace 
element experiments. 

1. Introduction 

1.1. Background 

The Steel Plant of SSAB Tunnplåt A B in Luleå has 
an annual production capacity of 2 million tonne. About 
85 to 90% is used for production of slabs, which are 
rolled in the hot strip mill of SSAB Tunnplåt AB in 
Borlänge. The remainder goes to the bloom caster of 
I N E X A AB, which is situated at the site. The steel at 
SSAB is produced in two BOF converters with a heat 
weight of 1071 each. The main part of the steel for strip 
production is ladle treated in the CAS-OB plant. This 
plant is situated between the BOF:s and the slab cast
ers. The standard operations are homogenizing (by 
Ar-stirring), alloy adjustment in protective atmosphere, 
cooling and chemical heating. A minor part is instead 
treated in the R H degassing unit, which is situated in the 
neighborhood of the BOF plant. The casting is made in 
two single strand slab casters with the dimensions 
220 x 800-1 600 and 220 x 800-1 700. 

The ladle contains liquid steel during approximately 
100 min for the standard route BOF => CAS => OB => slab 
caster. The relatively long transport and holding times 
in combination with small ladle weights increase demands 
on temperature control. As the temperature can be 
adjusted in the CAS-OB plant, there are two separate 
problems: temperature control before and after CAS-
OB treatment. The phenomena studied in this work 
mainly consider the latter problem. 

The steel temperature changes with time. Thus, tem
perature control is actually a question of simultane
ous control of time and temperature. In order to get a 
good control of the tundish temperature, knowledge of 

the temperature behavior, stratification and drainage 
flow in the ladle after CAS-OB treatment are essential, 
as well as the time dependence of these parameters. 
Also, i f the models are to be used for process control 
they have to be simple. It is possible to build relatively 
simple models that describe how the tundish temperature 
is affected by stratification and drainage flows.11 How
ever, i t is difficult in an actual production flow to 
frequently perform measurements for calibration and 
verification of the individual models. A n alternative is 
to develop a fundamental model based on transport 
equations. Computational Fluid Dynamic (CFD) simu
lations can be used to predict concentration profiles 
and heat and fluid flow. These data could be calibrated, 
e.g. against tracer plant experiments. After such a model 
is developed and verified with experiments, it may be 
used to calibrate and verify simple models for process 
control. 

1.2. Purpose of This Study 

The purpose of an ongoing research program is to 
create and verify a numerical simulation model of the 
casting ladles of SSAB Tunnplåt A B in Luleå. The model 
shall cover the thermal stratification and the drainage 
flows f rom the end of the CAS-OB treatment until the 
ladle is emptied at the continuous casting plant. The 
modeling of stratification has already been reported in 
previous work. 2 ' The work described in this paper focuses 
on the usage of the model for teeming and verification 
of experimentally determined concentration profiles of 
tracer elements that are added to the steel at different 
locations in the ladle. 

The first part of the paper summarizes previous models 
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reported in the literature and describes the additional 
features of this model. Thereafter, details of the plant 
trials and the mathematical model are given. Finally, 
the comparison between experimental data from the 
trace element trials and numerical predictions of the 
same experiments are discussed. 

1.3. Theoretical Heat and Fluid Flow Models of Casting 
Ladles 

1.3.1. Previous Models 
Some models describing the heat and fluid flow con

ditions in casting ladles have been developed in the 
past. Tomazin et al.3) used a transient thermal model to 
simulate the temperature distribution in the ladle re
fractories, ladle cover, and the slag. The steel tempera
ture was assumed to be constant. Ilegbusi and Szekely4' 
presented a model for stratification of steel in a ladle 
holding molten steel based on the equations of con
tinuity, motion, thermal energy, and the k-e model 
for describing turbulence. Transient conduction into 
the refractory and the slag was assumed. Significant 
stratification was found to take place due to natural 
thermal convection caused by the thermal gradient in the 
vicinity of the refractory wall. The model could also 
account for induction stirring by solving Maxwell's 
equations. The authors showed that gentle stirring was 
enough to minimize stratification. 

Koo et al.5) used the same transport equations as 
Ilegbusi and Szekely4' to solve stratification in a ladle 
holding molten steel. The heat losses to refractory were 
based on one-dimensional unsteady state heat conduction 
calculations in the radial direction. The top surface was 
assumed to be insulated. Argon bubbling was simulated 
in a simplified manner by adding an extra buoyancy 
source term to the axial momentum equation. Similar to 
Ilegbusi and Szekely4' they found that without stirring 
the temperature stratification is significant, but with 
stirring (e.g. by gas-bubbling) the stratification is easily 
removed. 

Castillejos et al.6) also modeled the homogenization 
using gas-stirring of a ladle holding steel. The two-phase 
zone of gas and steel was included in a simplified manner 
in the mathematical model by defining a gas distribution, 
based on experimental data f rom physical modeling, and 
using these values to calculate a modified density. They 
found that complete homogenization is reached within 
about 3 min after start of gas stirring. 

Experimental stratification studies in a 71 ladle by 
Wester7' confirm the earlier mentioned theoretical re
sults that claimed that stirring quickly homogenizes the 
melt. He found that a stratified ladle quickly becomes 
homogeneous with respect to temperature within less 
than one minute i f the ladle is stirred with a gas flow of 
25 //t-min, and that the ladle became stratified again when 
the stirring ended. Similar experimental results have also 
been reported by Rieche et a/.8' 

Austin et al.9) were the first to report modeling results 
of the temperature stratification during teeming of a ladle. 
Their model contained basically the same equations as 
the model of Ilegbusi and Szekely.4' An additional fea
ture was that during draining, the top free surface was 

replaced by a uniform inflow surface that had zero normal 
gradient of enthalpy. A constant uniform heat flux to 
the refractory wall and bottom was used during the 
calculations. The predicted temperature of the steel 
leaving the ladle during teeming was compared with 
temperature measurements of the pouring stream and a 
good agreement was found. The authors showed that the 
drainage behavior is heavily dependent on the outlet flow 
rate. 

Chakraborty and Sahai 1 0 ' modeled the effect of a slag 
cover on the heat loss and liquid steel flow in a 2501 
ladle before and during teeming. A thin slag layer was 
found to result in a heat loss of 45 degrees during 47 min 
of casting time compared to 5 to 10 degrees for a thick 
insulating slag layer. 

Neifer et al.il} modeled mixing of a tracer substance 
(ferromanganese) in a ladle during gas stirring and 
verified the result with plant data. They found that 
time-related tracer concentration curves determined 
experimentally agreed very well with numerical predic
tions. 

1.3.2. Additional Features of This Model 
The present mathematical model for fluid and heat 

flow in a casting ladle before and during teeming is based 
on fundamental transport equations. An additional 
feature is that the model has been extended to include 
the solution of concentration profiles of tracer elements 
(ferrovanadium and copper) that are added to the heat 
at different times and locations. This makes it possible 
to verify the model with trace element trials, which have 
been carried out in SSAB's casting ladles. 

2. Trace Element Studies in Production Casting Ladles 

In order to study the steel flow out of the ladle during 
casting an experimental method was developed using 
tracer elements,12' Fig. 1. Tracer elements were added at 
different positions in the ladle before and during casting. 
Thereafter, the response in the analysis of outlet steel 
was studied by frequent sampling of the outlet stream 
and analysis of the tracer content. The chemical analysis 

~ 7 min 

Addition in Bulk: 
V 

Addition at wall: 

Cu 

Ü 
Sampling 

Fig. I . Method of studying emptying flow using tracer 
additions. One type of addition is made at the wall 
before casting. The other type is made in the bulk after 
the start of casting. The response is measured by 
frequent sampling of the steel just after arrival into the 
tundish. 
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Table 1. Time schedule of steel process. 

a) Addition of ferrovanadium in the b) Addition of copper at the 
main bulk (Experiment I) ladle wall (Experiment II) 

Fig. 2. Horizontal positions for tracer addition in the ladle. 

of the steel samples was made using an optical spec
trometer. The analysis was done with special care and 
the result was reported in ppm. This made it possible to 
get a reliable response with an addition of only 3 to 
5 kg tracer to 1071 of steel. 

Addition of ferrovanadium (experiment I) and copper 
(experiment I I ) as tracer elements was chosen for 
confirmation of the theoretical model. The original 
intention was to add tracers simultaneously both at top 
and bottom and compare the responses. However, it was 
not practically possible to place the tracers at the bottom 
at a well-defined position and time. Copper has a higher 
density than steel and may sink to the bottom by its own 
weight, which can be mistaken for a downward flow. 
Therefore, it was decided that copper should be added 
at the cold wall, since it will settle at the bottom anyway. 
The addition of 4 kg of copper was made close to the 
ladle wall of the 105.51 heat 5.5 min before the opening 
of the ladle. I t was made at a depth of approximately 1 
m below the steel surface and at a horizontal position 
shown in Fig. 2. The addition of 3 kg ferrovanadium was 
made in the bulk of the 107.11 ladle 1.5 min after opening 
of the ladle. The addition was made at a depth of 
approximately 0.8 m below the steel surface and at a 
horizontal position according to Fig. 2. The vanadium 
content of the alloy was 67 % V. 

For practical reasons, the tundish had to be filled to 
its production level of 141 before start of sampling. This 
took 2 min using the maximum outflow rate of 7 t/min. 
After that, the outlet flow rate was adjusted to fi t the 
casting speed and sampling began. Since it is important 
that the sampling is representative for the steel in the 
outlet stream from the ladle, the ladle and the nozzle 
were lifted so that the outlet was just under the surface. 
Therefore, steel samples could be taken just at the outlet 
from the nozzle. Also, both trials were made during the 
first heat on a new tundish to avoid mixing with steel 
from other heats. 

The time schedule for the transport and processing of 
the ladles is shown in Table 1 and the main temperatures 
measured from BOF to casting are listed in Table 2. The 
surface temperatures of the ladle refractory before 
tapping in experiments I and I I were 825 and 810°C, 
respectively. They were measured by radiation pyrometer 
at the inside surface approximately halfway up f rom the 
ladle bottom. 

Transport 
BOF to 

CAS-OB 
(min) 

CAS-OB 
treatment 

(min) 

Transport 
CAS-OB 
to C/C 
(min) 

Casting 
(min) 

Experiment I 19 31 22 42 
(FeV) 

Experiment II 17 34 11 45 
(Cu) 

Table 2. Temperature behavior from tapping to tundish. 

BOF 
tapping 

(°C) 

CAS-OB CAS-OB Tundish 
BOF 

tapping 
(°C) 

in CC) out (°C) (°C) 

Experiment I 1683 1607 1589 1551 
(FeV) 

Experiment II 1682 1578 1585 1550 
(Cu) 

3. Computational Fluid Dynamic Model 

A general three-dimensional model of a ladle has been 
developed, which may be used to predict fluid and heat 
flow during both the standing and the teeming period 
during casting. 

3.1. Assumptions 

The following assumptions are made in the statement 
of the mathematical model of the casting ladle: 

a) The calculations are performed in the transient 
solution mode. 

b) The free surface at the steel/slag interface is 
frictionless and flat. 

c) In the experiment with copper the tracer element 
melts during a period of 20 ms under release of the heat 
of melting. In the experiment with vanadium the tracer 
is assumed to be melted at the start of the process. 

d) During holding the Lam-Bremhorst low-Reynold 
number extension of the k-e turbulence model 1 3 ) is used, 
but during teeming the standard k-s model is used to 
calculate the turbulent properties. 1 4 ' 

3.2. Governing Transport Equations 

Based on the earlier mentioned assumptions, the 
governing transport equations given below for the casting 
ladle need to be solved. Note, that body-fitted coordinates 
are used to describe the mesh in the cylindrically shaped 
ladle including the outlet, which means that the equations 
are written in rectangular coordinates. However, the side 
for a specific cell in the mesh made by body-fitted co
ordinates does not always follow either the cylindrical 
or rectangular coordinate directions. 

Conservation of steel mass 

dp ^ d(pu) t djpv) | d(pw)_ 

dt dx dy dz 
= 0 .(1) 

where p is the steel density, t is the time, and x is 
approximately the azimuthal direction, y is approxi
mately the radial direction, and z is the axial direction. 
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Furthermore, u is the velocity in the x direction, v is 
the velocity in the y direction, and w is the velocity in 
the z direction. 

Conservation of momentum in the x direction 

wdu (du 

3 
+ 

udu vdu 
i 

dx + dy 

' d (2du 

_~dx \ dx 

(du 
+—) 

dx \dy 
+—) 

dx 

+-

+-

dz 

T 
dw 

dP 

ÖX 

dv dw 
+ — + 

dx dy dz 

.+ * ! ) 
dz \ dx dz J . 

•(2) 

where P is the pressure and u e f f is the effective viscosity. 

Conservation of momentum in the y direction 

_ 8 P 

~8j 

dv udv vdv wdv 

dt dx dy dz 

+ ßcl  

_ 2 

' d (fa 8v\ 3 (2dv 

dx \ 8y dxj dy \ dy 

du Bv dw\ 8 (dv dw 
— + h + — + 
dx dy dz J dz \ dz dy 

•(3) 

Conservation of momentum in the z direction 

/ dw udw vdw wdw \ dP 
pl 4 A + l = -

d 
+ Meff 

d 
+-

dx 

8_ 

d~x~ 

2dw 

dz 

dw du 

dx dz 

dv dw + — i — + 
dy V dz dy 

du dv dw 

dx dy dz dz V dz 

where g is the gravitational acceleration. 

Conservation of thermal energy 

k f dh 

+ P9 •(4) 

( dh udh vdh wdh 

dt dx dy dz 
f 8 h + 

dx dy 
•(5) 

where h is the enthalpy, k is the thermal conductivity, 
and C p is the specific heat at constant pressure. 

The momentum equations consist of, from left to right, 
the time dependency term, the two convective terms, the 
pressure gradient term, and the diffusive term. The 
thermal energy equation consists of the time dependency 
term, the two convective terms and the two diffusive 
terms. 

Turbulent Transport Equations 
To model the emptying flow of the ladle the following 

equations for the turbulent kinetic energy, k, and the 
dissipation of the turbulent kinetic energy, e, from the 
k-s model 1 4 ' has been used: 

Turbulent kinetic energy 

dpk d(puk) ^ d(pvk) + d(pwk) 

dt dx dy dz 

d 

dx 

ßctt dk 

cx 

d ( Mefr dk 

dy 
, ± ( ^ y p ( G - £ ) (6) 

dz ak dy J dz \ ok 

where ak is a constant in the turbulence model and G is 
the volumetric generation o f turbulent kinetic energy. 

Dissipation rate of turbulence energy 

d (Meff dz 

dx 

dps d(pue) d(pvs) d(pws) 
H : 1 1 Y-

dt dx dy 

dy \ at dy J dz 

dz 

ßctt ds 

cx 

. +p-{C1G-C2e) 

(7) 

where at, Cu and C2 are constants in the turbulence 
model. 

The effective viscosity is expressed as: 

ßc(t = ßl + ßl .(8) 

where px is the molecular dynamic viscosity and /z, is the 
turbulent dynamic viscosity. p.t can be expressed as: 

ßt = P 
Cßk

2 

•(9) 

where C„ is an empirical constant. 
The volumetric generation of turbulent kinetic energy 

can be expressed as: 

G = M t + 2 
dv 

~dy~ 
+ 2 

dw 

~dz~ 

( dw dw dv dv du du \ 
+ + + — + — + — + — 

V dx dy dx dz dy dz J 
.(10) 

The values recommended by Launder and Spalding 1 4 ' 
for the empirical constants in the turbulence equations 
are given in Table 3. 

3.3. Treatment of Tracer Additions 

The incorporation of the solution of the concentration 
of tracer elements into the model for a casting ladle has 
been done using the following two equations: 

_d_ 

~dt 

d 

(pc s) + div(pDscs) = 0 (11) 

dt 
(p t c t )+div(p t u t c t )=0 (12) 

where vs is the velocity vector for the steel phase, c, is 
the velocity vector for the tracer element phase, and p, 
is the density of the tracer element. The variable cs initially 
has the value 1 in the regions where there is only steel 
and has the value 0 in the regions where there initially 
is only tracer element. Similarly, ct has the values 0 and 
1 in the regions where initially the ladle contains only 
steel and tracer element, respectively. The cell fraction 

Table 3. Constants used in the k-e turbulence model. 

c , c 2 

1.0 1.3 1.44 1.87 0.09 
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volumes of steel, Vs, and tracer element, Vv are calculated 
as follows: 

Vs = ^ ^ - M c e n (13) 
c s + c t p 

J /

t = ^ L - - M c d l (14) 
Cs + Ci Pt 

where M c e I 1 is the mass in the cell. 
The total cell volume is given by: 

V<»-Vt+V% (15) 

As mentioned earlier, it is assumed that the added Cu 
melts within 20 ms under the release of the heat of 
melting. This melting time was calculated using the model 
by Zhang. 1 5 ) The property data for vanadium and copper 
used both in the calculation of the melting time and in 
the CFD model were taken from the l i terature. 1 6 , 1 7 ' 

3.4. Boundary Conditions 

The location of the outlet is shown in Figs. 5 to 8. 
Steel is teemed from the outlet of the ladle bottom during 
casting. A complete listing of the boundary conditions 
is shown in Table 4 and more specific details are given 
below. 

Outlet 
During teeming the mass flow, rh, is set as: 

m=Y.AiwiPi (16) 
i 

where At is the area of grid i in a plane parallel to the 
ladle bottom and wt is the axial velocity in the z direction 
of grid i. During the filling of the tundish the mass flow 
is 7t /min and during the rest of the casting the mass 
flow is 2.3t/min. 

Surface 
The free surface is assumed to be flat and frictionless. 

The heat loss from the surface, Qs, has been determined 
as 27.1 k W / m 2 during filling of the tundish (ladle without 
lid) and 12.7kW/m 2 during the rest of the casting (ladle 
with lid). The values were calculated from conduction 
through a slag of 5 cm thickness. The temperature of the 
upper surface in the two cases was 900 and 1 250°C. 
During teeming the grid is decreasing with time to 
simulate the lowering of the surface area, As. The 
movement of the surface is calculated using the mass 
flow f rom Eq. (16): 

Table 4. Boundary conditions for the casting ladle. 

u V w h k £ 

Outlet 0 0 Wj 
dh 

— = 0 
dz dz 

ds. 
— = 0 
dz 

Surface 0 0 ws 

dh dk 
— = 0 
dz 

de 
— = 0 
dz 

Wall 0 0 0 
dy 

0 0 

Bottom 0 0 0 
d h „ 

— = ö b 
oz 

0 0 

where ws is the downward speed of the surface and p is 
the mean density of the layer at the top of the grid. The 
coordinate for the new position of the surface is 
calculated before the time step is added. When the surface 
is moved down to the next grid, the upper grid is removed 
from the calculations, since it does not contain steel any 
longer. 

Ladle Wall 
A no-slip boundary condition is imposed for the 

momentum boundary conditions, i.e. the velocities are 
zero at the bottom. In the grids closest to the ladle wall, 
logarithmic wall functions are used to calculate the shear 
stresses, turbulent kinetic energy, energy dissipation, and 
the velocity components parallel to the ladle wall. Details 
regarding the wall functions are described in a report by 
Launder and Spalding. 1 8 ' The heat loss f rom the steel 
to the refractory, g w , has been determined as 9.6 k W / m 2 . 
The value is calculated from plant experience on heat 
losses. 

Ladle Bottom 
The bottom is looked upon as a horizontal wall. The 

modeling is the same as for the ladle wall. A no-slip 
boundary condition is imposed for the momentum and 
logarithmic wall functions are used. The heat loss from 
the steel to the refractory, Qb, has been determined as 
9.6kW/m 2 . 

3.5. Property Variations 

The temperature dependence of the steel density is 
described by the following expression17': 

p = 8 .586xl0 3 -0 .8567r (18) 

where T is the steel temperature in K . The thermal 
conductivity and specific heat of steel were assumed to 
be constant at a value of 32.7 W/m-K and 789.9 J/kg-K, 
respectively. 

3.6. Method of Solution 

The solutions of the governing equations and bound
ary conditions were obtained using the commercial finite 
difference code PHOENICS. 1 3 ' During calculations, the 
finite difference equations were solved by iteration in 
the transient solution mode until they were satisfied 
within 99%. A typical calculation for a body-fitted 
coordinate mesh consisting of 19 x 25 x 15 cells required 
10 h of CPU time on a SUN Enterprise 4000 equipped 
with four CPU's. 

4. Results 

4.1. Comparison between Predicted and Measured 
Concentration Profiles 

In experiment (I), 3 kg of ferrovanadium was added 
at the half radius location of the ladle 1.5 min after start 
of teeming. In Fig. 3 the analyzed vanadium content in 
the outlet stream of the ladle is plotted as a function of 
the time f rom start of teeming. Before plotting the 
experimental data the vanadium value in the reference 
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Fig. 4. Measured and predicted concentration profiles of 
copper content in the outlet stream as a function of 
time from start of teeming. 4 kg of copper was added 
at the wall in the ladle 5.5 min before start of teeming. 

sample was subtracted. This sample was taken in the 
ladle before the FeV addition. The predicted concentra
tion profile of vanadium is also plotted in the same figure. 
As can be seen, the agreement between the measured and 
predicted concentration profiles is very good for the 
period 10 min after opening of the ladle. However, during 
the first 10 min after start of teeming, the predicted 
vanadium concentration is higher than the analyzed 
value. Also, in total 0.5 kg less vanadium was analyzed 
compared to the added amount. These discrepancies are 
probably due to dissolution of the ferrovanadium into 
the slag during melting of the addition. Ferrovanadium 
has a lower density than steel, which means that it may 
float up. The discrepancies can also be due to the fact 
that vanadium has reacted with oxygen and formed 
inclusions, which have separated to the top slag. 

In experiment ( I I ) , 4 kg of copper was added close to 
the wall in the ladle 5.5 min before start of teeming. The 
measured and predicted concentration profiles of copper 
in the outlet stream are shown in Fig. 4. The uppermost 
curve shows the measured concentration. Like in Fig. 3 
the concentration in the reference sample has been 
subtracted. This curve has the same shape as the 
calculated one but is shifted upwards. To check the reason 
a mass balance was made. The result showed that the 
amount of copper in the outlet steel was higher than the 

original content in the ladle plus the addition. The 
difference in level between measurement and model could 
be explained by a deviation either in the model or in the 
measurement data. The difference in the mass balance 
however could be explained only by differences in the 
measurements as the model was not used in that case. 
One possible cause is a different behavior when the 
reference sample from the ladle and the tundish samples 
are analyzed. They were analyzed in the same batch and 
with the same calibration, but they were taken in different 
vessels with different samplers. The accuracy of chemical 
analysis is discussed further in Sec. 5.2. 

I f the analysis of the reference sample is corrected for 
the mass balance error we get the curve which is marked 
"mass balance corrected" in Fig. 3. The agreement 
between this curve and the experimental data and 
predicted concentration profiles is good for the main part 
of the casting. The initial content is somewhat lower for 
the calculated curve. 

4.2. Examples of Predicted Data 

In order to show how the model may be used to 
simulate trace element studies, a few examples of output 
f rom the simulations of experiments (I) and (II) wi l l be 
given. In Fig. 5 the concentration profiles of vanadium 
are shown representing the time just after the tracer 
addition (1.5 min after start of teeming). As can be seen, 
the vanadium melts in the surface region. The calculation 
also shows that the vanadium does not sink, which is 
expected since it has a lower density than steel. 

The data in Fig. 6 are f rom experiment (II) , where 
4 kg of copper was added at the ladle wall 5.5 min 
before start of teeming. The profiles of copper con
centration and of steel temperature are plotted at a 
time just after that teeming was started. High copper 
concentrations are restricted to the region along the wall 
where addition took place. Also, the majority of copper 
is found in the lower region. Copper has a higher density 
than steel and wil l tend to sink to the bottom. Also, in 
a non-stirred ladle downwards directed velocities wil l 
develop due to natural convection forces initiated because 
the refractory is colder than the steel. This flow will also 
increase the moving of copper from the top to the bottom. 
The profiles of the copper concentration and the steel 
temperature after the tundish is filled, is illustrated in 
Fig. 7. The filling is done at a fairly high flow rate of 
7 t/min and during 2 min. As can be seen f rom the figure, 
the strong outflow has moved the region of highest copper 
concentration closer to the outlet. As a consequence, the 
concentration of copper in the outlet stream will be quite 
high. This is confirmed by the results in Fig. 4, which 
shows that the measured and predicted copper con
centration in the early stages of teeming is higher than 
during the rest of the teeming. 

In Fig. 8 the concentration and temperature profiles 
after 20 min of casting are shown for both experiments. 
A t first it might seem like the remaining copper is evenly 
distributed in the steel while the remaining vanadium is 
somewhat spread out, but this is partly an effect of the 
scale chosen. However, compared to the vanadium 
concentrations shown in Fig. 5 and the copper con-
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centrations shown in Figs. 6 and 7 it is obvious that the 
remaining concentration of the tracer elements is low 
and that it is quite uniformly distributed for both ex
periments at this stage of the casting period. 

5. Discussion and Conclusions 

5.1. Model Development 

A general model for a casting ladle has been developed. 
I t is based on the equations of continuity, motion and 
thermal energy. The turbulence is described by the k-s 
model. The model can be used to predict fluid and heat 
flow both during the standing and teeming period. 
Equations to describe the concentration of tracer 
elements added to the steel are included, as well as a 
boundary condition which allows the steel surface to be 
lowered at a certain rate determined by the outflow rate. 

5.2. Accuracy of the Chemical Analysis 

The laboratory usually gives the chemical analysis 
with an accuracy of 0.001 %. The samples of this study 
were analyzed to give a response in ppm. At this level of 
accuracy the absolute level cannot be guaranteed. In our 
case all samples f rom one trial were analyzed in one batch 
and we are only interested in the difference between the 
samples. In this case an acceptable reproducibility can 
be expected. 

A reference test on an experiment where vanadium 
was not added gave a standard deviation of 0.69 ppm V 
for 20 consecutive samples in the tundish. The same result 
is obtained i f we study the samples for the last 15 min 
of experiment 1. For copper we have no reference test. 
I f we look at the curve of Fig. 4 we see that we have a 
big peak value in the beginning, a smaller one at the end 
and a minor one just before 30 min. The peaks can be 
observed also in other experiments at the same plant and 
seem to be metallurgical phenomena. Between the first 
and the second peak there is a period of almost constant 
composition. Within this period (15-25 min) the standard 
deviation is 1.4 ppm Cu. 

The reference sample used for the material balance 
was taken in the ladle with a different type of sampler. 
Comparison between samples from ladle and tundish 
sometimes have shown discrepancies. This happens in 
spite o f the fact that all samples from one experiment 
are analyzed in the same batch with the same calibra
tion. For experiment 1 (Fig. 3) this is no problem. The 
difference between the ladle sample and the sample in 
tundish just before V addition is 1 ppm. In experiment 
2 (Fig. 2) a material balance based on the ladle sample 
shows that more copper is obtained in the output steel 
than the content which corresponds to the addition. I t 
was concluded that this was caused by problems in the 
chemical analysis. A new curve was prepared where the 
Cu content of the ladle sample was adjusted to agree 
with the mass balance. 

5.3. Tracer Behavior 

The predicted concentration of vanadium and copper 
tracer elements in the steel leaving the ladle has been 
compared with the chemical analysis of steel samples 
taken from the same steel stream. The agreement be

tween predictions and measurements is very good for the 
period larger than 10 min after start of teeming. Some 
discrepancies in results are found in the beginning of the 
teeming operation. 

In the copper experiment there is a concentration peak 
at the start. The calculation gives a peak value that is 
lower than the one measured by chemical analysis. One 
explanation could be that doping is simulated by filling 
one single grid element with copper-alloy. The element 
in question is close to the wall. This is large, compared 
to the volume of added copper. This can give a dilution 
effect. 

In the ferrovanadium experiment the measured rise in 
concentration lags approximately 5 min behind the cal
culated value. A t least four explanations are possible: 

(1) Ferrovanadium has a lower density than steel. 
One explanation could be that the V corresponding to 
the first part of the calculated curve has floated directly 
upwards and got stuck in the slag. After dissolving its 
density approaches that of the steel and behaves like the 
calculated curve. The fact that the area between the 
starting parts of the curves corresponds to the yield loss 
of vanadium supports this theory. 

(2) In Fig. 6 there is a temperature map correspond
ing to the situation shortly before the vanadium addition. 
The cooling f rom the upper surface causes a region of 
thermal inversion. This could be expected to reduce the 
stability of the flow pattern close to the surface. A 
tendency towards instability was also observed in the 
CFD simulations: subsequent snapshots within the same 
simulation gave somewhat different flow patterns within 
that area. A local disturbance could easily be precipitated 
by the addition of a tracer with different density as well 
as by the cooling caused by the addition. Thus, individual 
variations could be expected for tracers added in that 
region. Also, the curve in Fig. 3 is one example from 
several experiments. The statistics of the responses to 
additions made in the bulk have been published previ
ously. 1 ' 1 2 ' These results show a partly stochastic dis
tribution; i.e., the time lag could partly be explained as 
a stochastic phenomena. 

(3) The vanadium was modeled as melted at addition. 
In reality there is a finite melting time. A difference in 
melting time influences the curve. 

(4) In the CFD simulations it was assumed that the 
ladle l id was put on at the start of casting. In the ex
periments this was done some minutes later. This in
fluences the cooling from the top surface. I t may have 
influenced the flow pattern during that time period. 

5.4. Dispersion and Melting Process 

The melting of the tracers causes a local cooling which 
influences the steel flow. A difference in the melting rate 
for an individual tracer causes a difference in the time 
during which heat is released. This influences the steel 
flow. 

The copper added in experiment (II) was in the physical 
form of very small and thin shavings. I f these are 
dispersed in the melt, they will melt almost immediately. 
From reference 1 5 ) a melting time of 20 ms was considered 
appropriate. Computations with longer and shorter 
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melting times showed that the melting behavior had an 
influence on the response curve. 

The ferrovanadium added in experiment (I) was in the 
form of lumps of various sizes. This causes a melting 
time of finite length. An exact modeling of the melting 
process was considered to be outside the scope of this 
study. For this reason the vanadium was simply assumed 
to melt directly at the addition. The discussion above 
shows that this might have caused some discrepancies. 

The dispersion of the alloys in the liquid steel after the 
melting of the box is an important issue. They might be 
fully dispersed and melt like individual chips or lumps, 

or they may be lumped together and melt as a single 
aggregate. For the copper experiment the best agreement 
between calculation and measurement was obtained i f 
we assumed a melting time corresponding to that of a 
single chip (see Sec. 5.2). This supports the first theory. 

A vigorous boiling was observed during all additions, 
probably from expansion of the air in the box. This 
could be expected to increase the dispersion. I t could also 
increase the volume in which the pieces are dispersed 
and cause a lifting force. 

A n improved modeling of the melting and dispersion 
is of interest for the future development of the CFD 
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models. This would also give a model which could 
increase the understanding of the melting of ferroalloys 
in ladle metallurgy. 

5.5. Use for Verification of Other Models 

This study is part of a major project in which simple 
models are developed for process control and expert 
systems. The main purpose of this work, seen as a part 
of the main project, has been to create tools for ver
ification of those simple models. 

The 3-dimensional CFD model has been verified 
against the tracer experiments. The general result is that 
the model produces a drainage behavior that is similar 
to the one actually observed in the production ladles of 
SSAB T U N N P L Å T AB in Luleå. However, there are 
some specific differences that have been discussed in Sec. 
5.2. These differences mainly occur during the beginning 
of the casting. The immediate application at SSAB is in 
the development of expert system models for continuous 
casting. The main issue in this case is to get a good 
prediction of the temperatures at the end of the casting. 
Thus, "experiments" in the CFD model can be reliably 
used to verify the results of simple models for these 
applications. 

The end product of the process control models for 
ladles is the behavior of the outlet steel temperature vs. 
time. Measurement data for this parameter were not 
available, when the models developed at SSAB were 
tested. Instead, a calculation of that temperature was 
done with the CFD technique. The results were used as 
verification of the simple models.1' A very strong 
combined indicium was obtained by verification of the 
main output parameter against CFD results in com

bination with a test of other parameters against mea
surements. 
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ABSTRACT 

The paper describes the development and 
verification of simple models for predicting the effect 
of thermal stratification and drainage flow on the 
temperature of the steel leaving the ladle. Two types of 
models have been developed and tested: one based on 
tanks in series and one based on equations. The tanks in 
series model is more complex than the equation model. 
However, both models are simple enough to be possible 
for process control. The equation model is formulated 
so that the total effect of stratification and drainage is 
expressed with one parameter. Experiments with tracer 
addition were performed for verification as well as 3-D 
numerical simulations. Both models give good 
predictions for the conditions that were studied. 

1. INTRODUCTION 

1.1 Plant description 

The steel plant of SSAB TUNNPLÅT AB in 
Luleå has two 107 tonne LD-LBE converters. The main 
part of the steel is treated in a CAS-OB plant and then 
cast in two single strand slab casters. Production in 
1996 amounted to 2 Mtonne steel. The productivity has 
been increased by 50 % since 1991. 

There are plans for a further increase of 35 -
40 % during the next 3 years. Increasing demands on 
product quality have to be fulfilled with a simultaneous 
increase in production rate and decrease in crew. Under 
these circumstances uncertainties in the temperature 
control cannot be accepted. 

For this reason SSAB has initiated and 
financially supported a long therm research program on 
heat losses and steel flow in ladles. The work is carried 
out in cooperation with MEFOS and the Technical 
university of Luleå. 

1.2 Background and scope of the paper. 

Jonsson (1) and Wester (2) reported on direct 
measurements of the thermal stratification in a pilot 
scale ladle. The ladle size was 7 tonne and the 
measurements were performed by means of shielded 
thermocouples that penetrated through the ladle wall 
into the steel (1,2). 

During the same series of experiments Jonsson 
(1) also made an effort to measure the temperature 
difference between the cold wall flow and the main 
bulk. The results show a temperature difference of the 

magnitude AT = 5 °C. He also used radioactive tracers 
to measure the flow-rate in the cold wall flow. A 
downward flow-rate in the magnitude of 2 cm/s was 
indicated, however with some deviation. 

Measurement of the thermal stratification in a 
104 tonne ladle was made at SSAB Tunnplåt Luleå 
(3,4). The measurement was made by means of shielded 
thermocouples that penetrated into the melt from a 
vertical ceramic rod. The measurements show the 
formation of vertical gradients during holding and how 
they disappear during stirring. 

Among others, Ilegbusi. and Szekeley (5) 
reported results from the use of numerical flow 
simulation in the ladles. They simulated the formation 
of thermal gradients due to cold wall flow. A two-
dimensional model with radial coordinates was used. 

Later Olika [et al] (4) used measurements of 
thermal stratification in the ladles of SSAB Luleå to 
confirm a similar model. 

Chakraborty and Sahai (6) used a two-
dimensional model to calculate the combined effect of 
cold wall flow and drainage during casting on the 
temperature and flow distribution in the ladle. The ladle 
was assumed to have a central outlet. They also showed 
that the heat transfer through the top slag can have a 
crucial effect on the flow pattern. The outlet flow rate is 
also of great importance. 

1997 STEELMAKING CONFERENCE PROCEEDINGS - 557 



Austin [et al] (7) calculated the same effect for 
ladles with an eccentric outlet. In this case a three-
dimensional model had to be used. A big influence 
from the outlet flow rate was shown. The simulated data 
on thermal stratification was used to verify a very 
simple numerical expression for the increase of thermal 
stratification with time. 

t = 2.0 * C Hl 
Where 
• 
T = the increase rate of the temperature difference 
top-bottom 
• 
C = the decrease rate of the mean steel temperature 

Grip and Österberg (8) reported on a model 
simulating the effect of stratification and heat loss in the 
ladle as well as heat loss and mixing in the tundish. 
The model was used to predict tundish temperatures 
during casting and it was verified against production 
scale measurements at SSAB TUNNPLÅT AB in 
Luleå. One important conclusion was that knowledge of 
the stratification is not sufficient. The results indicated 
that the steel in the outlet stream is not simply taken 
from the bottom. A model for the effect of drainage 
flow is also needed. This conclusion was the motivation 
for starting the work reported in this paper. 

Grip [et al] (9) made experiments with 
chemical tracers to measure the drainage flow during 
continuous casting of a steel ladle. 

2, EXPERIMENTAL 

2.1 Tracer studies of the drainage flow in 
steel ladles. 

Tracer alloys were added in the ladle before 
and during casting and the response in the chemical 
analysis of the outlet steel was studied. Table 1 shows 
the alloys that were used as tracer elements. 

Table 1 Alloys used as tracers to study drainage 
flows. Properties from " F E R R O A L L O Y S & 
A L L O Y I N G ADDITIVES HANDBOOK" (11) have 
been included. 

Tracer 

content 

Density, 
kg/m3 

"Chill 
factor", 
° C / % 

Solidus, 
°C 

High density group: ac dition at wall 

C u 100 % C u 8960 20 1083 

Ni 99 % Ni 8 900 14 1455 

FeMo 70 % Mo 9 000 14 1800-
-1900 

Low density group: addition in bulk 

F e V 67 % V 6 500 10 1570-
-1595 

F e C r 62 % C r 7 100 24 1340-
-1450 

F e P 26,8 % P 6 400 34 1262-
1343 

The purpose of the work described in this 
paper is: 

• To develop simple models that can predict 
the effect of stratification and drainage 
flow in steel ladles on the temperature of 
the outlet stream. These models are to be 
simple enough for the use in process 
control. 

• To confirm these models by comparison 
with data from numerical simulation 

• To confirm these models also by 
comparison with data from measurements 
in production ladles. 

The numerical simulation was carried out at 
MEFOS. The details of the numerical simulation model, 
its development and the confirmation against 
experimental data are reported separately (10). 

The experimental work and the development 
of tanks in series and equation models were carried out 
at SSAB TUNNPLÅT AB in Luleå. 

Before addition, the tracer elements were put 
into a cubic container made of steel sheet. The addition 
was made by immersing the box under the steel surface 
until it was melted. The boxes were welded with 
openings to allow for air expansion during immersion. 
Handles made of 016 mm iron rods were welded to the 
containers. 

The thickness of the steel sheet in the container 
wall is important: It must not melt before the container 
has reached its position. On the other hand, it should 
then melt within a reasonable time. Therefore, we 
started with tests to find the optimal thickness. A piece 
of a steel sheet was dipped in molten steel, and the 
melting time was investigated These tests showed that 
a thickness of 1.5 mm was acceptable 

Figure 1 shows he experimental procedure. 
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Figure 1. Principle of tracer additions. Production scale experiments at SSAB TUNNPLÅT AB. 

Two types of tracer additions were made: 
• Additions close to the ladle wall. These 

additions were made > 5 minutes before the 
start of casting. The immersion depth was 
= 1 m. 

• Additions in the main bulk of the ladle. 
These additions were made 1.5-4 minutes 
after start of casting. The immersion depth 
was 50-80 cm. 

The reason for making the wall additions some 
minutes before casting was that they could be expected 
to follow the cold wall flow and be situated close to the 
bottom when the casting started. Thus it should be 
possible to compare the outlet response of doped steel 
that was situated both close to the top and the bottom. 
This procedure was used because it was not practically 
possibley to make the additions deeper than 1 m. 

There has been some concern about the density 
of the tracer elements. See table 1. Cu, N i and FeMo are 
more dense than liquid steel. These heavy elements may 
sink to the bottom by their own weight and this might 
be mistaken for a downward steel flow. The three 
"dense" elements were used only for addition at the 
ladle wall. There the effect of the downward flow can 
be expected to dominate over the effect of tracer density 
on buoyancy. 

On three occasions a heavy tracer was added in 
the bulk to determine i f a tracer addition in that place 
gave deviations in the result. There was a tendency to 
irregular response for the heavy elements in one of 
those experiments. This is not a 100 % significant proof 
of the effect of tracer density. However, for the sake of 
safety, the other additions of dense tracer alloys were 
made only at the wall. Also, the responses to additions 
of heavy tracers made in the "wrong" place have been 
excluded from the interpretation. 

The chemical response in the outlet stream was 
measured by frequent sampling close to the inlet point 
in the tundish. To make sure that all samples were taken 
at that point, the ladle was lifted so that the outlet from 
the long nozzle was just under the surface. 

A relatively small addition is desirable both for 
quality reasons and to avoid cooling from the melting of 
the alloy. It is important to detect minor changes in the 
analysis. Normally the result of the chemical analysis is 
rounded off to an accuracy level of 0.001 %. This is the 
level at which the absolute level could be guaranteed. 
As we only compare samples within the same trial the 
reproducibility is more important than the absolute 
level. For this case, detection on the PPM level could be 
used. This made it possible to use additions of 3-5 kg 
per heat. Otherwise, = 10 times that amount would 
have been needed. 
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The data used in this paper are from tracer 
additions made in 7 heats with up to 6 different 
elements in each heat. Response curves from a total of 
15 additions at the wall and 18 additions in the bulk are 
included in the interpretation. 

2.2 Definition of a "standard case" of plant 
data. 

In addition to physical experiments, also data 
from numerical simulations are used as verification of 
the process models. For these simulations a standard 
case of process parameters was prepared. The 
production data of the standard case correspond roughly 
to the actual conditions during 1995 when the tracer 
experiments were made. 

The following plant data will be used as 
standard case for the simulations: 

• Heat weight: 107 tonne. 
• Ladle diameter 1.3 m. 
• Steel temperature at end of last gas-stirring 

in CAS-OB: 1580 °C. 
• Cooling rate without lid: 0.3 °C / min. 
• Ladle slag 

* Thickness 5 cm. 
* Thermal conductivity: 2 W/m 
* Surface temperature without lid 

(before casting): 900 °C. 
* Surface temperature with lid (during 

casting): 1250 °C. 
• Tundish volume 14 tonne 
• First heat on tundish. 
• Time: 

* Casting starts 19 minutes after end of 
gas-stirring. 

* Lid on 1 min after start casting. 
* The tundish is filled in 2 min. 
* Casting time 42 min. 

There is no measurement position with stirring 
possibilities after the CAS-OB station. Therefore, we 
cannot obtain a direct measurement of the cooling rate 
for steel in ladle. The value used above corresponds to 
data for a standard middle-aged ladle in the process 
control computer. This is not an actual measurement, 
but the value that, from practical experienc, gives the 
best hitting rate of tundish temperature. If we compare 
with the calculations used to create figure 2 in ref. (8) 
the cooling rate corresponds approximately to that of a 
well preheated ladle = 1 hr after tapping. 

The slag thickness refers to measurements of 
the slag deposit on a thin-walled steel tube that was 
dipped through the slag in ladles arriving at the slab-

caster from the CAS-OB station. The surface 
temperature refers to measurements with a radiation 
pyrometer at the same occasion. The temperature is a 
mean value as the slag is not homogeneous. 

For the temperature of the slag surface during 
casting (with lid on top of the ladle) the following data 
were available: 

• Radiation pyrometer looking through small 
opening between lid and ladle: 1250 °C. (8) 

• Continuous temperature measurement 
during casting (9): 

* Thermocouple left above the slag after 
being passed by melt surface: 1300 
°C. 

* Thermocouple inserted just under the 
ladle lid: 1150°C. 

From this, a temperature of 1250 °C was 
estimated as an acceptable assumption. 

The heat losses through wall, bottom and slag 
were calculated from these data. They are shown in 
table 2. 

Table 2 Heat losses from ladle 

Time, Heat loss W/m2 
minutes Wall Bottom Top 

0-20 9,6 9,6 27,1 
20-60 9,6 9,6 12,7 

A very important feature of this case is that 
the heat losses through the ladle wall are relatively 
small compared to those through the top surface. 

3. RESULTS 

This chapter includes statistics and general 
tendencies. Examples of individual response curves will 
be shown later during the comparison of tracer 
experiments with tanks in series simulation. 

3.1 Definition of response types and their 
frequency 

The results were obtained as curves of 
concentration versus time. The curves were of different 
shape. Figure 2 and 3 show the principal types of 
response for additions made at the wall and the bulk . It 
is obvious that the responses from additions made at the 
wall were quite different from those made in the bulk. 
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3.1.1 Responses obtained for additions at the wall of 
the ladle > 4 minutes before casting. 

A preliminary study of the response curves 
indicated that they could be classified into three major 
groups. These groups are shown in figure 2 a. The three 
types could be described as follows: 

• "Type 1" shows a high concentration in the 
beginning, then it decreases to a level that 
is constant throughout the casting, and at 
the end there is a small increase. 

• "Type 2" shows the same pattern at the 
start, but the increased concentration at the 
end is missing. 

• "Type 3" shows no change at all 

All response curves for the additions at the 
wall were classified manually according to this 
definition. The histogram in figure 2 b shows the 
statistical distribution of the three response types. All 
the three types are relatively frequent. There is some 
overweight for type 1. 

% M e % M e % M e 

Type 3 

Time Time 

a) Definition of response types 

Time 

1 2 3 

Type of Response 

b) Histogram of response types 

Figure 2. Tracer addition at the wall of a 107 tonne 
ladle before casting. Summary of responses obtained 
in the outlet flow. 

3.1.2 Responses obtained for additions in the main 
bulk of the ladle > 2 minutes after casting. 

Also the responses to the additions in the main 
bulk can be classified into three main types. These are 
defined in the diagrams of figure 3 a. The three types 
could be described as follows: 

• Type A shows a steady increase of tracer 
content throughout the casting. 

• Type B shows an increase in the beginning 
followed by a plateau. 

• Type C shows an increase up to a 
maximum value and then a decrease to a 
relatively constant value. 

The histogram in figure 3 b shows the 
statistical distribution of the three response types. The 
three types could be considered as being equally 
frequent. (The difference in total frequency is ± 1 
observation). 

3.2 Effect of the position on the response 
type 

The histograms in figure 2 and 3 show the 
general distribution of the different responses, but they 
do not take into account where in the ladle the addition 
is made. 

% Me % Me 

iType A 

%Me 

Type C 

Time Time 

a) Definition of response types 

Time 

A B C 

Type of Response 

b) Histogram of response types 

Figure 3. Tracer addition in the main bulk of a 107 
tonne ladle after start of casting. Summary of 
responses obtained in the outlet flow. 
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3.2.1 Definition of positions Counts 

Figure 4 shows a classification of the 
horizontal position for the tracer addition. It is general 
for additions both at the wall and in the bulk. 

Outlet nozzle 

Figure 4. Tracer addition in a 107 tonne ladle. 
Definition used to study the effect of horizontal 
position. The intermediate area consists of two 
quadrants + a central circle of half the ladle 
diameter 

The ladle is divided into three regions: 

• Positions close to the outlet. 
• Intermediate positions 
• Positions far from the outlet 

3.2.2 Classification of the result 

The material that had been used to create the 
histograms in figure 2 and 3 was divided into groups 
according to the definition in figure 4. The histograms 
in figure 5 and 6 show the results for additions made at 
the ladle wall and in the bulk. 

3.2.3 Additions at the ladle wall > 4 minutes before 
casting. 

Opposite to outlet 

1 2 3 

Type of Response 

Counts 

5 
Intermediate position 

1 2 3 
Type of Response 

Counts 

5 

0 

Close to outlet 

Type of Response 

Figure 5. Tracer addition at the wall of a 107 tonne 
ladle before casting. Effect of the horizontal position 
defined in figure 4 on the response. 

Figure 5 shows the position dependence for 
additions made at the ladle wall. The three diagrams 
show the distribution of responses for additions that 
were made at the positions defined in figure 4. 
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Type 1 is more dominant if the addition is 
made far from the outlet and type 2 -3 are more 
frequent if the addition is made close to the outlet. 

The concentration increase at the end in curve 
type 1 could be due to part of the cold bottom steel that 
remains in stagnant pockets and is not released until the 
end of casting. The chance of survival for such a pocket 
ought to increase with increased distance from the 
outlet. For this reason, type 1 can be expected to be 
more frequent for additions made far from the outlet 
and type 2 could be expected to be more common for 
additions made close to the outlet. 

Counts 
5 

0 

Opposite to outlet 

i 

A B C 
Type of Response 

Counts 

5 
ntermediate position 

0 

A B C 
Type of Response 

Counts 

5 
Close to outlet 

A B C 
Type of Response 

Figure 6. Tracer addition in the main bulk of a 107 
tonne ladle after start of casting. Effect of the 
horizontal position defined in figure 4 on the 
response. 

From a practical point of view, these pockets 
of cold bottom steel are not desirable. They may 
contribute to both sculls and endpoint freezing. 

3.2.4 Responses obtained for additions in the main 
bulk of the ladle > 2 minutes after casting. 

Figure 6 shows the position dependence for 
additions made in the main bulk of the ladle. The three 
diagrams show the distribution of responses for 
additions that were made opposite to the outlet, in an 
intermediate position or close to the outlet, respectively. 
There is a tendency that curve type A is more frequent 
when the addition is made at the outlet side and that 
type C is most frequent at the other end. For the 
position at the outlet there is just one measurement, so 
no judgement can be made. 

In the bulk there is a relatively slow flow 
upwards, which is a counter-flow to the cold wall flow. 
The addition in the bulk will follow this flow upwards, 
then fall with the cold wall flow and finally accumulate 
at the lower layers. If the addition is made above the 
outlet the upward flow will be slower because of the 
outlet stream (10). Therefore, the accumulation will be 
relatively slow and the outlet concentration increases 
very slowly throughout the cast. This will probably give 
a response type A. 

If the addition is made farther from the outlet, 
the upward flow is faster. The accumulation in the 
lower part is faster, which gives a more rapid increase 
of tracer in the outlet flow. This turns the response 
closer to type B or C. 

However, the dependence of the position is 
less obvious than for the additions at the wall. Instead, 
distribution of responses seems to be partly stochastic. 
An explanation could be that the flow situation just 
below the surface is unstable due to thermal inversion. 
(10). Thus there is a high probability that an individual 
addition will follow an individual path. This is a 
probable reason for the stochastic behavior. 

4. MODEL DEVELOPMENT 

4.1 Numerical simulation 

The numerical simulation of convection flow 
in steel is a well established technique and can be done 
with commercial software. For the simulation of the 
SSAB ladles the PHOENICS package has been used. 
Simulation of stratification in a production ladle of 
Luleå has been described in a previous paper (4). An 
axi-symmetric 2-dimensional model was used. 
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In the present simulation drainage was also 
included. The outlet nozzle of the ladles at SSAB 
TUNNPLÅT AB in LULEÅ is in an eccentric position, 
and the axi-symmetric approach could not be used. 
Instead, a general 3-dimensional model for a casting 
ladle had to be developed. 

The model was based on the equations of 
continuity, motion, thermal energy and the k-£ model 
for turbulence. The model was also verified against the 
tracer additions mentioned above (10). 

In this work the numerical simulation is used 
mainly for verification of the other models. A 
simulation was carried out using the parameters of the 
"standard case" in chapter 2.2. The data from the 
simulation were used to create a curve for the outlet 
temperature vs. time. 

4.2 Tanks in series model 

The general principle is shown in figure 7. 

Heat loss Heat loss 

Heat loss 

Heat loss 

Heat los; 

Heat loss 

Cold wall flow 

Heat loss 

Main bulk 

Figure 7. Principle of tanks in series model. 

The ladle is divided into a number of tanks 
situated on top of each other. Before start of casting 
these tanks are of equal size. Each tank is divided into 
two sub-tanks: 

• A cold wall tank. This contains the steel 
that is to follow the cold wall flow 
downwards during the next time step. 

• The bulk tank corresponding to the central 
part of the ladle. 

The cold wall flow is simulated by moving the 
cold wall tank one step downwards for each time step. 
By definition this means that the volume of the cold 
wall tank is equal to the downward flow during one 
calculation step. As there is no cold wall flow 
downwards from the bottom tank this also means that 
the wall tank of the lowest level is empty i.e., all steel 
is in the bulk tank. 

The model works by integration in time steps. 
Within each time step the following calculations are 
made. 

1. A model for cold wall flow and 
stratification is used to calculate a new 
temperature distribution. 

2. If casting has started an emptying model is 
used to calculate the amount of steel that 
goes from each level to the outlet nozzle. 
The temperature of the outlet flow is 
calculated as a weighted mean for these 
portions of steel 

The flow at the cold wall gives a downward 
flow speed = (height of tank) / (length of time step). In 
the calculations of this paper the length of the time step 
is chosen so that this downward speed corresponds to 2 
cm/s. This is of similar magnitude as the one measured 
by Jonsson (1). 

Figure 8 shows the main flows at level n. 

A combined heat and mass balance is used to 
calculate the cold wall flow. We have to distinguish two 
cases depending on the direction of the horizontal flow 
between the bulk tank and the cold wall tank. 

The heat and mass balance of the tanks in 
series model does not contain enough equations to 
determine the flow-rates. One more equation has to be 
included from other data. In this work a constant 
temperature difference, A T W > U , is introduced between 
the cold wall tank and the bulk tank at the same level. 
This gives the following expression for the temperamre 
of the cold wall tank. 

T w (n,t) = T t a n k(n,t)-ATW , , | •[2] 

AT W , , | is used as a model parameter. 

The volume of the upward flow between the 
bulk tanks is equal to the cold wall flow at the same 
level because of mass conservation. 
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Cold wall level n-l 
Temperature= T c w ( n - l , t ) 
Weigh t=M c w (n - l , t ) 

Cold wall package 
reaches level n at time t+1 
Tp W (n-l , t ) , M c w ( n - l , t ) 

Cold wall level n 
Temperature= T c w (n , t ) 
Weights M c w ( n , t ) 

Cold wall package 
reaches level n+1 at time t+1 
T c w (n , t ) , M c w ( n , t ) 

Cold wall level n+1 
Temperature= T c w ( n + l , t ) 
Weigh t=M c w (n+ l , t ) 

Flow from 
tank to wall 

Ttankfat) 
M T . w (n , t ) 

Bulk tank level n-l 
Temperature^ T^Cn- l j t ) 
Weight=M t a n k(n-l,t) 

Upward flow 

T tankMA M ^ f n - U ) 

Bulk tank level n 
Temperature= T ^ ^ t ) 
Weights I V W ^ t ) 

Upward flow 
T t a n k (n+l , t ) , M ^ f o t ) 

Bulk tank level n+1 
Temperature= T^in+lJ) 
Weight=M t a n k(n+l,t) 

Figure S. Tanks in series model of stratification: Steel flows and temperatures at level n and time step t. 
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4.2.1 Calculation of cold wall flow 

4.2.1.1 Case 1: The cold wall flow increases on 
passing level n. (M x . w(n,t) >0). 

To determine the cold wall flow a combined 
heat and mass balance is made on the cold wall tank. 
The heat and mass flows for level n and time-step t are 
shown in figure 9. The steel arriving from above is the 
one that was in the cold wall tank of level n-l after the 
previous time step. 

From above 
Temp =1,JTL-\,X-\) 

Weight=Mw(n-l,t-l) 

Cold wall 
tank 

/From bulk tank 
/ Temp =Tm,k(n,t) 

NsWeight=MTW(n,t) 

Leaving for next level 
Temp = Tcw(n,t)= 
^tankO^f)- A T ^ , 
Weight=Mcw(n,t) 

Figure 9. Combined heat and mass balance for the 
wall tank of case 1. 

flows: 
The heat balance is made up of the following 

In: 

• Physical heat of steel from the level above. 
• Physical heat of steel from the "bulk tank". 
Out: 
• Physical heat of steel leaving for next level. 
• Heat loss through the ladle wall 

The following equations describe the heat and 
mass balance: 

T^Cn-l.t-l) * M w (n- l , t - l ) *C„ + 
+ T U n k ( n , t ) * M T w ( n , t ) * C p = 
= (T t e n k (n,t)-AT W ! l l l )* M w (n , t )*C p + Q(n,t) [3] 

4.2.1.2 Case 2: The cold wall flow does not increase on 
passing level n (M w . x (n,t) > 0) 

Figure 10 shows the flow picture for that case. 

From above 
Temp =Tcw(n-1 ,t-1) 

Weight=Mcw(n-l,t-l) 

Cold wall 
tank 

From wall to bulk 
TtankCn-Lt-l)- A T ^ i 
M w T(n,t) 

Leaving for next level 
Temp = T J n , ^ 
= Ttank( n = 1 )- A T , ^ 

Weight=Mcw(n,t) 

Figure 10. Combined heat and mass balance for the 
wall tank of case 2. 

This is a different physical situation. It can not 
be solved simply by changing signs on M T w(n,t) in 
equations [3] and [4]. The case is treated as follows: 

• It is assumed that part of the cold wall flow 
arriving from the upper layers is diverted 
directly to the horizontal flow. Therefore 
the horizontal flow gets the same 
temperature as the arriving cold wall flow. 

• The horizontal flow mixes into the central 
tank. It does not contribute to the heat 
balance of the cold wall package. 

This gives the following heat and mass 
balance: 

T w (n- l , t - l ) * [M^n- l . t - l ) - M w T(n,t]*Cp= 
= (Tu„k(n,t)-ATw,1 I)* M ^ O M ) * ^ Q(n,t) [5] 

M^fn-M-l) = M w .r(n,f)+ M J M ) .[6] 

M w (n - l , t - l ) + M T w(n,t) = Mm(a,t) •[4] 
The unknowns in this case are M,.w(n,t) and 

Mw.x(n,t) so the system is fully determined. 

All the temperatures in these equations are 
defined as a result from previous steps of the 
calculation. The system is fully determined as the only 
unknowns are: 

• The steel flow at the cold wall M„,(B,t) 
• The flow from the bulk tank to the cold 

wall M T w(n,t) 

4.2.1.3 Determination: case 1 or case 2 

Before calculation the model has to decide if 
case 1 or case 2 appears. 

The expression for M T w(n,t) evaluated from 
equations [3] and [4] is: 

M x w(n,t)=Q(n,t)/( A T w l l l « C p M T ^ n - M - l ) -
ATW>I11 / A T w a l l ) * M ^ n - M - l ) ] [7] 
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If the value of M T w(n,t) evaluated from this 
equation is positive case 1 appears and equations [3] 
and [4] can be used. Otherwise case 2 appears and 
equations [5] and [6] are to be used. 

4.2.1.4 Special considerations for the bottom tank. 

This case is very simple. There is no cold wall 
flow downwards. There are heat losses both to the wall 
and the bottom. These cool the bottom tank directly. 

4.2.1.5 Special considerations for the top tank. 

The top tank loses heat through the top 
surface. The work of Chakraborty and Sahai (6) have 
shown that this heat loss has a big influence on the flow 
conditions. In the tanks in series model two alternative 
behaviours are possible: 

Alternative 1: The steel cooled by the heat loss 
from the top is transported towards the wall. 
There it contributes to the cold wall flow. 

Alternative 2: The heat loss from the top simply 
cools the top tanks. 

The model assumes a combination between 
those extremes. The ratio between the mechanisms is 
described by the parameter Dq t o p : 

• The heat loss D Q t o p * Q,oP(t) contributes 
to the cold wall flow. 

• The heat loss = (DQ t o p ) * Q t o p (t) just cools 
the top tanks. It is distributed between bulk 
tank and wall tank in relation to their 
volume. 

We get the following heat an mass balance for 
the cold wall tank at the top: 

" W M ) * M T w ( l , t ) * C p = 
= (Tu„w(l,t)-At w , l l )* Mcw(l,t)*Cp 

+DQ,op*Q«.p(t)+Q(n,t) [8] 

M T ^ M ^ M ^ C M ) [9] 

4.2.2 Calculation of temperatures 

First, the temperature of the wall tank is 
calculated from the temperature of the bulk tank at the 
same level using equation [2]. 

Then the temperature of the bulk tank is 
determined by a simple mixing process. It is calculated 
as a weighted mean of the following portions of steel: 

• The steel remaining in the bulk tank when 
the upward flow and the horizontal flow to 
the wall tank have left 

• Steel arriving from the wall tank (if any) 
• Steel in upward flow from the tank below. 

It is practical to make the computation in this 
order.as equation [2] uses the temperature of the bulk 
tank from the previous step 

4.2.2.1 Model parameters 

The stratification model is dependent on the 
following parameters: 

1. Temperature difference between tanks and cold 
wall flow. (ATw aii) 

2. Number of tanks 

3. Cooling rate or heat loss rate through the wall, 
top and bottom. 

4. Distribution factor for the heat loss of the top 
surface (DQ t o p ) . 

4.2.3 Model of emptying flow 

The emptying of the ladle might take place 
from the bottom and / or from the layers higher up in 
the ladle. Many possible distributions were tested. 

It was found that an acceptable accuracy was 
obtained if a combination of three emptying 
mechanisms was used: 

1. Evenly distributed between all tanks. The 
contribution from each tank is proportional 
to the volume of the tank. 

2. Evenly distributed between the tanks 
corresponding to the bottom half of the 
ladle. 

3. Only from bottom tank. 

The calculation starts by adding the 
contributions from the three distributions for each level. 
This shows how much the model wants to take from 
that level to the outlet nozzle. 

These volumes are then compared to the 
volume remaining in bulk tank + cold wall tank of that 
level. If these are found to be emptied the remaining 
steel is instead taken from the tank above. This 
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examination is made from the bottom and upwards. If 
an unfulfilled demand should remain, it is simply 
distributed proportional between all tanks. 

After that, the volumes of all tanks are adjusted 
with the calculated weights. The wall and bulk tanks of 
the same level are changed proportionally. 

The outlet temperature is calculated as the 
weighted mean value for contributions of steel taken 
from each individual tank. 

If some tanks have been emptied a 
reconfiguration and remuneration is made before 
starting the next step. If the bottom tank is emptied, the 
wall tank at the new bottom level is merged with the 
bulk tank so that we get an empty wall tank at that 
level. 

The temperature and concentration curve in the 
first calculations often showed an irregular and serrated 
shape. This was because of concentration and 
temperature jumps when a tank was emptied. To avoid 
this problem a procedure was included whereby the 
tank was merged with the tank above if it reached 
below a critical size (the tank below if it is the top 
tank). This improved the smoothness of the calculated 
temperature curve. 

4.2.4 Model of tracer additions 

The tracer additions are included for 
verification of the model. The equations are principally 
identical to the temperature equations with 
concentration instead of temperature. 

For tracers added in the bulk this is correct 
only if the tracers are dissolved and distributed in the 
whole cross-section of the ladle at the moment they are 
added. Then they will come in contact with the cold 
wall flow exactly as in the temperature model. In reality 
they are added so far from the wall that they do not get 
transported to the cold wall until they have reached the 
top. Therefore a special set of equations has been 
included where the tracers follow the steel upwards 
without contact with the wall tanks until they have 
reached the top surface. They then mix in and behave as 
in the general model. 

4.2.5 Practical computation. 

The first models were programmed in an Excel 
spreadsheet. Later they became more complicated by 
introduction of several emptying models, tracer 
simulations and special models for heat loss from top 
slag. The final code was written in "C". 

4.3 Modelling by simple equations 

The model developed in this chapter is built on 
the assumption that the distributions of temperatures 
and drainage flows can be considered as uniform. 
Therefore we will start by describing the definition used 
for uniform functions. 

4.3.1 Definitions. 

The principal diagram in figure 11a shows a 
vertical temperature profile in a ladle after some time of 
thermal stratification. Usually the temperature gradient 
is steeper close to the bottom. With intense cooling at 
the top there is often an inversion in the topmost layer 
(10). 

Level, i 

o 
mean 

Steel temperature, °C "unity 

a) Temperature vs height b) Unity curve 

Figure 11. The vertical temperature profile and its 
unity curve. The unity curve has identical shape as 
the temperature curve but the height and amplitude 
i s l . 

To simulate the behavior during casting we 
have to take into account that the bath depth decreases 
during the casting. It is probably more practical to 
express the thermal stratification in °C / m to allow for a 
more shallow bath. For this reason the degree of 
thermalstratification is defined as 

Ostrat=(Tmax-Tmi l l)/H [10] 
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Also the shape of the curve is important. For 
each shape a unity curve can be defined. Figure 11 b 
shows the unity curve of the diagram in figure 11 a. It 
has been created simply by changing both scales so that 
the height and the amplitude in temperature are equal to 
one and the mean temperature equals 0. The unity curve 
is defined as the curve 8 u n i t y(h u n i t y) vs. h u n i t y where: 

H 

hunity-h/H 

8nnity(hunity) =800 ̂ strat =[T(h) -T m e a n ] /8S, 

[ U J 

[12] 

In this work the thermal stratification is 
defined as uniform if the unity curve does not change 
during holding or casting. The unity curve defines the 
shape. This means that the shape of the curve 
temperature vs. height does not change during the 
process. 

J f ( h )dh = F [14] 

A unity curve for drainage (f u n i t y vs. h„aity) can 
be defined in a similar way as the unity curve for 
temperature. The drainage is defined as uniform if this 
unity curve does not change during the process. 

4.3.2 Growth of thermal stratification 

The formula from Austin [et al] (10) has 
already been mentioned. It gives a very simple linear 
expression of stratification vs. time. 

i = 2 . 0 * C •HI 

The mean value of 8(h) over the bath depth 

=0: 

8 (h) = 
V /mean 

J[T(h)}ih 

J5 (h)dh J [T(h ) -T m M n } ih 

H H 

_ o 
H 

•T = T -T =0 
mean mean mean 

The mean value of 8u n i t y(h u n i t y ) is =0: 

S unity ( j 1 unity \ a m /'S unity ( f l unity unity) -

= J * ( h )*d (h )_8 ( f t 

2 
0 strat 

H 
= 0 .(13) 

In this work the Austin equation is rewritten in 
a more general form. 

d(8 s tra t)/dt= C s t r a t *dT/dt [15] 

T in the Austin equation corresponds to 

d(S s t ra t)/dt * H, and C corresponds to dT/dt. 
I.e. to get exact correspondence to equation 1 

the value of the parameter constant C s t r a t should be 

2.0 /H 

The equation has one parameter constant 
namely C M 

4.3.3 Calculation of outlet temperature 

The thermal stratification is defined as uniform 
if this unity curve does not change during the process. 
(I.e. the shape of the curve temperature vs. height 
does not change) 

For the temperature prediction it is important if 
the drainage flow comes from the bottom or from some 
other level in the ladle. The drainage function f(h) 
describes the contribution from each level to the steel 
mix leaving through the nozzle. The sum of all these 
flows must be equal to the total drainage flow i.e. 

4.3.3.1 Case 1: Linear gradient, everything from 
bottom 

The simplest case is one where 
• There is a linear vertical gradient through 

the whole ladle. 
• all steel leaving the ladle comes directly 

from the bottom layer. 

In this case the calculation of the outlet 
temperature is very simple see figure 12: 
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n̂ozzle T b o t t o m — T m e a n - % (5 s t r a t ) * H .... [16] 

8 *H 
°strat n 

Height 

H AT, / t 

Tbottom T m e a n 

Temperature 

Figure 12. Calculation of bottom temperature for 
linear stratification. 

4.3.3.2 Case 2: Uniform stratification and drainage 

The outlet temperature can be calculated as a 
weighted mean of the temperature of outlet steel from 
all levels. 

nozzle 

l r r _ + 5 ( h ) } f ( h ) d h 
0  

H 

J f(h)dh 
0 

H 

Jfi;h)dh 

T = T nozzle ^mean H 

JfTh)dh 
0 

J 5 „ * 8 . „ ( h - , > F « f u . i , ( h „ , , ) » H d h _ , 

+ J F  

The expression can be simplified into: 
i 

T n 0 2z,e = T r a e a n + J8 s m t *5 u n i t y (h u n i t y ) f u n i t y (h u n i t y )*Hdh u 

or: 

L nozzle= * mean-'2 °strat ^shape 

where 

i 

.[17] 

ŝhape 2 unity ^1 unity ) * ûnity (^unity ^^unity 

If we assume that both drainage and 
stratification are uniform the value of the integral does 
not change during the process i.e., C s n a p e is a constant. 

If equations [16] and [17] are compared it is 
obvious that if the degree of stratification is multiplied 

with the shape factor Cgi,,,^ we can calculate the 
uniform case as if we have a linear gradient and 
everything comes from the bottom. 

4.3.3.3 Combination with an increasing thermal 
stratification 

Integration of equation [15] gives 

Sstrat = o0 +Cstrat * * 

Where 8Q = 8 s t r a t at the time t = 0. If we 

have a well stirred ladle at the start of integration we get 

8 0 =0. I.e.: 

°strat ^strat 1 

Combination with equation [17] gives 

TBozzle= T m e a n - ^ * H * t * C s t r a t * C s j , a p e ....[18] 

or: 

Tnoz3le= T m e a n . / 4 * H * t * C 
tot 

....[19] 

I.e., if we start from a well stirred ladle the 
total effect of thermal stratification and drainage 
mechanism can be expressed by one parameter 
constant. 
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4.3.4 Change in temperature of the remaining steel 
in the ladle. 

The calculations so far show the temperature 
of the outlet stream. However, the drainage of a steel 
flow with different temperature also affects the mean 
temperature of the remaining steel in the ladle. This 
must also be calculated 

If the time interval is short enough the change 
in heat capacity of the steel during the time interval can 
be neglected. Then the following Heat-mass balance 
can be written. 

f[M h e , t (t+l) * T 0

m e a n (t+1) + T n o z z l e (t)* AM] * C P s t e e l = 
J = M h e , t ( t ) * T m e a n ( t ) * C p s t e e I 

| jVI h M t (t+l) + AM = M n e a t (t) 

This gives the following equation: 

M h e a ( t ) 
T ^ , ( t + l ) = T m e s n ( t ) * 

T n o n l e * A M 

M h r a t ( t ) - A M M h e a t ( t ) - A M 

This equation gives an intermediate 
temperature: the mean temperature of the steel 
remaining in the ladle after the drainage steel has left 
through nozzle. To get the ladle temperature we must 
also subtract the temperature decrease because of heat 
loss through the wall, bottom and top surface: 

I ™ ( t + 1) = 

....[20] 
M h e a t ( t ) -AM 

'AM 
- A T 

43.5 Stepwise calculation 

The model calculation is made stepwise. Every 
step includes the following operations. 

1. Calculation of thermal stratification. 
2. Calculation of the temperature of the steel 

leaving through the outlet nozzle. 

5. VERIFICATION AGAINST 
MEASUREMENT AND  

NUMERICAL SIMULATION 

5.1 Verification 
simulation. 

of tanks in series 

The verification is made in three steps: 

1. Verification of the calculation of thermal 
stratification against temperature measurements 

2. Verification of temperatures against the 
numerical simulation results. 

3. Verification of the drainage model against 
tracer experiments. 

5.1.1 Comparison 
measured data 

of thermal stratification with 

5.1.1.1 Vertical distribution of temperatures in a 7 
tonne ladle. 

Jonsson (1) and Wester (2) have measured 
thermal stratification in pilot scale. The heat weight was 
7 tonne. The steel was tapped into a cold ladle from a 
small electric furnace. 

In the ladle the temperature was measured 
continuously with thermocouples penetrating through 
the ladle wall into the steel. The thermocouples were 
arranged at three levels. The ladle was held for s 10-12 
minutes and then subjected to gas-stirring. The 
measurements were logged from the tapping until after 
the gas-stirring. 

In the diagrams in figure 13 the temperatures 
measured during the two trials are logged vs. time. The 
positions of the thermocouples are defined as 

• Bottom: 0.25 m from the bottom 
• Middle: 0.45 m from the bottom 
• Top: 0.81m from the bottom 

In trial 2 (figure 13 b) the middle 
thermocouple has failed. 

The figure shows how the temperatures 
diverge during holding and converge during stirring. 
The fact that the temperatures converge towards the 
same temperatures during the stirring period indicates 
that the measurements are reliable. 

The stratification during these experiments was 
also simulated by the tanks in series model. The 
temperature distribution from tapping to the first gas-
stirring was calculated. The temperatures at the 
measurement points were calculated by the simulation 
and included in the diagrams. 
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Figure 13. Stratification in 7 tonne ladle. Comparison of measurement with Tanks in series simulation. The 
measurement was made with thermocouples penetrating through the ladle wall 13.5, 45 and 81 cm from the 
bottom. 

In these experiments the measurement was 
made directly after tapping. The heat loss rate was big. 
Thus the heat loss to the wall dominated over the heat 
loss to the top surface so the latter one could be 
neglected. 

The values of the model parameters used in the 
simulation are: 

1. Number of tanks = 6 

2. Temperature difference between cold wall flow 

and bulk (ATw a l l)=5 °C 

3. Heat loss rate = the instantaneous heat loss 
corresponding to the measured decrease in steel 
temperature. 

The agreement between measurement and 
calculation is within the limits of the measurement 
accuracy. 

5.1.1.2 Vertical distribution of temperatures in a 104 
tonne production ladle. 

A measurement of the stratification in a 104 
tonne production ladle was carried out at SSAB 
TUNNPLÅT AB in Luleå (3,4). The measurement was 
made by means of an immersed rod with sheathed 
thermocouples that penetrated into the melt at two 

levels. The trial covered two periods of holding (= 5 
min. each) with intermediate gas-stirring periods (= 5 
min. each). In figure 14 the measured values are plotted 
against time. This trial was made during 1991. 
Compared to the "standard case" the heat loss rate is 
higher (different ladle lining) and the top slag is 
thicker. Also in this case the temperature of the two 
thermocouples converge at gas-stirring. 

The stratification model has been used on the 
same material and the result is plotted in the same 
diagram. 

The values of the model parameters used in the 

simulation are: 

1. Number of tanks =8 

2. Temperature difference between cold wall flow 

and bulk (ATw a l l)=5 °C 

3. Heat loss rate =0.5 5 °C /min. This corresponds 
to the heat loss actually measured. 

4. The heat loss through the top was assumed to 
be distributed 50 % to the wall and 50 % to the 
top tank 

The thickness of the top slag was not 
measured. However, the slag volume at that time was 
higher than during the"standard case". In the simulation 
the slag thickness has been estimated to 10 cm. 
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Figure 14. Tanks in series simulation of stratification 
in a 104 tonne ladle. Comparison between 
measurement and calculation. The temperatures 
have been measured by thermocouples penetrating 
into the steel 0.3 and 2.3 m from the bottom. 

The calculation seems to give a stratification of 
the same degree as the one measured. The simulated 
value for the upper thermocouple seems to give a 
temperature decrease that is a little bit too slow. 
However, the differences are of magnitude similar to 
the instability of measurements sowe should not draw 
not too many conclusions. 

5.1.2 Comparison with temperatures calculated by 
numerical simulation. 

Wall T o p Middle 

Bottom 

Figure 15. Comparison of "Tanks in series" model 
and 3-D simulation. Isotherms calculated by 
numerical simulation after 19 minutes of holding are 
compared with the boundary of the cold wall flow 
calculated by the tanks in series model. 

A numerical simulation was made with a 3-
dimensional model. The model was the one described in 
chapter 4.1. The data for the "standard case" of chapter 
2.2 were used as modelling parameters. 

The calculated temperature distribution just 
before start of casting is shown in figure 15 (Chapter 
3.1). The temperatures and the isotherms are from the 
diagram produced by the numerical simulation model. 

The isotherms in figure 15 are influenced by 
the effect of the heat loss from the top surface. The 
effect is revealed as a tendency towards thermal 
inversion in the zone close to the top surface. 

A simulation of the same "standard case" was 
also made with the tanks in series model. The following 
model parameters were used: 

1. Number of tanks =8 

2. Temperature difference between cold wall flow 

and bulk (AT w a l l )=2 °C 

3. Heat loss rate =0.55 °C /min. This corresponds 
to the heat loss actually measured. 

4. 50 % of the heat loss through the top slag was 
distributed to the wall and 50 % to the top 
tank. The slag thickness was 5 cm as in the 
standard case. 
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Figure 16. Verification of the tanks in series model. Comparison with steel temperatures in the outlet nozzle 
with those calculated by three dimensional numerical simulation. 

The metallurgical parameters were the same 
"standard case" data as the one used for the numerical 
simulation. 

The calculated boundaries between the cold 
wall tanks and bulk tanks and main bulk have been 
included for comparison in figure 15. They are defined 
as the inside radius of cylindrical shells with the same 
volumes as the cold wall tanks. They seems to 
correspond relatively well to the isotherms. 

Also the temperatures in the steel leaving the 
nozzle were calculated by both the numerical 
simulation model. The outputs, expressed as steel 
temperature vs. time are compared in figure 16. 

The same curve was calculated by the tanks in 
series model. Even this result is plotted in figure 16. 
The parameters were calibrated to give the best f i t . 

It was found that the best result was obtained 
with the following settings of the drainage model: 

• First 2 minutes: (high speed filling of 
tundish): 100 % from the bottom tank. 

• The rest of the casting: (normal flow-rate 
through nozzle): 100 % from the lower half 
of the ladle. 

The main difference between the curves is that 
the one from the tanks in series simulation shows some 
serration with small jumps each a tank is emptied. 
Apart from this, the results are well correlated to each 

other. 

5.1.3 Verification against tracer experiments. 

The extension mentioned in chapter 4.2.4 was 
used to verify the model against the tracer experiments. 
Two additions in one experiment are chosen for 
comparison. The additions that were studied were: 

• 4 kg FeMo that was added at the ladle wall 
= 1 m below the surface. The addition was 
made 5 minutes before the ladle opening. 

• 3 kg FeV that was added in the main bulk 
of the ladle = 0.5 m below the surface. The 
addition was made 3 minutes after the ladle 
opening. 

The main data from this specific experiment 
are: 

• Heat weight = 104.5 tonne 
• Time from CAS-OB to opening of the 

ladle: 11 minutes. 
• Casting time: 45 minutes. 
• The ladle lid was put onto the ladle 5 

minutes after the opening of the ladle. 

The responses for the additions at the wall and 
in the bulk are plotted against time in figure 17 a and b. 

With the definitions of figure 2 and 4 FeMo 
shows a response of type 2 and FeV gives a response of 
type B. 
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The tracer content before addition (measured 
at CAS-OB), is included for comparison. The 
stochiometric composition with 100 % yield of the 
tracer alloy is also included. The stochiometric value is 
based on the calculated volume of steel that was in the 
ladle when the addition was made. A comparison with 
the measured concentration curve indicates that the 
yield of V is less than 100%. 

A simulation of the experiment and the tracer 
behaviour was carried out in the tanks in series model. 
The simulation results are plotted in figure 17 a and b. 

For the addition at the wall the simulation gives a curve 
of approximately the same shape as the measurement. 
However, the measured curve seems to be delayed in 
comparison with the one that was calculated by the 
tanks in series model. 

For the addition of vanadium in the bulk the calculated 
curve shows a concentration that is higher than that of 
the chemical analysis. The reason is that the calculation 
is made for 100% yield and the real yield is lower. If we 
allow for this the curves match each other very well. 
This example shows the simulation of a response type 
B. The mechanism for types A and C will be treated in 
the discussion. 

The parameter settings were the same as in chapter 
5.1.2. This means that the calculations of figure 17 is a 
verification of that calibration. 

5.2 Equation models 

5.2.1 Test of the assumption of uniform curve shape 

In this paper the curve shape is defined as 
uniform if the unity curve does not change during the 
process. 

In figure 18 the unity curves of the vertical 
temperature distributions have been calculated for three 
different cases. 

Case a (figure 18 a) shows the temperature 
profiles from a two-dimensional numerical simulation 
of the production ladles at SSAB TUNNPLÅT AB in 
Luleå. (4). Isothermal diagrams of the temperature were 
given for 5, 10, 20 and 30 minutes of holding. The 
vertical temperature profiles halfway between center 
and wall were measured in the diagrams, recalculated 
into unity curves, and plotted in figure 18 a. The unity 
curve shows very small changes during the holding, i.e., 
the curve shape can be looked upon as uniform. 

Case b (figure 18 b) is calculated from 
temperatures measured in a 7 tonne pilot plant ladle (1). 
The measurements are the same as in figure 13 a. The 
temperature curves were extrapolated to top and 
bottom to determine T m a i and T m i n for the unity 
functions. The unity curves change very little, which 
indicates a uniform behavior. 

0 15 30 45 

Time from start cast ing, minutes 

A Measured 

— Start 

Tanks in series 

Stochiometric 

a) Molybdenium added at the wall 5 min before 
opening the ladle 

0 15 30 45 

Time from start cast ing, minutes 

A Measured o Tanks in series 

Start Stochiometric 

b) Vanadium added in the bulk 3 min after 
opening the ladle 

Figure 17. Response in chemical analysis of the outlet stream after addition of tracer element in a production 
ladle. Comparison of measured responses with those calculated by the tanks in series model. The time schedule 
and the heat weight are is the actual ones from the trial. The other parameters are identical to the standard case. 
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Case c (figure 19 c) shows the behaviour 
during casting. The data are from the numerical 
simulation of the "standard case". (See chapter 2.1). 
The temperature profile halfway between center and 
wall has been measured on the isothermal diagrams 
from the simulation and converted into unity curves. 
The line in figure 18 shows the temperature distribution 
before casting. The points show the temperature 
distribution after 20 min. of casting at the outlet side 
and opposite side. The value of T m „ and T r o r a used in 
the calculation is the mean value for the two curves. 
The curve changes very little, which indicates a uniform 
temperature profile even during casting. 

5.2.2 Test of the linear increase model for 
stratification 

If the curve shape is uniform, the temperature 
difference between the thermocouples is proportional to 

östråt- T h e n w e c a n write: 

8,= C X * T + B , [22] 
Where: 

5 1 =A 1 *8 s t r a t =T the difference in temperature 
between the top and bottom thermocouples 

A j = a constant 

C j = C s t r a t / A\= a constant 

B j = B / A j = a constant 

The verification will be made against the pilot 
plant measurements (1,2) in a 7 tonne ladle. See figure 
13. Integration of equation 2 with time gives 

8strat = C s t r a t * T + B [21] 

Where: 

B is an integration constant 

If we plot the temperature difference against 
the mean temperature in the ladle we should get a 
straight line. If we calculate against temperature drop 
since start we get the same curve, but with the opposite 
inclination. Figure 19 shows such a plot for the two 
trials in figure 13. The linearity is not perfect, but seems 
good enough for practical modelling. 

J 0 , 5 - -
CO 

i 
o 
Z 

0 •-

Normalised temperature 

i — 5 min — • — 1 0 min 

— 20 min —»—30 min 

q) Numerical simulation of 
104 tonnes ladle (4). 

Temperature vs height after different 
holding times. 
The temperature is measured in the 
isothermal diagram halfway between 
center and wall 
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Normalised temperature 
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b) Measurement on three 
levels in 7 tonnes ladle (1). 

Temperature vs height after different 
holding times. 
The temperature is measured in by 
thermocouples penetrating the wall 
into the steel bath. 

-1 0 1 

Normalised temperature 

Start casting 

A 20 min outlet 

A 20 min opposite to outlet  
1 1  

c) Numerical simulation of 
casting in 105 tonnes ladle 

Change of temperature profile 
during the first 20 min of casting. 
The temperature is measured in the 
isothermal diagram halfway between 
center and wall 

Figure 18. Equation models. Verification of the assumption of uniform shape of the vertical temperature 
profile. Comparison of unity curves from numerical simulations and measurements. 
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Figure 19. The diagram shows stratification vs. 
temperature drop in a 7 tonne ladle (1,2) as well as a 
linear estimation. The stratification is defined as the 
temperature difference between the top and bottom 
thermocouples. 

5.2.3 Test of the "total" model: temperature of the 
outlet stream 

In Figure 20 the temperature of the outlet 
stream has been calculated for the same case as the one 
used for 3-D numerical simulation. The curves are 
compared. The parameters used for the calculation are 
as follows. 

• Cstrat= 2.0 

• C d r a i n - 0.1 during the first two minutes. 

• C d r a j n = -0.1 during the rest of the casting. 

For the main part of the curve the difference 
between the curves is < 2 °C. As in the tanks in series 
model the best fitting occurs if we assume different 
parameters for the first 2 minutes when the flow-rate is 
higher. The values of C d r a i n indicate that more steel is 
taken from the bottom during the first 2 minutes than 
later, i.e., the same tendency as for the tanks in series 
model. 

6. DISCUSSION AND  
CONCLUSIONS 

6.1 What is proved by the verifications? 

The verifications in this paper involves both 
sub-models and the total models. 

The tanks in series model includes models for 
stratification and drainage. Both the stratification model 
and the drainage model have been verified against 
experimental data. 

The equation model includes models for 
stratification and drainage as well as an assumption of 
uniform behavior. The model used for stratification was 
previously verified against numerical simulation data by 
Austin [et al] (7). The verifications in this paper show 
principal agreement with pilot plant measurement. The 
uniform behavior was tested against both experimental 
data and data from numerical simulations. 

1580 

1550 
0 15 30 45 

Time from start casting, minutes 

A 3D Phoenics • Equation model 
Figure 20. Temperature in the outlet nozzle of the 
ladle versus time. Comparison of data calculated by 
equation model and 3-D numerical simulation. 

The total models of both the tanks in series 
and the equation model have been tested against 
numerical simulation data. The numerical simulation 
was made in a 3-D model. That model had also been 
verified against the experimental data (10). 

The conclusion is that if the model parameters 
are set properly the models give good predictions for 
the plant conditions that were tested. 

6.2 The possibility to improve the tanks in 
series model as a general model. 

For general models it is often possible to 
extrapolate the results over a more wide range of 
conditions. 
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The simulations in chapter 5.1.1.2 and those of 
5.1.2 and 5.1.3 are from similar ladles in the same plant. 
However, the one in 5.1.1.2 is from a time period with 
a much higher heat loss rate. A comparison of the 
parameter settings shows that the best fitting was 
obtained with A T w a l , = 5°C in 5.1.2 and with A T w a n = 
2 C C in the other two cases. I.e., the existing tanks in 
series model is not 100% general for cases with 
different heat loss rate. 

The model description in chapter 4.2 shows 
that the tanks in series model consists of: 

1. Heat and mass balance equations. This part of 
the model could be considered as general. 

2. An equation for constant temperature 
difference (equation [2]). This part is an 
empirical concept, not a general model. 

The difference in itself is logical. An 
increased heat flow rate could be expected to be 
connected with a bigger temperature difference 

An effort to make the model more general 
ought to concentrate on changing or modifying the non-
general part (equation [2] ). E.g. one solution could be 
to make AT w a n dependent of the heat loss rate. A 
general model would have to be tested vs. a big amount 
of experimental and / or simulated data. This would 
demand a relatively big effort. 

6.3 Tanks in series simulation of the three 
response types for tracer additions in the 
bulk. 

The tracer addition in the bulk gives three 
types of response (A, B and C in figure 3 b). The 
verification in chapter 5.1.3 shows good agreement with 
the response of type B. It is interesting to see if the 
responses of type A and C can also be explained by the 
tanks in series model. In figure 21 a -c the responses to 
three different tracer additions have been plotted. The 
diagram in figure 21 b shows the same data as the one 
of figure 17 b. The responses are of the three types A, B 
and C. 

29 T 

28 •-

o 27 --
o 
o 
* 26 - = 

Ü 25 --

2 4 . 5 

23 •• 

**** 

-—M/ 
**** 

-—M/ 
Type A j 

15 30 45 

Time from start casting, minutes 

a) Experiment 6: 
Cr added 0.8 m down 
Heat loss from slag: 
- 100 % cools top tank 
- 0 % cools cold wall 
Drainage mechanism: 

- 50% from middle 
- 50% from bottom 

Time from start casting, minutes 

b) Experiment 10: 
V added 0.5 m down 
Heat loss from slag: 
- 50 % cools top tank 
- 50 % cools cold wall 
Drainage mechanism: 
- 100 % from lower half 

Time from start casting, minutes 

c) Experiment 9: 
Cr added 0.5 m down 
Heat loss from slag: 
- 0 % cools top tank 
- 100 % cools cold wall 

Drainage mechanism: 
-100 % from bottom 
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Figure 21. Addition in bulk. Simulating the three response types by use of modified parameters in "Tanks in 
Series" simulation. The settings for the drainage mechanisms refers to the main part of the casting (after filling of 
the tundish). 
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If we make a simulation of those additions 
with the standard settings we will get responses of type 
B for all three cases. The parameters used are those 
corresponding to the mean value of the ladle. However 
the 3-D numerical simulation (10) indicated that the 
conditions in the ladle are not homogeneous. It is 
possible that different local conditions could give 
different responses. For this reason a test was made 
with modified parameters. 

In the simulation of figure 21 a the following 
parameters were used: The heat loss from the top 
contributes to the cooling of the top tank, (Dq t o p = 0.0). 
The drainage flow comes from the bottom tank and the 
middle tanks (50% from each) This gave a slower. 
increase in the response curve and a response closer to 
type A. The response curve was relatively close to the 
one actually measured. 

In the simulation of figure 21 c the 
parameters were changed, principally in the opposite 
direction: The heat loss from the top contributed to the 
cold wall flow (Dq t o p = 1.0) and the drainage flow is 
from the bottom tank . This gave a much faster initial 
rise in the response curve and a response of type C. 

It seems to be possible to create all the three 
response types in the model by modifying the 
parameters. This indicates that variations in the local 
conditions might be one reason for the three response 
types. A reservation should be made that figure 21 
shows the effect of changed parameters for the whole 
ladle, not just for the local loop. 

6.4 Time delay for wall additions 
The simulation of wall additions in figure 17 a 

gave a curve of similar type as the measured one, but 
the time delay was smaller. 

0 15 30 45 

Time from start casting, minutes 

A Measured » Tanks in series 
Start Stochiometric 

Figure 22. Tanks in series simulation of tracer 
addition at the wall. The parameters are modified to 
give slow upward flow: ( A T w a n =10 °C). Otherwise 
identical to the simulation in figure 17 a. 

Figure 22 is similar to fig 17 a but the 
simulation has been remade with parameters giving a 
lower speed of the cold wall flow-rate. The curve is 
influenced by jumps as tanks are emptied and 
disappear. Except from these irregularities the 
simulation seems to give curve of similar shape and 
time delay as that of the measured response. 

This indicate that lower flowrate in a local 
loop could be one explanation for the difference. Even 
in this case it should be pointed out that figure 22 shows 
the effect of modifications for the whole ladle. 

6.5 Comparison of the model types. 

Both the tanks in series model and the equation 
model seem simple enough to be for process control. 

The tanks in series model is more complicated 
than the equation model. It could be motivated if it can 
be made more general. As was pointed out in chapter 
6.2 some work has to be made to achieve that. 

The equation model is the simplest one. It 
seems possible to make a model where the effect of 
stratification and drainage can be described with one 
calibration constant. Such a model should be possiblelo" 
calibrate against standard plant data. 
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6.6 Future work 

For SSAB TUNNPLÅT AB a new process 
and production control system is being planned. An 
important task is to prepare for implementation of the 
models into that system. 

It is of interest to increase the extent of general 
behavior of the tanks in series model. This would 
include also a big amount of work to get data for 
verification. 
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bottom of ladle 
Unity height = height 

coordinate for unity curve 
Number of tank 
Number of time step in 

stepwise integration 
Continuous time in eq [15], 
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in ladle, "C 
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outlet nozzle, °C 
Highest temperature of 

steel in ladle, °C 
(close to top) 
Lowest temperature of 

steel in ladle, °C 
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Temperature of the steel 

leaving the ladle through the 
outlet nozzle, °C 
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Mean temperature in ladle, 
°C 

Heat loss from level n 
during the time step t, J 

Heat loss from the top and 
bottom surface during the time 
step t, J 

Distribution of the heat loss 
through top slag between cold 
wall flow and direct cooling of 
the "top tank". 

Temperature difference 
between bulk tank and wall 
tank at the same level, °C 

Steel weight in of the bulk 
and wall tank at level n at start 
of time step t, tonne 

Steel flow at level n during 
the time step t from the bulk 
tank to the wall tank and from 
the wall tank to the bulk tank, 
tonne 

Mean thermal stratification, 
°C/m. 

Rate constant for increase 
of Sstrat with time 

Parameter showing the 
effect of drainage mechanism 
on nozzle temperature 

Parameter for combined 
effect of drainage and 
stratification 
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M n e a t Heat weight, tonne 
8(h) = T ( h ) - T m e a n Temperature difference at 

level h, °C 

8 „ „ ^ ( h u o i t y ) = Unity function for 
=8(h) /5„ r a t stratification 
F Drainage flow-rate t/min. 
f ( h ) Contribution from level h 

to drainage flow: t/m,min. 
funity(hunity) = Unity function for drainage 
= f ( h ) / F 

A M Weight of the steel leaving 
through the nozzle from time t 
to t+1, tonne 

M n e , t ( t ) , T r o f f t ) Mean temperature and steel 
weight during the time 
interval t, tonne and °C 

T° m e , n ( t+1) Mean temperature during 
the time interval t+1 before 
heat loss, °C. 

(I.e., only the drainage 
effect is considered.) 

TnonieW Steel temperature in the 
outlet nozzle at the time t, °C 

A T n e i t l 0 S J ( t ) Decrease in steel 
temperature due to heat loss 
during the time interval t, °C 
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Abst rac t 

The production control systems must have accurate models for the prediction of tundish 

temperature to meet increasing demands on control and production rate in continuous casting. 

The models have to be simple. They must also include the effect of variations in steel flow 

and mixing, including shortcut flows from the inlet stream towards the outlet end. To meet 

this demand, a tanks in series model was designed, which also included the effect of dynamic 

shortcut flows. The model has been verified by data from experiments with chemical tracers 

in a 14 tonne straight tundish. The tracers have been added both in the ladle and close to the 

inlet end in the tundish and the response in the steel entering the mould has been studied. The 

data seem to confirm that there is a different distribution of the steel flow in the period shortly 

after the ladle change. The difference could be explained either as shortcut flows caused by 

buoyancy or by increased stirring. It is possible to choose a configuration of tanks that allows 

simulation of both the transient behaviour at ladle change and the steady state conditions 

during the main part of the casting by changing the adjustable parameters for the shortcut 

flow without changing the configuration of tanks. 

Keywords: Liquid steel, Tundish, Fluid flow, Numerical simulation, Trace element 

experiments, Tanks in series model. 



1 I n t r o d u c t i o n 

1.1 Plant data and physical configuration 

The Steel Plant of SSAB Tunnplåt AB in Luleå has an annual production capacity of 2 

million tonnes. About 85 to 90 % is used for the production of slabs, which are rolled in the 

hot strip mill of SSAB Tunnplåt AB in Borlänge. The remainder goes to the bloom caster of 

INEXA AB, which is situated in the same works area. The tundish is straight with a nominal 

steel weight of 14.5 tonnes. The dimensions are 3.4 x 6.8 m at the bottom and 3.7 x 1.0 m at 

the top, and the inside height is 1.05 m. The casting is done in two single strand slab casters 

measuring 220 x 800 -1600 and 220 x 800-1700 mm. 

1.2 Background and purpose of the study 

In a previous study a simple temperature model was developed and tested as part of an expert 

system III. The model included a simple tanks in series model of the tundish. It predicted the 

temperature pattern in the tundish for different conditions and actions. The main purpose of 

the system was to give support for operator decisions in various situations. However, that 

model only covered steady state situations. 

It has been shown that buoyancy effects can cause shortcut flows, and that this can influence 

the dynamic response at ladle changes /2,3,4/. A successful system for decision support must 

be able to predict not only the steady state behaviour, but also the dynamic responses. The 

purpose of this study is to improve the tanks in series model, so that even the dynamic 

shortcuts can be simulated. A constraint is that the model has to be simple enough to be used 

in process control computers, expert systems, etc. 

2 T a n k s in S e r i e s M o d e l a l l o w i n g fo r s h o r t c u t f l o w s 

2.1 Principle 

A general tanks in series model has been developed for the straight tundish of SSAB 

Tunnplåt AB in Luleå. The physical configuration of the model is shown in Figure 1 a. The 

tundish is divided into a series of tanks. The steel within each tank is assumed to be 
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completely and immediately mixed. The tanks are of equal size for the standard case (a 

straight tundish without baffles and dams). 

The steel from the ladle can take two alternative routes. The standard route is that the steel 

from the ladle passes into the first tank. The steel then flows through the tanks until it finally 

leaves the tundish through the Submerged Entry Nozzle (SEN). 

The model has to allow for the shortcuts that can be expected because of buoyancy effects 

12,3,Al. For this reason there is an alternative route where the steel from the ladle goes directly 

to one or more of the subsequent tanks without passing through the previous tanks. This route 

is also shown in the sketch. The distribution of the shortcut flow between the receiving tanks 

is adjustable. 

The model does not allow backward flows. 

2.2 Calculation flow 

The calculation is made in time-steps. Each time-step starts by calculating the new weight in 

the tundish using the steel flow from the ladle and the flow out through the SEN nozzle. The 

steel weight in the individual tanks is calculated by dividing the total steel weight in the 

tundish by the number of tanks. 

A mass balance is made on all tanks, starting with the last one and going backward towards 

the inlet tank. For each of these tanks a mass balance is made. Each mass balance gives the 

weight of the steel that is arriving from the previous tank as an output. Then the mass balance 

moves to that tank and the calculated steel flow is used as an input. 

When all steel weights and flows are calculated a heat balance is made to calculate the 

temperatures of all tanks. 
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2.3 Heat and mass balances 

2.3.1 Temperature model, standard case 

The definitions and principle of the heat and mass balance for the tank n at time-step t are 

shown in Figure 1 b. The following equations can be set up 

M n , t =Mtundish,t I Ntanks ( A ) 

M n , t = M „ , M+ M s h o r t c u t

n , t + M f r o m p r e ™ u s

n , r M f r o m p r e v i o u s

n + 1 , t ( B ) 

T ^ K M ^ w - M

f r o m p r e v i o u s

n + 1 , t ) * T n , t . 1 + M s h o r t c u t

n ) t * T n o z z l e

t + M

f r o m p r e v i o u s

n , t * T n . 1 ; t - i ] / 

/( M„, t-i+ M s h o r t c u t

n , t- M f r o m p r e Y i o u s

n + 1 , t + M f r o m p r e " o u s », t) -AT h e a t , o s s

t ( C ) 

where 

n = the number of the tank 

t = the number of the time-step. 

MtUndish,t = the steel weight in the tundish at the time t. 

Ntanks = The number of tanks 

M n , t = The weight of the steel in tank n at the end of time-step t 
Msnortcu t ^ _ w e i g h t Q f & e ^ 

arriving directly from the ladle to tank n during the 

time-step t 

T„,t = The temperature of the steel in tank n at the end of time-step t 

T n o z z l e t = The temperature of the steel arriving directly from the ladle to tank n during the 

time-step t 

jyjfrom previous ^ _ - j , ^ w e j g j l t Q f tøg s t e e i arriving f r o m tank n-l to tank n during the time-step 

t 

A T h e a t l o s s

t = Temperature decrease due to heat loss of the steel in the tanks n during time-step 

t. 

Equation (1) implies that the steel weight in the tundish is distributed equally between the 

tanks. The value of M t u„di Sh,t is determined at the beginning of each time-step from the 

previous value by adding the steel coming from the ladle and subtracting the steel leaving 

through the SEN. 
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The time-step being calculated is referred to as time-step t, the one before as t-1, etc. The 

temperatures and weights that have been calculated as a result for the present time-step are 

indexed as t. The weights and temperatures at the beginning of the present time-step are the 

ones that have been calculated during the previous step, and thus they are indexed as t-1. The 

steel weights that are mixed in the heat balance are those calculated in the present step and 

they are indexed t. However, the input temperatures are the temperatures before mixing. They 

were calculated during the previous step, and thus they are indexed t-1. One exception is the 

steel from the ladle, which has been calculated during this time-step and assumed to go 

directly to the tanks without delay. The temperature of that steel is indexed t. 

In the heat balance it has been assumed that the temperature dependence of the heat capacity 

can be neglected. 

There are some differences in the first and last tanks in the series. For the first tank the 

expressions M f r o m p r e ™ u s

n , t hi equation (2) and M f r o m p r e v i o u s

n , t *T n . 1 ; t . 1 in equation (3) 

disappear. M s h o r t c u t

n , t in both equations is replaced with the steel from the ladle that has not 

gone via shortcut to the other tanks. For the last tank M f r o m p r e y i o u s

n + i ) t is replaced with the 

weight of steel leaving through the SEN nozzle. 

As mentioned above the calculation of the mass balance starts on the last tank and continues 

backwards through the series of tanks. M f r o m p r e v i o u s

n , t is determined by using equation (2). 

Then the mass balance moves to the tank before and the calculated value is used as 

MfrompreviouSn+i f i n ^ m a g s b a l a n c e for ± & t t a n k 

Once the mass flows are determined the temperatures can be determined by using equation 

(3) on all tanks. The order of calculation is of no consequence in that case. The decrease in 

temperature because of heat loss (AT h e a t l o s s

t ) is assumed to be the same for all tanks. 

2.3.2 Tanks of different size 

If there are dams and weirs in the tundish, it might be of interest to adjust the volume of the 

individual tanks, so that the positions of walls of the tanks correspond to the positions of the 

natural walls. Assume that there is a uniform geometry, so that the volume ratio between the 
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individual tanks is constant when the steel level changes. In this case the same model can be 

used, if equation (1) is exchanged by equation (4) below: 

M„,t =MtUndish, t * Xtank,ii ( D ) 

where 

XtanM = the ratio of the volume of steel weight in the individual tank n to the total weight of 

steel in the tundish. 

2.3.3 Definition of the matrix for shortcut flow 

The distribution of the shortcut flow between the tanks is adjustable. However, i f the purpose 

is to find a simple model for practical use, even the expression for the distribution has to be 

simple. In this study a distribution was used whereby the shortcut decreased or increased as a 

hnear function from the first to the last tank. Then the model is controlled by three adjustable 

parameters: 

1. The number of tanks 

2. The amount of the input flow that is distributed by the shortcut model. In this study 

the value is either 100% ("Shortcut") or 0 % ("No shortcut"). 

3. The ratio between the shortcut flows to the first and last tanks. 

Table 1 shows some examples of the flow distribution with different settings for a system 

with 4 tanks. 

With tanks of equal size the shortcut flow can simply be expressed as tonne/tank and the 

linear decrease/increase is a function of the tank number. If the simulations are to be made 

with an unequal tank size the flow has to be expressed as tonne/(tonne in tank) and the 

decrease has to be expressed as a function of the calculated distance of the centre of the tank 

from the inlet end. 

2.3.4 Simulation of tracer addition 

The model is to be verified by tracer experiments. For this purpose an additional mass 

balance has to be made to calculate the tracer content of the steel. This mass balance is 

similar to the heat balance of equation (3), but the temperatures are exchanged for 

concentrations. See equation (5) below: 
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C „ ) t = [ ( M n ) t . a - M f r o m p r e v i o u s

n + i , t ) * C „ ) t . 1 + M

s h o r t c u t

M * C n o z z l e

t + M f r o m p r e v i o u s

n , t * C n . 1 ) t . i ] / 

/ ( M n , n + M s h o r t c u t

n , t - M f r o m p r e v i o u s „ + 1 , t + M f r o m p r e v i o u s

n , t ) ( E ) 

where 

C„,t = The concentration in the steel in tank n at the end of time-step t 

C n o z z l e t = The concentration of the steel arriving directly from the ladle to tank n during the 

time-step t 

One complication is that the response to the tracer experiments is measured by sampling in 

the mould. The mixing in the steel pool of the mould can affect the results. To calculate the 

concentration on that pool an extra tank is added after the last tank. The steel weight in the 

pool is assumed to be constant. This gives the following simple mass balance: 

Cpooi(t) = { C S E N ( t ) * M S E N ( t ) + C p o o l ( t - l ) * [ M p o o l - MSEN(t)]} / M p o o l ( F ) 

where: 

Mpooi = the weight of the steel in the pool 

Cpooi(t) = the concentration of the steel in the pool at the end of the time-step t. 

CsEN(t) and M S E N W = the weight and concentration of the steel arriving into the pool from 

the SEN during time-step t. 

3 T r a c e E l e m e n t S t u d i e s in a P r o d u c t i o n T u n d i s h 

3.1 Addition to tundish to study steady state flow 

The tracer was a solid rod of copper that was immersed into the tundish close to the inlet 

tube. The rod was 1.7 m long with a diameter of 20 mm. The weight was 4.7 kg. The rod was 

immersed so that it penetrated the steel surface approximately 300 mm from the inlet tube, 

and at an angle, so that it pointed into the steel flow under the mouth of the inlet tube. It was 

pushed down manually at a speed corresponding to the melting rate. This continued, until it 

was consumed. Because of the length of the rod there was a short interruption during which 

the grip was shifted. A steel wire was used to hold the rod during that operation. The time 

needed for this immersion never exceeded 2 minutes. The response in the outlet steel was 

measured by frequent samphng from the mould. The sampling frequency was one sample per 

minute. A vacuum sampler was used. 
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The response was studied both for the standard tundish and in a tundish with different 

arrangements of dams and baffles. The tundish configurations are shown in Figure 2. 

3.2 Addition to the ladle to study the flow during the ladle change 

Three ladles in sequence on the same tundish were studied. The concentration of the ladle in 

the middle of the sequence was adjusted by the addition of 10 to 20 kg of Ni during the ladle 

treatment. The addition was chosen to give a clearly detectable difference between the Ni 

content of that ladle and the one before and after. This made it possible to follow the mixing 

between the ladles as a step response in the Ni content of the steel leaving the tundish. Each 

experiment gave two step responses, one upward between ladle one and two and the other 

downward between ladle two and three. 

To study the response, samples were taken from the steel in the mould by means of a vacuum 

sampler. Samples were taken once every minute. The chemical analysis of the steel samples 

was done using an optical spectrometer. To get an idea of the practically obtained 

reproducibility the standard deviation was calculated for a series of 10 consecutive samples 

from the mould. These samples were taken during an undisturbed period. The result showed a 

standard deviation of 7.2 ppm Ni. 

4 R e s u l t s 

4.1 Standard tundish design: low threshold at 1150 mm. 

4.1.1 Steady state measurements 

The measurements of steady state conditions were made using the copper rod method as 

described in section 3.1. The standard configuration in the tundish at that time was a flat 

bottom with a low threshold, which was placed 1100 mm from the inlet end. Two 

experiments were made with this configuration. The tracer concentrations obtained during 

these experiments are plotted as a function of time in figure 3. The concentration given in the 

diagram is the concentration increase due to the tracer addition, i.e., the difference between 

the actual concentration and the background concentration. The concentration in the last 

sample has been used as background value. The measured data are marked "Reference 
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(Threshold 1100)". Both responses are asymmetric with a relatively quick increase up to a 

peak value, and then a gradual decrease. There is a comparatively big difference 

(approximately 50 %) between the peak values of the two experiments. Otherwise, the curves 

are fairly similar. 

As the configuration was identical to the one used in the standard production these data 

points are used as reference in the forthcoming figures. 

The diagram also includes calculated data for the experiments. The calculations were made 

using the following parameters. The casting speed was calculated by dividing the heat weight 

minus the steel remaining in tundish at ladle change with the casting time minus 2.5 minutes 

for filhng of the tundish. The mean value of the speed calculated for the two reference 

experiments was used as input. It was assumed to be constant over the interval. The weight of 

steel in the tundish was 14 tonnes and it was assumed to be constant during the time covered 

by the calculation. The steel density was assumed to be 7.0 tonnes/m3. 

The delay caused by the steel flow from S E N to the sampling point was assumed to 

correspond to a well-mixed pool measuring 1200 x 200 x 500 mm. 

The total weight of the tracer was 4.7 kg. It melted in 2 minutes. During that time it was 

assumed to be mixed at a constant speed directly into the stream from the ladle. The tracer 

melting time has been included in the diagram for comparison. 

From these data the theoretical retention time has been calculated. This corresponds to the 

response time that would be obtained in a vessel with a perfect plug flow. It can be calculated 

from the formula: 

r̂etention _ jyjtundish j ^ycast ^ ( G ) 

where: 

r̂etention̂  _ R e t e n t j o n t m i e Q f s t e e i m mndish, calculated for the conditions at the time t 

M t u n d i s h

t = Weight of the steel in the tundish at time t 

yeast. _ £ a s t m g S p e e ( j a t t i m e t = tonne/min through the S E N nozzle. 
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With the parameter values mentioned above the retention time is 6 minutes. If the weight of 

the mould pool is included in MtundiSh in equation (7), a retention time of 6.36 minutes is 

obtained. This value is the theoretical transport time from the inlet point, where the tracer is 

added, to the sampling point, where the response is measured. Both retention times are 

included in the diagram. 

A tanks in series simulation was done using the parameters mentioned above. A configuration 

used with 4 tanks and a shortcut with the distribution type A was used (see Table 1). The 

calculated response is included in figure 3. The response curve is asymmetric with the peak 

before the theoretical retention time. The calculated peak value is slightly higher than the 

lowest one in the two experiments. The biggest difference from the measured data is that the 

decrease during the latter part of the curve lags somewhat behind. 

4.1.2 Ladle change 

Figure 4 shows step responses that were obtained during ladle change. The diagram covers 

two experiments. In each one three ladles in sequence were studied. The middle ladle was 

doped with Ni and shows a much higher content than the ladles before and after, i.e., there are 

two response curves in each experiment: one step upwards between the first and the second 

ladle and one step downwards between the second and the third ladle. 

There are some comphcations when comparing these curves. The steps in concentration have 

different signs and they are of different sizes (because of differences in the initial analysis). 

Also the steel weight in the tundish (M t u I l d l s h

t in equation 7) changes dynamically during the 

ladle change. It is obvious that with a very low level in the tundish a fast response could be 

expected, simply because the theoretical retention time is lower. It is important that this effect 

is not mistaken for the effect of a different steel flow. 

For this reason the responses in Figure 4 are expressed as normalised variables, which are 

not affected by the effects mentioned above. The normalised concentration is expressed as : 

Cnormalised = ( C f C i ) / ( Q - C 2 ) ( H ) 

(11) 



where 

Cnormaiised = the normalised concentration (dimensionless) 

C t = the concentration in the sample taken at the time t . 

Ci and C2 = the concentration in Ladle 1 and Ladle 2 . 

This response is always positive and goes asymptotically from 0 to 1. 

The normalised time uses the present value of the retention time as a time scale. It is defined 

by the following expression: 

normalised = N o r m a l i s e d t i m e (dimensionless) 

x = time 

Xo = value of t at start, in this case opening of ladle 2. 

The use of an integral expression for the time-scale may appear to be complicated. It is, 

however, unavoidable as the retention time changes dynamically during the ladle change. In 

the practical computation Equation (9) has been treated as a difference equation and 

integrated stepwise. The steel weight used in the calculation of the retention time was 

determined from manual notes during the experiments. The casting speed was assumed to be 

the arithmetic mean of the one calculated for the heat before and after the ladle change. The 

casting speed for the individual heats was calculated from the casting time, the steel weight in 

the ladle and the steel weight in the tundish before and after the heat. 

In the steady state condition xretention is constant and the normahsed time can be described by 

the ratio x / xretention. 

In Figure 4 all four step responses have been plotted in the same diagram as normahsed 

curves. One of the response curves is from a heat where the tundish had been emptied to 4.2 

tonnes before the ladle was opened. For the other three heats the steel weight in tundish at 

ladle opening ranged from 8 to 10 tonnes. 

0 
( I ) 
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Two response curves have been calculated by the tanks in series model and included in the 

diagram after conversion into normalised curves. Both curves were calculated using 4 tanks 

in series. The casting speed was assumed to be 2.54 tonne/minute. This corresponds to the 

mean value over time for the 3+3 heats involved in the experiments. The flowrate from the 

ladle when the tundish was refilled after the ladle change was assumed to be 5.8 

tonne/minute. This corresponds to a filhng rate that had been measured by electronic logging 

of tundish weight on the first heat in one sequence. During the refilling of the tundish after 

the ladle change there was a shortcut distribution of type C (see Table 1). Immediately after 

the filling of the tundish the distribution of steel flow changed into a shortcut type A, i.e., the 

same as for the steady state flow. 

The calculated curves fall within the range of the measured data. 

4.2 Steady state flow with a modified tundish design 

4.2.1 Threshold in different positions. 

The diagram in figure 3 also contains response curves measured with the threshold in 

positions 750 and 1900 mm from the inlet end. These curves are marked "Threshold 750" 

and "Threshold 1900". There is a tendency for the response to be somewhat faster for the 

cases in which the threshold is closer to the inlet e.g., "Threshold 750". However, the effect 

of moving the threshold seems to be relatively small compared to the precision of the data. 

Calculations were made using an asymmetric arrangement of tanks corresponding to the 

position of the threshold. The configuration in all cases was four tanks with shortcut type A. 

An arrangement corresponding to the case "Threshold 750" could be made with four tanks if 

the wall of the first tank was placed at a point corresponding to the midpoint of that threshold, 

and the walls of the following 3 tanks were equally spaced within the remaining volume. A 

physical arrangement corresponding to the case "Threshold 1900" could be obtained if the 

wall between tank no 2 and 3 was placed at a point corresponding to the midpoint of that 

threshold. Then, each one of the volumes before and after that wall was divided into two 

symmetrical tanks. Calculations were made with both these arrangements. The resulting 
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response curves were very close (within ±15 seconds) to the curve of "four tanks shortcut 

type A". 

4.2.2 Response in tundish with one or two high dams. 

The concentration increase is plotted as a function of time in Figure 5. The curve marked 

"High dam 1900" refers to an experiment, where a high dam is placed 1900 mm from the 

inlet. The curve marked "Two dams" refers to an experiment in which one high dam is placed 

at 800 mm and another one at 2140 mm from the inlet. The configurations are shown in the 

second and third sketch from the top in Figure 2. The results of the reference trials and the 

trial with a threshold at 1900 mm are included for comparison. 

The responses obtained for the configurations with high dams are more asymmetric than 

those obtained with low thresholds, and the peak value occurs earlier. The asymmetry is 

biggest in the experiment with one single dam at 1900 mm. 

The simulated response with 4 tanks and a shortcut distribution of the type B is included in 

the diagram. This means a linear distribution model, where the last tank gets 40 % of the flow 

to the first tank, i.e., the shortcut flows to the tanks far away from the inlet have increased in 

comparison to those of type A . The curve calculated with shortcut type A is included for 

comparison. The calculation was made using a casting rate corresponding to the one that 

could be calculated for the experiment with one dam at 1900 mm. 

The calculated curve with a shortcut type B (defined in Table 1) is of a shape similar to the 

response measured for a single dam at 1900 mm, and the peak is in approximately the same 

position. The main deviation is that the calculated curve is somewhat wider than the 

measured response. 

In the experiment with two dams the asymmetry of the curve is smaller. For this experiment, 

the best approximation was reached with a shortcut model, where the flow to the last tank 
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was 25% of that to the first tank. This shortcut distribution is an intermediate between Type A 

and Type B in Table 1. The curve from that simulation is not included in the diagram. 

4.2.3 Response with baffle + dam. 

One experiment was done with a configuration consisting of a baffle at 970 mm and a dam at 

1650 mm from the inlet end. The configuration is shown in the lowest picture in Figure 2. 

The response is shown in Figure 6. The response obtained during the reference experiments 

is included for comparison. The curve is different from all the others: it is more symmetric, 

and the peak occurs later. 

Another difference is that the absolute level of the concentration is low. It corresponds to a 

yield of only 60% of the immersed copper. There are no data in the experimental 

documentation on disturbances that could be expected to affect the result. Calculations were 

made in the tanks in series model assuming an addition of 2.8 kg Cu, corresponding to a yield 

of 60%. The casting rate was the one calculated from the heat data of the experiment. 

Calculated response curves for 4 tanks without shortcut and for 4 tanks with a shortcut of type 

A are included in the diagram. The response without shortcut gives a better approximation 

than that with shortcut. However, even in this case there is a time-lag between the measured 

and calculated data. 

5 D i s c u s s i o n 

5.1 Effect of different number of tanks and shortcut distribution. 

Figure 7 shows the change in the response curve, when the number of tanks is increased 

from 1 to 4. Complete mixing in the tundish corresponds to 1 tank. The casting rate was 2.33 

t/minute, which corresponds to the casting of 105 tonnes in 45 minutes. The curve is 

asymmetric with an early top value. When the number of tanks increases the flow becomes 

closer to plug flow. This corresponds to a movement of the peak to the right and an increase 

in symmetry. The peak also becomes higher and shorter. 
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For a simulation with 4 tanks the effect of a more intense shortcut flow is also shown. In 

principle, an increase in the intensity of the shortcut works in a direction, which is opposite to 

the one caused by increasing the number of tanks. 4 tanks with a linear shortcut Type A is 

approximately equal to 2 tanks without shortcut. 

If the shortcut distribution in a configuration with 4 tanks is changed to a shortcut of type C, a 

curve is obtained that fairly well approaches the curve of complete mixing , marked with "1 

tank". This case means that the flow directly from the ladle to the individual tanks is equal for 

all tanks. The shortcut distribution in this case corresponds to the one that gave the best match 

in the simulation of ladle change, compare Figure 4. 

If the shortcut intensity is further increased to a shortcut type D the peak of the response curve 

moves still more to the left. This curve is extremely asymmetric with a steep increase to an 

early peak and a long down-slope. 

5.2 Deviations in the result for the reference trials 

The simulation of the reference trials with low thresholds in Figure 3 shows a time lag at the 

down-slope of the curve. 

One explanation could simply be the melting behaviour of the tracer. In the calculations it has 

been assumed that the tracer melts with a constant rate during 2 minutes. The exact melting 

time was not logged, but it was noted that it was not more than 2 minutes, i.e., it could have 

been somewhat shorter. Also fluctuations in the melting rate could be expected from the 

manual immersion of the rod, and the operations when the grip was changed. (Compare 

section 3.1) To study this effect some calculations were performed with different melting 

behaviour. It was possible to get a much closer match to the reference experiments by 

assuming a behaviour where a big part of the tracer was released during the first minute. 

Another mechanism that could cause deviations is the distribution of the steel flow around the 

point of immersion. In the calculations it has been assumed that the tracer gets directly into 

the steel flow from the ladle, and that it is mixed into the tanks together with that steel. 

Numerical simulations made of the steady state conditions in the tundishes of SSAB 151 

indicate that the flow distribution close to the inlet is inhomogeneous. If a long rod is 
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immersed in this region part of it can be expected to get into the steel stream, part into more 

stagnant regions. The latter part of the tracer flow is delayed. This would give a delay for the 

latter part of the response curve, i.e., a deviation in the opposite direction to the one actually 

observed for the reference heats. 

It was not considered worthwhile to put any major efforts into creating a more sophisticated 

model for the melting behaviour of the tracer. Instead, the work should be concentrated on 

further improvement of the experimental technique to get a tracer addition that is close to a 

point-source both in time and position. 

5.3 Differences between the flow at ladle change and during steady state 

In Figure 3 it was shown that a curve for four tanks and a moderate shortcut (type A) gave a 

good approximation for steady state with the standard configuration. 

In Figure 4 it was shown that a good approximation of the flow during ladle change can be 

reached if it is assumed that there is a different distribution at the beginning of the casting. 

The flow situation at that time corresponded to a shortcut type C, i.e., there was an increased 

tendency for shortcut flow during that period. 

The numerical simulations by Chakraborty and Sahai /2,3,4/ indicate that buoyancy effects 

can cause shortcut flows during ladle change. The reason is differences in density when steel 

from a new ladle is poured into a tundish with a different steel temperature. The measured 

data of this study could be explained by such shortcut flows 

An alternative explanation could be a more intense stirring during ladle change. This can be 

expected because of the increased flow-rate in the stream from the ladle when the tundish is 

refilled. To test this, a calculation was made where the tundish was assumed to be a single 

tank with complete mixing. The response from that calculation also gave a good agreement 

with measured data during the refilling of the tundish. 

Consequently, both these mechanisms could be possible explanations for the differences in 

flow distribution that were observed at ladle change. 
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It has to be pointed out that the steady state data and the data from ladle change are from 

different occasions. The steady state measurements were made in a tundish with a straight 

bottom as in Figure 2. When the responses during ladle change were made the bottom after 

the threshold was lower, to give a pool over the outlet nozzle. The different design may have 

influenced the result somewhat. That effect is probably minor compared to the precision of 

the measured data. 

After the filling of the tundish the steel flow seems to go back to normal steady state flow , 

i.e., the shortcut changes from type C to type A. In the simulation this has been assumed to 

occur immediately when the tundish is filled. This is visible as a breakpoint in the calculated 

curve. 

5.4 Effect of Baffles in combination with a dam 

The results from the experiment with baffle + dam are shown in Figure 6. A flow without 

shortcut gives the best agreement with the experimental data. This indicates that this 

configuration gives a flow that is closer to plug flow. However, there is still a deviation in the 

form of a time-lag. 

Experimenting with the model indicated that it was possible to get a much closer match by 

including more complicated combinations of tank configurations and shortcut models. If it is 

possible to develop the experimental technique towards greater precision, a development of 

more sophisticated models could be of interest. 

5.5 Comparison with previous calculations on SSAB data 

The first simulations of the steady state experiments were made in a more simple model 

without shortcut. In these prehminary computations the tracer was assumed to melt instantly, 

and there was no allowance for the mould pool. Under these circumstances a higher number 

of tanks had to be used than in the present simulations without shortcut III. 

5.6 Adjustable parameters for practical applications 

In the previous sections, it was shown that similar results could be obtained with different 

combinations of tanks and shortcuts, e.g., the steady state condition can be simulated both as 

two tanks without shortcut and as four tanks with shortcut type A. Both models give a similar 

result. 
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In this study the latter approach has been chosen, i.e., with four tanks with shortcut type A. 

This was mainly for practical reasons. If the model is to be used in process control it has to 

cover all the situations that can occur during one sequence. If a configuration with four tanks 

is chosen, the conditions at ladle change can also be covered just by changing the adjustable 

constants of the shortcut distribution. If the other configuration (two tanks without shortcut) 

had been chosen the whole configuration would have to be recalculated each time the 

conditions changed between those of the steady state and those of the ladle change conditions. 

This would be both complicated and a possible source of error. 

5.7 Tanks of unequal size. 

In the standard case all tanks are of the same size. A possibility to use tanks of different size 

was introduced to make it possible to put the walls of the tanks in the same positions as actual 

restrictions (dams, baffles and walls). This approach was tested in section 4.2.1, where one of 

the tank walls was put in a position corresponding to the midpoint of the actual threshold. A 

similar test has also been made for the experiment with baffles and dam. The walls of the first 

two tanks were put in positions corresponding to the midpoint of the baffle and the dam 

respectively. The space after the dam was divided into two equal tanks. In both cases the 

difference from the case with tanks of equal size was very small. 

6 C o n c l u s i o n s 

A tanks in series model based on steady state tundish conditions has been extended to include 

transient dynamic shortcut flows. The model was confirmed by data from tracer experiments 

in the production tundish. The results indicate that the model can simulate both the conditions 

during steady state and the transient flow situation at ladle change. It is possible to set the 

parameters so that both the transient and the steady state cases can be covered without 

changing the configuration. Only the adjustable parameters for the shortcut flow have to be 

modified when the flow situation changes. 

The data seem to confirm that there is a different distribution of the steel flow in the period 

shortly after the ladle change. The difference could be explained either as shortcut flows 

caused by buoyancy or by increased stirring. 
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Experiments with different tundish configurations indicate that baffles in combination with a 

dam give a steel flow with decreased tendency for shortcuts. Single dams seem to have the 

opposite effect. 

The relatively long melting time of the immersed tracer may have influenced the result. For 

future work it is important to improve the experimental technique to obtain a fast release with 

a well defined position. 

The model can predict both the transient and the steady state behaviour, given the proper 

values of the adjustable constants. However, it does not deliver the values of those constants. 

It is important to gain sufficient knowledge of these values for possible cases. Further 

experiments and numerical simulations ought to be made to get more data for verification. In 

particular, the transient behaviour during ladle change should be investigated further. 
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Table A Linear model for shortcut distribution. The ratio between the flow from the 
ladle to the first and last tank is given as adjustable parameters to the model. 
E.g., for "type A" that ratio is 100 :0 for type B it is 100 :40. The flow to the 
intermediate tanks is assumed to increase or decrease linearly with the 
position of the tank. The table shows examples of distributions in a system of 
four tanks. 

Shortcut model % of flow going directly to tank No Shortcut model 

1 2 3 4 

No shortcut 100.0 0.0 0.0 0.0 

Type A: Nothing to last tank 50.0 33.3 16.7 0.0 

Type B: Last tank gets 40 % of the 

flow to the first one 

35.7 28.6 21.4 14.3 

Type C: Equally distributed 25.0 25.0 25.0 25.0 

Type D: Nothing to first tank 0.0 16.7 33.3 50.0 
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From ladle 

a) Sketch of physical flows 

Shortcut from ladle 

Data of tank n 
Before 
mixing 

After 
Mixing 

Weight Mnt-l M n t 

Temperature Tn.t-1 

b)Definitions 

Figure 1 Tanks in series model with shortcut. The sketch on top shows the physical 
configuration. The flow sheet in the lower part of the figure shows the 
definitions used when the heat and mass balance for tank n during the time 
step t is calculated. Data from the previous time-step that are used in the 
calculation are shown in the upper part of the flow sheet. The heat losses to 
wall and surface are not included in the figure. 
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Figure 3 Tracer experiments in a tundish with low thresholds. The concentration is expressed 
as the difference from the background concentration. The observed melting time of 
the tracer is included for comparison as well as the theoretical retention time in 
tundish and pool. The experiments with the threshold in position 1100 are referred 
to as "Reference" in the other figures. A concentration curve calculated by the tanks 
in series model has been included in the diagram. The shortcut model, type A , is 
defined in table 1. 
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Figure 4 Step answer at ladle change. Both the concentration and the time are 
given as normalised values. The definitions are given in the text. Data are 
included from four heats. The steel weight in the tundish at start was 4.2 
tonnes on one heat and ranged from 8 to 10 tonnes in the other three. 
Calculated concentration curves for cases with 4 and 9 tonnes in the 
tundish at start have been included in the diagram. Both simulations 
were made with 4 tanks. A shortcut type C was used during the filling of 
the tundish. Immediately after the filling of the tundish the flow was 
assumed to change into steady state flow, i.e., a shortcut type A. The 
shortcut models, type A and C, are defined in Table 1. 
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Figure 5 Tracer experiments in a tundish with one or two dams. The results of the 
reference experiments and of the experiment with a threshold at 1900 mm 
(i.e., the same position as that of the single dam) are shown for comparison. 
Concentration curves calculated by the tanks in series model are included in 
the diagram. The shortcut models, type A and B, are defined in Table 1. 
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Figure 6 Response with baffle + dam. The reference experiments and the results of 
the tanks in series simulations have been included for comparison. 
Concentration curves calculated by the tanks in series model are included 
in the diagram. The simulations are made assuming 60% yield of the 
tracer. The shortcut model, type A, is defined in table 1. 
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Abs t rac t 

A simple model concept developed for the SSAB steel plant was tested on data for another 

plant. That plant had an L-shaped tundish for billet casting. A special tanks in series model 

was developed for the steel flow in that tundish. The rest of the model could be used without 

change. It consists of simple equations for heat loss in ladle and tundish, as well as for the 

effect of thermal stratification and drainage flows in the ladle. The model was verified against 

existing data from continuous temperature measurements. The results show that the model 

approach developed for the steel plant of SSAB can also give good predictions with a 

different plant and tundish design. A simple mixing model could be used even for a 

complicated tundish configuration. 

Keywords: Liquid steel, Tundish, Temperature prediction, Continuous temperature 

measurement, Fluid flow, Numerical simulation. 
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1 I n t r o d u c t i o n 

The demands on the continuous casting process are increasing constantly, with regard to both 

a high degree of stability in production and a high and reproducible product quality. To 

achieve this, models are needed for prediction of the temperature behaviour of the steel in the 

tundish. 

Szekely et al ^ calculated the steel flows in straight tundishes with different configurations of 

dams using numerical simulation in a Computational Fluid Dynamic (CFD) model. Later, 

Solhed et al. 2 ) developed a model, which was calibrated for the conditions in the straight 

tundishes of the slab caster at SSAB Tunnplåt AB. The model was verified by experiments in 

the production tundish, where the local steel flows were measured by means of immersed 

carbon rods. These simulations show the flow at steady state with constant boundary 

conditions. 

CFD -simulations of the flow in straight tundishes with dynamically changing boundary 

conditions were presented by Chakraborty and Sahai 3" 6 ) and Damle and Sahai7). The models 

are used to describe the conditions during ladle change. It was shown that the flow situation 

was affected by buoyancy effects when liquid steel of a different temperature was introduced 

into the tundish. 

The CFD models are an excellent tool for research simulations and they have contributed 

very much to the understanding of the steel flow in the tundish, but they are too big and 

complicated to be used in process control. 

Models that are simple enough for process control can be developed using statistical or 

deterministic modelling. 

An example of the use of a statistical approach is given by Saxén and Sillanpää8). The model 

is based on a pattern for the temperature in the tundish and statistical knowledge of how it is 
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influenced by different parameters. The work was carried out in a situation involving a 

straight tundish with one outlet. Exact process knowledge is not necessary as there is no 

direct physical modelling of the process. 

An example of the use of a detenninistic approach is the system based on simple models for 

ladle and tundish that was developed for the steel plant of SSAB Tunnplåt AB in Luleå 9 ' . 

The physical configuration was CAS-OB-treatment, transport in a 107 tonne ladle and 

continuous casting using a straight tundish. Simple analytical equations were used for the 

heat losses in ladle and tundish and for the thermal stratification in the ladle. A simple model 

with four tanks in series was used for the steel flow and mixing in the tundish. Verification of 

the total model indicated that a good agreement could be reached for that specific plant and 

its particular conditions. Another conclusion was that the temperature of the steel leaving the 

ladle seemed to be controlled by a combined effect of the stratification and the drainage flow. 

Refined equations for this effect have been developed and included later n ) . 

Damle - Sahai7) used a tanks in series model to simulate the effects of steel grade change in a 

straight tundish. The verification was made by results from the CFD simulations mentioned 

above. 

In both cases the tanks in series model is tested on a straight tundish with a simple geometry. 

It was therefore decided to study the general applicability of the concept by a test on a more 

complex case. 

The example chosen was an L-shaped tundish with an asymmetric inlet and two outlets. 

There was an on-off regulation by stopper rod in the ladle which could be expected to cause 

dynamic fluctuations both in size and direction of the local flow-rates. Data for verification 

were available from an experiment in which the steel temperature in that tundish was 

measured continuously at four positions 1 2 ) . A tanks in series model is developed for that 

tundish. It is merged with the ladle equations from the SSAB model into a system of 

deterministic models. The total model is then verified with data from the continuous 

temperature measurements. 
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2 C o n t i n u o u s m e a s u r e m e n t o f s t r a t i f i c a t i o n in a t u n d i s h . 

The experimental data used in this paper are from the M Sc. thesis mentioned above 1 2 ) . The 

experiments were carried out at the steelworks of Halmstad Järnverk in 1965. Continuous 

temperature measurements were used to study the temperature distribution in the tundish of a 

4 - strand billet caster. The machine used had two tundishes, each serving two strands. The 

ladle had two outlets, one for each tundish. The flows from the ladle into the tundishes were 

regulated by means of stopper rods. The flow from tundish to mould was free flowing. There 

were no shrouds on the steel streams. 

The tundishes were L-shaped and covered with a lid. There were two circular openings in the 

lid, one above each outlet and one rectangular opening (used when emptying the tundish). 

The tundish was thoroughly preheated by a burner before casting. The ladle was cold before 

tapping. The exact dimensions were not given, due to agreements with the C/C manufacturer. 

The geometries of Figure 1 are calculated from the drawings and tonnage in the reference. 

The tundishes were preheated before casting. The inside surface temperature just before was 

1050 °C±20 °C. 

The temperature distribution in one of the two tundishes was measured continuously by 

thermocouples mounted at four points. The arrangement is shown in Figure 2. The 

measurements were made by means of thermocouples protected by metal-ceramic protection 

tubes. These were inserted through the tundish wall and the tubes were immersed 50 mm into 

the melt. The diagram in figure 6 shows continuous measurement at 4 points simultaneously. 

The two upper thermocouples lasted 10-15 minutes, the other two lasted the entire casting. 

3 C r e a t i o n o f a s i m p l e m o d e l fo r p r e d i c t i o n of t h e t u n d i s h 

t e m p e r a t u r e . 

The model contains submodels for heat loss in ladle, tapping stream and tundish, the effect of 

thermal stratification and drainage flow in the ladle, and of the mixing in the tundish. The 
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flowsheet in Figure 3 shows the general sequence of one time-step of the calculation. The 

details of the submodels are given below. 

3.1 Heat loss in ladle 

The development at S S AJB Tunnplåt AB in Luleå 9 ' 1 0 ) showed that a simple equation could be 

used to describe the heat loss in the ladle as a function of time. The equation contained one 

square root and one linear term. The constants in the equation were determined by regression 

analysis on data calculated by means of numerical simulation of the ladle, one set of constants 

for each thermal state of the ladle. The same approach is used in this case. 

3.1.1 Numerical simulation of heat loss 

The numerical simulation was made in the TEMPSIM model. This model was developed as a 

co-operative project within Jernkontoret (The Swedish Steel Producers Association)13 . 

TEMPSIM is a model for off-line simulation of the temperatures of steel in ladles. The 

change in temperature of the steel in the ladle is determined from its heat exchange with the 

surroundings including the lining and the atmosphere. The calculation of the heat exchange 

with the lining is based on a numerical simulation model which calculates the temperature 

profile within the wall. The calculation of the heat exchange with the atmosphere takes into 

account conduction, convection and radiation. The model does not consider thermal 

stratification, thermal gradients and heat transfer within the steel bath. Thus, the temperature 

calculated is the mean temperature of the steel bath. 

The ladle can be conical or cylindrical and conical. It is divided into one bottom section and 

a wall consisting of 3 sections on top of each other. One wall section is divided in two by the 

steel surface, so the mathematical treatment actually involves 4 wall sections. The walls are 

built up from a steel shell, ceramic fibre and 3 brick layers, (insulating, safety and wear 

lining). The lining is divided into as many as 10 sub-layers. During the calculation the 

thermal properties and temperatures of the subdivisions are recalculated for each time step. 
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A lid on top of the ladle may also be included. This could be flat or curved and with or 

without a cylindrical wall section, and it could have a central opening. 

Preheating by means of ladle burner can also be calculated. Two possibilities exist: either a 

full burner modelling using the parameters of the actual burner, or a simplified version, where 

the input is the flame temperature and the percentage of gas radiation. 

The properties of the ceramic materials and their temperature dependence are given in a table. 

Table 1 shows the properties of the materials used in this study. 

The TEMPSIM simulation for this case was made using the following parameters: 

The total height of the ladle was 2.258 m, the top diameter was 2.775 m and bottom diameter 

was 2.352 m. These data refer to outside dimensions The thickness of the steel shell was 

0.025 m in the wall and 0.040 m in the bottom. There were three wall zones with the 

intersections placed 1 and 1.9 m above the bottom surface, respectively. 

There was no ceramic fibre insulation. The wall and bottom were lined with chamotte: 64 mm 

safety and 150 mm wear lining. The properties used are shown in Table 1 A. In the 

calculation the safety lining was divided into 2 sub-layers and the wear lining into 5 layers. 

Before starting the ladle was subjected to 10 consecutive heats with 4 minutes tapping, 18 

minutes transport and 38 minutes casting and 5 h holding before next tapping. The actual 

simulation started 5 hours after the last of these heats. 45 tonnes of steel and 1.5 tonne slag ( 

s 20 cm) was tapped into the ladle during 4 minutes. The temperature of the steel tapped into 

the ladle was 1638 °C. Then the ladle was held with liquid steel for 62 minutes. The 

calculated steel temperature in the ladle is plotted vs. time in Figure 4. 

3.1.2 Equation for the cooling of the liquid steel in the ladle. 

The following equation was used for the heat loss in the ladle. The equation is of the type as 

used earlier 9 ' 1 0 ) . 
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T = T l a p p - u r r - k ' Z * < - k ' ^ ^ ( i ) 

where 

T tapping = Temperature of the steel arriving in the ladle, °C. 

AT0'
ADLE = Initial temperature difference, °C. Model constant. 

k 'iln'elr ~ Linear cooling rate, °C * min'1. Model constant. 

Jr lad'e = Non-linear cooling rate, °C * min"0'5. Model constant. 
/V root ° ' 

t = the time from the end of the tapping, minutes 

A regression on the data from the numerical simulation gave the following coefficients: 

^ ladle = _ 1 4 ( ) 0 C 

k'?' = 0.144 °C* min 1 . 
#V linear 

1 tadle 0 son O/-^ j . • -0.5 

Jr = 8.689 C * min . 
fv root 

The curve corresponding to the calculated expression is included in Figure 4. 

This equation shows the heat loss from a filled ladle. During casting the heat loss rate is 

affected by the decrease in bath level. There must be a correction for this, but it must not 

detract from the simplicity of the model. During the investigations on the SSAB ladles it was 

shown that the specific heat loss could be assumed to be more or less proportional to the 

specific surface of the steel bath (contact surface bath - lining) 1 0 ). 

The calculation for each time step was made as follows: first the heat loss for a filled ladle 

during that step was calculated by equation (1); then it was multiplied by a correction factor. 

The factor was simply the actual specific surface for specific surface the filled ladle divided 

by the actual specific surface. To get an expression that was as simple as possible, the surface 

area was calculated as wall + bottom area for a cylindrical ladle. 
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3.2 Effect of stratification and drainage flows in the ladle 

The drainage flow was previously studied on the ladles of SSAB Tunnplåt AB in Luleå both 

using experiments with tracer additions and by numerical simulation 1 5 , 1 6 , 1 ! ). it was shown 

that the effect of thermal stratification and drainage flow on the outlet temperature could be 

described by an equation with one adjustable constant1 l j . 

T T .v^vt* t * c ( j \ 
x nozzle= A mean 7 2 n 1 '-'tot I A I 

where 

H = Bath depth of the steel in the ladle. 

Tmean = Mean temperature of the steel in the ladle. 

T„ozzie= Mean temperature of the steel in the outlet. 
ctot = cstrat * cshape = An adjustable constant. 

Cstrat= A constant showing the effect of thermal stratification. 

CShape= A constant showing the effect of the drainage flow. 

t = The time since the end of the tapping 

The outlet temperature was calculated by means of equation (2). The parameter C t o t was 

assumed to have the same value as in the earlier work 1 1 1 That investigation actually shows 

two values of C t o t : one at the beginning of the casting when the nozzle is fully opened: (C t o t = 

2*0.1= 0.2), and one during the main part of the casting, when it is drossled: (C t o t = 2*-0.1= -

0.2). In the case of this study there is a stopper rod which is always fully opened when it is 

not closed. Thus, the first value has been used, i.e. C t o t = 0.2 . 

The mean temperature of the remaining steel in the ladle is affected if a portion of steel with a 

different temperature leaves the ladle. This temperature is evaluated from a simple heat and 

mass balance, where the temperature dependence of the heat capacity is neglected: 

T o l d * M o l d = T * M + T n e w *( M o l d - lYT 1 A mean i T X x nozzle 1TXnozzle *• mean v 1 T A 1Tinozzle/ 

Where 

M n o z z i e = the weight of steel leaving the ladle during the time-step 

M o l d and M n e w = The weight of the steel in the ladle before and after the steel weight 

Mnozzie has left the ladle 
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Tmean° l d and T m e a n

n e w = The mean temperature of the steel in the ladle before and after 

the steel weight Mnozz]t has left the ladle 

Rearrangement gives: 

T n e w = TT o l d * M o l d - T * M Vr M o l d M ^ (T, *\ 1 mean V*mean i T X x nozzle i T XnozzlerV i T X 1 T inozzle/ V "* J 

3.3 Heat loss in the stream from ladle to tundish 

In the calculations for SSAB this heat loss could be neglected 1 0 ) . However, in this case the 

heat loss is higher as the flow is divided in two unprotected steel streams. 

The stream from the ladle to the steel surface in the tundish was assumed to be 0. 66 m long 

with a diameter of 55 mm. The steel temperature was set to 1600 °C. For the part of the 

stream which passes within the enclosed part of the tundish (0.45 m) there was a radiation 

back from the surroundings. This was calculated using a radiation temperature of 822 °C, 

This corresponds to the mean temperatures calculated by TEMPSIM for the involved 

surfaces. The total heat loss by radiation is 64 kW. With a teeming speed of 0.023 t/s this 

corresponds to a decrease in steel temperature of 3.5 °C. 

3.4 Use of the TEMPSIM model to calculate Heat losses in the Tundish 

In the calculations for the straight tundish of SSAB the heat loss was calculated by a simple 

numeric integration on the tundish wall and then a simple square root formula was evaluated 

by regression on the resulting curve l 0 } . 

In this case the geometry is more complicated. The heat loss calculation also has to take into 

account the radiation exchange within the inclusion between the steel surface, the tundish 

cover and the openings. One possibility is to use the TEMPSIM model which includes this 

type of radiation model. However, it only allows for circular ladles. To make it possible to 

use the model for the tundish a similarity ladle was created which could be expected to show 

the same cooling behaviour as that of the tundish. This ladle was cylindrical. On the top there 

was a flat lid with a circular opening in tht centre. The cooling of the steel in the tundish 

could be expected to occur through the following mechanisms: 

A Conduction from the contact surface between the steel and the lining at the wall and the 

bottom. 
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B Radiation from the top surface to the openings, the wall and the roof 

C Convection from steel surface 

The specific surface (m /tonne steel) of all active surfaces should have the same value in the 

similarity ladle and the tundish. Also, the radiation view factor from the surface to the 

openings should have the same value. 

The calculation of the dimensions of the similarity ladle was made in a spreadsheet program. 

The specific surfaces and the view-factors were calculated. An error factor was calculated as 

the quadratic sum of the differences between these parameters in the tundish and the ladle. 

The "problem solver" of the spreadsheet program was then used to minimize the error factor 

by modifying the height, diameter and opening dimension as well as the steel weight of the 

similarity ladle. Similarity was obtained with the following values of these parameters: 

Steel weight = 3.215 tonne, inside height = 1.446 m, inside diameter =1.231 m and a ladle lid 

with a circular opening 0 0. 815 m. 

The specific surfaces and the view-factors are compared in Table 2. 

The view-factor from the top surface to the circular openings in the lid was calculated by 

dividing the upper surface of the steel bath into rectangular elements with a size of around 

5 cm. The view-factor from each element to each of the circular openings was calculated 

using the following formula 1 7 ) : 

,jmdish 1 + B 2 - R 2 

<Pn =—i = ======= (4) 
2 ^ 4 + 2 5 2 ( l - i ? 2 ) + (l + i? 2 ) 2 

where 

(p'™d,sh = shape factor Surface 2 (circular opening in the lid of the tundish) seen from Surface 

1 (rectangular element of the bath surface) 

^ ~^ho/yopening 

•^-^opening/y opening 
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b h o r= the horizontal distance from the centre of the circular opening to the centre of the 

surface element. 

Yopening = the vertical distance from the surface element to the opening. 
roPening = the radius of the circular opening. 

The tundish also had a rectangular opening above the snout. In the calculation of the view-

factor it was exchanged for a circular opening with surface area and centre identical to those 

of the rectangle. The calculation was then made exactly as for the circular openings. One 

complication is that the rectangular opening cannot "see" the whole top surface because one 

sidewall in the snout blocks part of the view. A sight-line was calculated from the centre of 

the opening through the corner in the top surface. Those of the surface elements that were on 

the correct side of this line were assumed to see the opening, and the view-factor was 

calculated by means of equation (4). For the rest of the elements in the main part of the bath 

the sight-line was assumed to be obscured and the view-factor was set to 0. 

The view factor from the total surface was calculated as a weighted mean of the view factors 

for all surface elements. The total view-factor from the surface to the openings is the sum of 

the view-factors to opening 1 and opening 2. 

The view factor from the bath surface in the similarity ladle to the circular opening in the lid 

was calculated with the following formula 1 7 ) : 

i f 
,Jadte 1  

<P\2 2R i+R\+R\-^+R\+R$ -4R\R\) (5 ) 

where 

<p[a

2

d'e - shape factor Surface 2 (circular opening in lid) seen from Surface 1 (bath surface) 

•R-l — '"surfacê Yopening 

-̂2 — '-opening'Yopening 
rsurface= radius of bath surface in ladle 
ropening = radius of circular opening in the lid 
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Yopening = m e vertical distance from the bath surface to the lid. 

A simulation was then made in the TEMPSIM program using the following parameters: 

Total height = 1.578 m. The outside diameter was 0 1.492 m. There was a flat lid with a 

circular opening 0 0.816 m. The steel shell was 25 mm thick in the wall and 40 mm in the 

bottom. The safety lining consisted of: 30 mm chamotte in 2 layers, properties as in Table 1 

A. The wear lining consisted of 100 mm high alumina in 6 layers, properties as in Table 1 B. 

The wall is divided into 3 sections with intersections at 0.3 m and 0.5 m from the bottom. 

The simulation started with a cold tundish. It was preheated during 7 h 50 min with a gas 

temperature of 1200 °C and 40 % gas radiation. The simulation gave a temperature of the 

bottom and lower wall sections (the ones visible by pyrometer) of 1030 UC -1043 UC just 

before casting. The measured value was 1050 °C ± 20 °C, which indicates that the setting of 

the burner parameters were OK. 

Then the empty tundish was held without heating for 10 min before filling with steel. The 

tundish was filled with 3215 kg steel and 163 kg slag during 2 min 2 min., followed by a 

holding time of 42 minutes with constant steel level. 

In Figure 4 the output is plotted as steel temperature vs. time. 

A regression was made on the curve to find an equation of the form: 

T=T„-tir*-ktZ**-kT*ft ( 6 ) 

where 

T (f) - Mean temperature in the tundish at the time t the tundish from the ladle, °C. 

T inlet
 = Temperature of the steel tapped into the tundish from the ladle, °C. Input data. 

A T tundish = I n i t i a l t e m p e r a t u r e difference, °C. Model constant. 

k '"i"d,Sh = Linear cooling rate. °C * min"1. Model constant. 

(13) 



k '""oT = Non-linear cooling rate. °C * min"0-5. Model constant. 

t = the time from the opening of the ladle, min. 

The aim was to find a formula to calculate the heat loss in degrees C /min with a filled 

tundish. For this reason only the data after filling are included in the regression. The resulting 

equation corresponds to the following values of the coefficients: 

K T mndish = 3 2 9 o c 

£ 7 ^ = 1.0375 ° C * m i n \ 
iV linear 

£ " = 8 . 1 1 0 3 °C*min-°-5. 

The temperature calculated with equation ( 6 ) is included in Figure 4. The agreement is good 

for the time covered by the regression. 

3.5 Tanks in series model of an L-shaped tundish 

Figure 5 shows how the tundish was divided into tanks and their position relative to the 

tundish. The two flowsheets in figure 6 show the steel flows when the ladle nozzle is open 

(flowsheet on top) and closed (flowsheet on the bottom). For the latter case the flow between 

Tank 1A and 2 can theoretically also go in the other direction, depending on the size of the 

individual tanks and the individual outlet flows. The flow situation is complicated by the fact 

that the streams can change direction. 

The simulation is made in time-steps. The heat and material balance for one time-step can be 

described as follows: 

The tanks are assumed to be rectangular in shape, i.e., the steel volume in each tank is 

proportional to the bath depth in that tank. They are assumed to be communicating so that the 

steel surface is on the same level in Tank 2, Tank 1A and in the Buffer. The bottoms of Tank 

2 and Tank IB are assumed to be at the same level. The Buffer principally corresponds to the 

steel in the snout with a relatively complicated geometry. In the model it is simplified as a 

rectangular tank with a bottom that is higher than the bottom of the other tanks. The buffer 

volume is zero if the steel level is below that level. A constant volume relation is assumed 

between Tank 1A and Tank IB. This gives the following relations for the individual tanks: 
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Mtot( t +l) -M t o t(t) + m i n I e t- m 0 U t | e t l A - m o u t l e t 2 (7 ) 

Mbuffer(t+1) = Mb u f

f i , l e d*(M t o t(t+l) - M t o t

e m p t y b u f ) /(M t o t

 fi,,ed - M t o t

e r a p t y b u f ) V| 

i f M t o t (t+l)>M t o t

e m p t y b u f 

Mbuffer(t+1) = 0 > 
i f Mtot(t+l) < M t o t 

empty buf 

(8 ) 

M2(t+1) = M 2

f i I l e d*M t o t(t+l) / M t o t

f , l l e d (9) 

[ M1A(t+l)+ M1B(t+l) ] = [ M 1 A

f , , , e d + M 1 B

f , 1 , e d ] *Mtot(t+l) /M t o t

 1 filled (10) 

M1Ä(t+l) / [ M1A(t+l)+ M1B(t+l) ] = C M 1 A / 1 B (11 ) 

where 

M t o t

 f l ! l e d = the total steel weight in the tundish when the tundish is filled. 

M j f , l l e d = the steel weight in tank i when the tundish is filled. 

M t o t(t) = the total steel weight in the tundish at time t. 

Mi(t) = the steel weight in tank i at time t. 

M t o t

e m p t y b u f = the total steel weight in the tundish when the top surface of the steel is 

at the same level as the bottom of the buffer tank. 

i = identity of tank according to definition in Figure 5 -6. 

t = beginning of the present time-step. 

t+1 = end of the present time-step = beginning of the next one. 
miniet= the steel entering the tundish from the ladle during the time-step t. 
moutietiA and moutiet2

 = the steel weight leaving the tundish during the time-step t 

from the nozzles at Tank 1A and 2. 

C M 1 A / 1 B = parameter constant for the volume relation between Tank 1A and IB 
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The following mass balances are obtained for the flows between the tanks. In all cases, the 

mass flows are expressed as the weight of steel transported during the time - step. 

m1 A.2=MAX { 0 , [M2(t+1)-M2(t)] -
( m in le t " moutlet2) } (12) 

m2.,A=MAX { 0 , (m i n l e t - m 0 U t I e t 2) - [M2(t+1)-M2(t)]} (13 ) 

m buffer-iA =MAX { 0 , [MiA(t+l) -M1A(t) ] - (m 2 .j A - m1A_2-m1A_1B) 
} (14) 

m 1 A . b u f f e r =MAX { 0 , (m 2. 1 A - m 1 A. 2-m 1 A. 1 B) - [M1A(t+l) -M1A(t) ] } (15) 

m l A - l B = moutletlA ( I 6 ) 

where 

m i A - 2 and DDI2-1A
 = the steel weight going from Tank 1A to 2 and from Tank 2 to 1 A. 

( m 2 - i A
 = 0 i f the flow goes from 1A to 2, 

m i A - 2
 = 0 i f the flow goes from 2 to 1 A) 

m iA-buffer and m buffer-iA
 = m e s t e e l n o w between Tank 1A and the Buffer, defined in 

the same way as m1A_2 and m2_iA 

m i A - i B
 = the steel weight going from tank 1A to tank IB 

It is to be observed that m1A_2 and m 2.iA are actually 1 variable, which is represented by 

either m1A_2 and m 2 . 1 A depending on the direction of the flow. The same appears to m 1 A . b u f f e r 

and m b Uffer-iA- This type of representation is chosen as the heat balance equations change i f 

the direction of the flow changes, and thus it is not sufficient just to change the sign of the 

flow variable. 

Assume that the temperature dependence of the heat capacity can be neglected. Then the 

temperature in the tanks can be calculated by a heat and mass balance 

T f t l U T 2 ( T ) * ( M 2 ( T ) - M 2 - l A - m ^ ) + W ^ ^ M ^ + ^ A W ^ I A - I . . . .(17) 
2^ ' M 2 ( t + 1) 
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T 1 A(t + l) = 
T 1 A ( t ) * ( M 1 A ( t ) - m 1 A _ 2 - m ) + T 2 ( t )*m 2 , 1 A + T b u f f e r ( t )*m buffer-lA .... (18) 

M I A ( t + l) 

T1 B(t + l) = 
T 1 B ( t )*(M 1 B ( t ) -m o u t l e t l ) + T 1 A(t)*m 

M„(t + 1) 
1A-1B (19) 

Tbuf fer(t + D = 
T buffer ( t )*(M b u f f e r ( t ) -m, buffer-lA ) + T 1 A(t)*m 1 Ll A-buffer (20) 

where 

Tj(t) = the steel temperature in tank i at time t. 

3.6 Computation of the total model for temperature prediction 

The model was written as a spreadsheet program. The program started at the tapping of steel 

in the ladle. The cooling of the steel in the ladle until the start of casting was calculated using 

equation ( 1). Using this cooling the stratification and the temperature of the first steel 

leaving the ladle could be calculated using equation (2). The temperature of the steel 

remaining in the ladle was calculated using equation (3). 

Then the temperature behaviour during casting was integrated in time-steps. For each time-

step the sequence shown in Figure 3 was performed: 

The new mean temperature and heat loss was calculated from equation ( 1) with correction 

for the decreased steel level (see section 3.1.2). The outlet temperature and the new 

temperature of the remaining steel in ladle were calculated using equation (2) and ( 3 ) 

respectively. The heat loss from the tapping stream was subtracted. 

A mixing calculation was made using the tanks in series model (equations (7) - (20) ). 

The heat loss for the steel in tundish during the time-step was calculated using equation ( 6 ). 

This heat loss was subtracted from the temperature of all the tanks. 
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4 V e r i f i c a t i o n a g a i n s t e x p e r i m e n t a l d a t a 

A simulation was made using the following data: 

The tapping time was 2 min. The time from end of tapping to opening of ladle was 18 

minutes. In the experiment there were two temperatures measured in the ladle shortly after 

tapping: 1630 °C after 0.5 min. and 1640 °C after 1 min. One explanation for the increase 

could be time needed for the dissolution, reaction and heat generation from the FeSi 

deoxidation. The latter temperature was used as a starting point to avoid problems because of 

these reactions. 

The mean temperature of the steel in the ladle was calculated from this point using equation 

(1) and the correction for bath depth. 

The time schedule for opening and closing of the stopper rod outlet in the ladle was taken 

directly from the times plotted in the diagram in ref. . The flow from ladle to tundish was 

set to be strictly on-off with a flow-rate of 1.364 t/min when the stopper rod was open. This 

gave an integrated steel weight from that nozzle during the whole casting of 22.506 tonne 

which is identical to the one calculated from the strand movement. 

The steel flow from the two outlets of the tundish was calculated from the casting speed 

logged for the corresponding strands during the casting. The integrated steel weight of those 

flows during the whole casting was 22.506 tonne. This would give 45.1 tonne for both 

tundishes which could be compared to the nominal heat weight of 45 tonne. The steel weight 

in the tundish calculated by the model from these data was = 2 tonne during the main part of 

the casting with a peak value of 2.7 tonne. This is lower than the nominal weight of the 

tundish (3 tonne). The calculation gave an empty tundish after 44.5 minutes, which 

corresponds to the actual end of casting from the diagrams in the reference. 
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In Figure 7 -9 the temperatures calculated in the simulation are compared with the 

temperatures measured at the four thermocouples. 

Figure 7 shows the temperatures calculated for the inlet tank (Tank 2) and the two 

thermocouples situated at that position. For these tanks, both the dynamic and general 

behaviour seems to fit fairly well. The calculated amplitude of the dynamic response is 

somewhat lower than that of the measurement, especially at the beginning of the casting. 

Figure 8 -9 shows the temperatures calculated for the two tanks above the other outlet nozzle 

(1A and IB). For Tank 1 A (figure 8) the general level is acceptable, but the timing of the 

dynamic response is not perfectly accurate. For Tank IB (figure 9) the dynamic response 

seems to be of similar magnitude to the one measured. The timing is acceptable at the 

beginning and the end. Between the 15th and 30th minutes of the casting there is a small 

time-lag: the calculated response is = 0.6 minutes before the one of the thermocouple. The 

absolute level of the calculated response is a little bit lower than the one measured during the 

same period. 

5 D i s c u s s i o n 

5.1 Degree of calibration 

Very little calibration was needed in this case. The starting parameters or adjustable constants 

that may have influenced the result are summarised below: 

• The tanks in series model has been adapted to suit the actual case. This is 

unavoidable, as the physical configuration is different. 

• There were two temperature measurements immediately after tapping. The latter 

one was chosen as the starting point to give time for reaction of the deoxidant. This 

also gave the best agreement between measurement and model. The choice of this 

value instead of the first temperature could perhaps have been influenced by the 

fact that it gave the best fit. 
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• There were no data on ladle circulation. The thermal status of the ladle at tapping 

was calculated assuming a circulation with 5 h of cooling. A different assumption 

could shift the temperature curve upwards or downwards. 

• The adjustable constants for thermal stratification and drainage flows, that were 

developed for the ladles of SSAB, were used without change. 

• The parameters for the tundish preheating were set so that the surface temperature 

before start of casting corresponded to the one actually measured. They were not 

adjusted to improve the end result. 

5.2 Temperatures in the individual tanks 

The best fit to thermocouple 2 A and 2B was obtained with one single tank above that outlet. 

This indicates that the steel stream from the ladle creates a zone with very intensive mixing in 

that zone. This is also obvious from the fact that the two thermocouples give almost identical 

responses. 

Thermocouples 1A and IB are situated farther away from the ladle nozzle. In this region two 

tanks gave the best response which indicates a less perfect mixing. Tank IB shows a better 

fitting to the dynamic response than 1 A. It might seem odd that i f we have a response that is 

wrong in one tank, it is suddenly better when the steel arrives at the subsequent tank. 

However, the tanks in series model is not a physical model. Instead, another physical system 

is created, where the outlet temperatures and compositions behave as in the real system. Then 

that system is modelled. The arrangement of tanks shows the degree of mixing and turbulence 

in the system as such, not that the real system has zones of mixing where the tanks are 

situated. Thus, it is not astonishing that the outlet tank can behave as the real system, but that 

there could be a difference for the intermediate tanks. The differences for Tank 1A might also 

be a measurement problem. That element is situated very close to the steel - slag surface. 

The small time-lag observed during part of the casting for Tank IB coincided with a 

difference in absolute level. This could lead to an assumption that a difference in the 

calculation of steel volume could have influenced the result. The steel flow from the ladle 

when the nozzle was open was assumed to be the same throughout the casting. The integrated 
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volume in the tundish showed a variation during casting (not shown in this report). In reality, 

the operators regulated the volume with the stopper rod so that it is closed when the tundish 

was filled. A trial was made with a different teeming model, where the flow-rate from the 

ladle during each opening period was modified so that the steel weight in the tundish was 3 

tonne at the end of each opening period. The temperature levels in the individual tanks 

changed somewhat, but the time-lag in Tank IB was the same, i.e., it does not seem that the 

difference in filling degree is the explanation. 

It is possible that the time-lag is simply a measurement phenomena. The logging of the 

opening and closing of the stopper rod is from manual observations of the actions of the 

operator. The logging of the temperature is from manual measurement on the printer paper 

from a mV-plotter. 

The difference at the end point in Figure 7 and 8 probably occurs because the steel surface 

approaches and passes the thermocouple. There is at tendency in both cases that the model 

gives a temperature that is somewhat too high between 2 and 10 minutes and a little bit too 

low between 20 and 30 minutes. The reason might bee that the constants for thermal 

stratification and drainage are not exactly as the ones for SSAB or differences in the heat 

status of the tundish. There are not enough data for an exact analysis. 

6 C o n c l u s i o n s 

A model for prediction of tundish temperature, that had been developed for the steelplant of 

SSAB Tunnplåt in Luleå has been applied on data for a quite different plant in order to test 

the generality. Verification was made using experimental data with continuous temperature 

readings from 4 points in an L-shaped tundish. The agreement between predicted and 

measured temperatures was found to be good. Therefore, the general conclusion is that the 

simple model concept developed to predict the temperature behaviour of SSAB's tundishes is 

general enough to predict temperature behaviour for other tundish configurations. 

(21) 



The models for the effect of steel flow in the ladle and heat losses in ladle and tundish, could 

be used without change. The adjustable constants were recalculated because of the different 

lining materials and dimensions and the fact that the tundish is covered and preheated. 

Otherwise no calibration of these constants was made. This indicates that these sub-models 

could be looked upon as general. 

The tanks in series model of the tundish was developed to fit an L-shaped tundish with two 

outlets. The model takes into account parallel flows, variation of local steel flows both in size 

and direction and dead volume. The configuration of tanks was calibrated to give the best 

agreement with measured data. For this result it is shown that a tanks in series concept could 

be used also for a more complicated tundish design. However, this part of the model was 

calibrated and tested on the same data. There are not enough data to show if this particular 

configuration of tanks could be generally used for other cases. 

(22) 
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Table 1 Thermal properties of lining materials used in the simulations 

A) Chamotte 

Density 2100 kg/m3 

Reference temperature 200 600 1000 1400 1600 C 

Thermal conductivity 1.56 2.05 2.16 2.27 2.27 W7m*C 

Spec, heat.cap 860 977 1084 1200 1200 J/kg*C 

B) High Alumina 

Density 

2900 kg/m3 

Reference temperature 200 600 1000 1400 1600 C 

Thermal conductivity 2.15 2.00 2.24 2.14 2.05 W/m*C 

Spec, heat.cap 850 1030 1125 1180 1200 J/kg*C 

Table 2. Similarity ladle with similar properties as the tundish. Values of specific 

surfaces and view factors 

Parameter Tundish Similarity Ladle 

Specific surface ml/tonne 

Contact surface steel-lining 0. 833680 0. 833680 

Top surface 0. 369925 0. 369926 

Opening(s) 0. 162113 0. 162113 

View-factor 

Top Surface- opening(s) 0. 101745 0. 101745 

(24) 



Figure 1 Geometry of the L-shaped tundish. Dimensions used in the simulations are 
included, as well as the position of the thermocouples 
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Figure 2 Arrangement of thermocouples for continuous temperature measurement in an 
L-shaped tundish. 
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Figure 3 Simple model for prediction of tundish temperature. The flowsheet shows one 
time-step of the calculation. 
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Figure 4 Evaluation of heat loss equations for ladle and tundish. The numerical simulations were made in the 
TEMPSIM program for circular ladles. For the tundish the simulation has been made on a "Similarity 
Ladle", with a geometry which gives the same cooling behaviour as that of the tundish. The heat loss 
equations were calculated by regression on the results from the numerical simulations. 

OO 



From ladle 

figure 

A \ * the tanks v/ith the 
T ° S t t a n d n S ononheposmo^^ l A andlBa , 

situated above 



From ladle 

Increasing level 

Increasing level 

lllllllllllllllllllllllllllllllllllllllll I I I « « » » « » 

Buffer 
iffliimiiiMiiii •Miiimiii  

Tank 1 A 

Tank IB 

t 
Strand 1 

Tank 2 

t 
Strand 2 

Decreasing level 
3*-

Decreasing level 

Buffer Tank 1A 
3*-

Decreasing level > *> 
Tank 2 

... _. 1 

1 
Tank IB 

1 

*> 
Tank 2 

... _. 1 

Strand 1 Strand 2 

Figure 6 Flowsheet of the tanks in series model. The sketch on top shows the steel flows when the stopper rod 
nozzle of the ladle is opened. The sketch below shows the steel flow when it is closed. The bath level can 
change, but the level of the top surface is identical in Tank 2,1A and Buffer. The volumes of Tank 1A 
and I B are assumed to be proportional. I.e., the level of the surface between 1A and I B changes when 
the steel level changes. 
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Figure 7 Temperatures measured by thermocouple 2A and 2B. These thermocouples are positioned in the steel 
volume corresponding to Tank 2. flic temperature calculated for that tank is included. Also included is 
the movement of the stopper rod in the ladle. 
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Figure 8 Temperatures measured by thermocouple I A. That thermocouple is positioned in the steel volume 
corresponding to Tank 1A. The temperature calculated for that tank is included. Also included is the 
movement of the stopper rod in the ladle. 
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Figure 9. Temperatures measured by thermocouple I B . That thermocouple is positioned in the steel volume 
corresponding to Tank I B . The temperature calculated for that tank is included. Also included is the 
movement of the stopper rod in the ladle. 
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