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Dynamic On-line Model of Temperature Field for Continuous Steel Billet
Casting and its Integration into the Control System of the Caster

Dynamicky on-line model teplotniho pole plynule odlévaného ocelového
sochoru a jeho zaélenéni do Fidiciho systému ZPO
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The on-line version of the 3D dynamic model of the transient temperature field of a billet caster is based on its
off-line version. It enables the simulation of the temperature field of the caster in real time. The model receives the
data from the first and second level of control of the caster via an interface program, evaluates the measured data
and carries out a calculation of the temperature field and other aggregated quantities that are sent back to the
information system of the steelworks/plant. It aims to enhance the quality and accuracy of the input data, the mutual
connections between them and the qualitative parameters, including the establishing of their limit values. This
creates a system that not only quickly but also very accurately displays the temperature field of the blank during the
course of the actual process, including all necessary technological data from the caster. The dynamic model was
integrated into the casting control system. This suggests its usefulness for real deployment, the application and
robustness of the used numerical methods and other software parts.

Key words: dynamic solidification model; casting control system; control computer; monitor of an operator;
cooling optimization; statistical data processing

On-line verze 3D dynamického modelu nestacionarniho teplotniho pole sochorového ZPO je zaloZena na jeho
off-line verzi. UmoZiuje simulaci teplotniho pole ZPO v realném case nebo v case kratSim. Mnohonasobné zvyseni
rychlosti vypoctu teplotniho pole sochoru umoZsiuje nejen vyuZiti vykonnéjsiho vypocetniho hardware, ale predevsim
software. V takto kratkém case tak lze sledovat vyvoj teplotniho pole v oblasti krystalizatoru, sekundarniho
i tercidlniho chlazeni a tyto informace vyuzit pro optimalni rizeni ZPO jako celku i jednotlivych jeho klicovych uzli.
Model prijima data z prvni a druhé Grovni rizeni ZPO pres rozhrani, vyhodnocuje naméiena data a provadi vypocet
teplotniho pole a dalSich agregovanych velicin, které jsou odesilany zpet do informacniho systému ocelarny. Cilem
je zvySeni kvality a presnosti vstupnich Gdaji, vzajemnych vazeb mezi nimi a kvalitativnimi parametry, vcetné
stanoveni jejich meznich hodnot. To vytvasi systém, ktery nejen rychle, ale také velmi piesne zobrazuje teplotni pole
sochoru behem daného procesu, véetné vSech potiebnych technologickych dat ze ZPO. Funkénost on-line modelu je
podminéna dostupnosti on-line vstupnich dat, jako jsou lici teplota, rozmer sochoru, chemickeé slozeni lité oceli, lici
rychlost, poloha hladiny v krystalizatoru, teploty ve sténé krystalizatoru, teploty chladici vody v krystalizatoru na
vstupu a vystupu, pritok vody, nastaveni pritoki a tlaku vody v sekundarnim chlazeni, teploty z pyrometri
v sekundarnim chlazeni. Tato data poskytuje modelu teplotniho pole vyvinuty separatni program se standardnim
rozhranim. Rozhrani je naprogramovano dle aktualniho stavu rizeni a je ve zdrojovych textech k dispozici
odbérateli, aby si mohl p/i zméné rizeni interface modifikovat. Dynamicky model byl zaclenen do systému rizeni
ZPO. Svedci to o jeho uzitechosti pro realné nasazeni, o spolehlivosti i robustnosti pouZitych numerickych metod
i dalSich softwarovych ¢dsti.

Klicova slova: dynamicky model tuhnuti; ridici systém ocelarny; 7idici pocitac; operatorska obrazovka;
optimalizace chlazeni; statistické zpracovani dat

Brno University of Technology, Faculty of Mechanical modern development tool and object-oriented language
Engineering collaborated on the solution of the project [1] for programming. The model was therefore
of the Ministry of Industry and Trade of Czech Republic ~ programmed in  Delphi 2007 (Object Pascal
(MIT) with the steelmaking company Trinecké programming language). The Firebird database, a
Zelezarny, a.s. as the principal investigator. During the  modern SQL client/server database, was used for
creation of off-line and on-line versions of the storage of data. We separated the data and the program.
temperature field model, it was inevitable to choose a  All input data, such as the location of the cooling
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nozzles, rollers, experiment parameters, properties of
cast steels, etc., were stored in the SQL database.
Similarly, the results of the simulation were entered into
the SQL database. This solution allowed making
changes without having to intervene in the program
code. This was the only possible way because the
programs in the model were from the outset developed
with a view for their deployment in real-world
operation, where maintenance of the computer will be
ensured by network managers. All changes to data,
configurations, and technology standard operating
procedures (SOP) were made in one database.

The resulting product was developed as a unit of three
independent  programs  BrWatch, BrCaster and
BrCCMEXx that will be discussed in subchapters 1.1
through 1.3. At present, the Brno Dynamic Model of
Solidification, commercially offered by the Brno
University of Technology, is registered under the single
name of Brno Dynamic Solidification Models (BrDSM)
(trademark EU 015723893).

1. Three independent programs for
temperature field system

1.1 BrWatch program

Data acquisition program BrWatch was run on the
DASFOS server and it was programmed in Delphi 2007

(Fig. 1). It loaded the configuration from the local
database Firebird (position 4), it communicated with the
application InTouch (position3) via dlIl, and it
communicated with the central database using
ADO/ODBC (position 6). On the basis of these
communications, it constructed a vector of real numbers
at regular intervals (5 to 10 seconds on request of the
on-line model). The vector was transferred via the
TCP/IP  server using the protocol HTTP/XML
(position 2) to BrCaster (on-line model). It picked the
values calculated by BrWatch program characterizing
the temperature field, i.e. surface temperatures,
metallurgical length, etc., as well as the results of
recommended values for casting rate and water flow
rates for the zones I, 11, 1ll, and IV from BrCaster via
TCP/IP using the HTTP/XML protocol (position 2).

The graphical environment of the data acquisition
program made it possible to quickly check the collected
data and set the parameters of the on-line temperature
model (Fig.2). The system administrator used this
program for influencing the parameters and behaviour
of the on-line model. The thermal model is a numerical
calculation that works with a fixed time step. It always
had to have all the data at every step. Any deficit of the
quantity might have caused numerical instability and
crash of calculation. It was possible to replace the
missing or incorrect quantities by either a previous valid
value or a so-called standard value. The set time step, in
which the calculated data was provided, was 10 s.

Fig. 1 Scheme of the communication between the different parts of the dynamic model
Obr. 1  Schéma komunikace mezi jednotlivymi ¢astmi dynamického modelu
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Fig. 2  Graphical interface of the program BrWatch
Obr. 2 Grafické rozhrani programu BrWatch

1.2 Program BrCaster, on-line model

The on-line model was run on a two-processor PC,
visualization was available in the control room for
continuous casting machine 2 (CCM2). The numerically
demanding multithreaded model solved the following
functions: it read configuration from the Firebird
database, same as BrWatch (Fig.1, position7); it
received the vector of valid input values via TCP/IP
sockets (position 2); it performed calculation of
boundary conditions and thermo-physical parameters; it
calculated the temperature field; it visualized the
temperature field on the computer monitor in the control
room; it calculated the controlled quantities (required
casting speeds, water flows for the zones I, I, 11l and
1V); it saved the calculated temperature field (position
8); it provided the current temperature field data to the
operating information system for all its users (web
server).

The program was based on the off-line version, picked
the data from the first and second levels of the
hierarchically structured CCM control system via the
BrWatch interfacing program, it performed the
calculation of the temperature field and of other
aggregated quantities (Fig. 3) which were sent back to
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the information system of the steel plant. Another goal
of the on-line version was to increase the quality and
accuracy of the input data, of mutual links between
them and of the qualitative parameters, including the
setting of limit values. In this way, a system was created
that displayed not only very quickly but also as
accurately as possible the real temperature field of the
continuously cast billet (CCB) during the process, as
well as all the necessary technological data from the
CCM. One of the great advantages was the fact that the
program had integrated the so-called web server, i.e.
other users of the computer network of the steel plant
could see individual operator screens of the online
model via an ordinary Internet browser (Fig. 4).

Fig. 5 shows screens of the dynamic temperature model.
Most of them are the same as for its off-line version.
Fig. 5a presents basic parameters of casting both in
numerical form and in the form of barographs and
graphs of history. The basic screen of the model is in
Fig. 3, where the metallurgical length is emphasized in
addition to the temperature field. Fig.5b shows the
temperature history of the indicated points of cross-
section during its progress through the entire CCM.
Data from secondary cooling, including the
temperatures measured by a pyrometer and calculated
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temperatures at the same points, are shown in Fig. 5c.
The screen in Fig.5d shows the evolution of
iso-liquidus and iso-solidus in longitudinal axial
sections, and Fig. 5e shows the evolution of surface
temperatures at the place of the built-in pyrometers. The

graph of the local time of solidification (the time, during
which temperature of the given point was within the
interval of solidification) in individual points of the
profile is shown in Fig. 5f. The last screen shows the
heat output volume in the individual zones (Fig. 5g).

Fig. 3  Graphical interface of the on-line program with an example of the temperature field
Obr. 3  Grafické rozhrani on-line programu s ptikladem zobrazeni teplotniho pole

Fig. 4  Example of the results of the on-line model via the information system
Obr. 4 Priklad zobrazeni vysledki on-line modelu pies informacni systém
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a) Basic parameters of the casting
a) Zakladni parametry liti

b) Temperature history along the caster
b) Historie teplot podél ZPO

¢) Data of the secondary cooling
c) Data sekundarniho chlazeni

e) Surface temperatures in the place of built-in pyrometers
e) Povrchové teploty v misté zabudovanych pyrometra

f) Local solidification time
f) Mistni doba tuhnuti

g) Heat flows diverted in the zones
g) Tepelné toky odvedené v zénach

Fig.5 Operator monitor of the dynamic model of the temperature

field

Obr.5 Operatorské obrazovky dynamického modelu teplotniho pole

d) Evolution of iso-liquidus and iso-solidus in the axial longitudinal
sections
d) Prabeh izolikvidy a izosolidy v podélnych osovych tezech
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1.3 Program BrCCMEX, off-line model

The off-line temperature model, which was run on any
industrial PC, had the following options: loading the
configuration and data from the central Firebird
database (position 9); editing Firebird Configuration
Database on the Server (position 9); retrieving data from
an online server, such as trends (position 9); viewing
files (position 10); and it performs calculations

Fig. 6 Basic screen of the off-line model
Obr. 6 Zakladni obrazovka off-line modelu

Users (technologists) had the opportunity to upload the
current live data from the on-line model to their off-line
temperature field model, to make some changes in input
parameters (e.g. to adjust secondary cooling, change the
casting speed, etc.). After performing an off-line
simulation, they found out how the temperature field
would be created under such changed conditions. The
off-line version can be also successfully used in the case
of occurrence of defects on billets. The user has
downloaded calculated thermal fields from the archive
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of the temperature field.

The off-line model, which was developed first, enables
the user to design even a non-traditional file or
combination of technological interventions for the
optimal formation of the temperature field with the aim
of enhancing the quality of the concasting while
maintaining or even raising the volume of production.
The basic screen MS Windows is shown in Fig. 6.

server and he/she could analyse, with the use of the
off-line model, probable causes of defects and prepare
measures in order to avoid repeating of defects. The
off-line model will in future allow also for download of
quantities from the application server, and it will make
possible to use statistical methods and links between
variables and defects for the search of the cause of
defects in the formation of the original temperature field
of the billet from a problematic heat.
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2. Dynamic model activity

Two independent control loops worked in a dynamic
on-line model. The first served for the setting of
calculation of the temperature field according to the
current state of CCM and operating conditions. This
control loop used temperature values measured by three
(or possibly four) installed pyrometers for calculation of
the control deviation. Location of the pyrometers is
schematically illustrated in Fig. 7 with black dots.

Fig. 7
Obr. 7 Umisténi pyrometri a mist s cilovymi teplotami

The second control loop was the recommendation of
optimal casting speed and flow rates in the zones I, II,
Il and 1V using the temperature model. Optimisation
criteria can be in general the following ones:

o metallurgical length, which should extend into the

not-bent part,
limitation of reheating between zones,
cooling rate limitation,

limitation of surface temperature at the point of
straightening,

limitation of temperature behind individual zones,

limitation of temperature fluctuations in the

cooling zone.

Location of the pyrometers and places with target temperatures
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Temperatures from the pyrometers were compared with
the calculated temperatures at the same locations and
correction of the heat transfer coefficients in the
respective zones before the pyrometers was performed.
If the difference between the measured and calculated
temperatures and the correction factor was within
acceptable limits (£ 50 °C), the green LED signal lamp
indicated correspondence of the model with the reality
(Fig. 5d). In the event of a major disagreement, the red
light warned that the situation should be analysed.

Due to the fact that the optimal values of these
parameters are unknown, only the following parameters
were selected for this project:

o metallurgical length, which should approach the

specified value,

surface temperatures at four locations (between
zones), marked in Fig.7 with cyan boundary
lines); temperature values must be within the
specified interval.

Fig. 8 shows a diagram of the control operation for one
zone controller (in this case zone II1). Similar control
loops must be implemented for all four zones.
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Casting speed
Grace of steel
Tundish temperature
Cooling at mould

Desired
surface
temperature

Temperature
measurement

Control valve

Fig. 8

Obr. 8 Schéma regulace priitoku vody v jedné chladici zéné&

Since the number of cast steel grades was large, we used
their classification in 4 groups [2, 3], for which the
casting conditions should be the same. The database of
conditions for each group contains:

e recommended metallurgical length,

e minimum and maximum temperature at the point 1

(behind zone 1),

minimum and maximum temperature at the point 2
(behind zone 1),

minimum and maximum temperature at the point 3
(beyond zone I11),

minimum and maximum temperature at the point 4
(behind zone 1V).

Determination of these optimal values is a very
challenging and long-term task. Therefore, in the first
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Set
value

Water flow
regulator

Flow
measurement

Scheme of the regulation of the water flow in the one cooling zone

stage of deployment of the on-line model, the actual
achieved values and the metallurgical length for casting
conditions taken from the standard operating procedure
for the respective group were used as initial values.

3. Outline of statistical processing of data
from dynamic on-line model

In addition to graphical results presented here, statistical
methods can also be used for the analysis of data from
the on-line model of the temperature field. For each
melt, the following statistical variables were determined
for all measured and calculated values of the
technological parameters: mean value (arithmetic
mean), minimum value, maximum value, Vvariance,
standard deviation, slope coefficient and coefficient of
acuity.
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b) Sorted according to the average casting speed
b) Serazeno podle primérné lici rychlosti

Fig.9 Casting speed in the individual heats, the minimum, maximum and average value
Obr. 9 Lici rychlost u jednotlivych taveb, minimalni, maximalni a primérna hodnota

These statistical variables were evaluated for all 400
data files that are stored by the temperature model in the
database. It was possible to further evaluate these
quantities using graphs for the given period. The graphs
presented here correspond to the six-month operation of
the CCM when a total of 140 heats of TERMEX-1 steel

grade were cast.
1200 —

TERMEX1
I Pyrometer 1
I Calculaiton
Pyrometer 1
Calculation

WDDDW

800 —

Temperature (°C)

600 —
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| ' \ ' |
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Fig. 9 depicts the casting speed for TERMEX-1 steel
grades. The minimum and maximum casting speeds and
averaged speed are plotted here. Fig. 9a shows the
temperature of individual heats in the order in which
they were cast. Fig. 9b shows the temperatures of heat
ordered according to the average casting speed of these

heats.
1200 —

TERMEX-1

I Pyrometer 2
I Calculaiton

Pyrometer 2
Calculation

0 40 120

Heat

Fig. 10 Surface temperature measured by the pyrometers and calculated in the same places
Obr. 10 Povrchova teplota méfena pyrometry a vypoétena ve stejnych mistech

Fig. 10 shows a similarly structured graph of the
measured surface temperature determined by the
pyrometers 1 and 2. The graph also shows an evolution
of the temperatures calculated at the same points. Figure
10 shows a good match between the measured and
calculated values for the first 20 heats. The calculation
results showed that surface temperature was higher only
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by 5% in comparison to the temperatures measured by
the pyrometer 1. The 5% variance is a very good result
for the operating conditions. After that the nozzles in the
first zone were replaced by a different type which is in
the graphs manifested by an increased 22% difference
between the measured and calculated temperature
values.
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Obr. 11 Metalurgicka délka a teplota piehiati v zavislosti na rychlosti liti pro ocel TERMEX-1

The graphs in Fig. 11 present the value of metallurgical
length and the overheating temperature in dependence
on the casting speed. These parameters from each heat
are expressed by one blue circle, the radius of which
corresponds to the standard deviation. It can be seen
from Fig. 11 that approximately linear dependence
exists between the metallurgical length and the casting
speed, which corresponds to the relevant solidification
constant. Due to the replacement of the nozzle, the
results of heats were divided into two linear
dependencies, which were reflected in the graph by two
fields of the observed cases. A functional dependence
was also expected between the overheating temperature
and the casting speed. This, however, was not
confirmed in real heats, as it is shown in the right graph
in Fig. 11.

The graphs of statistical variables are an example how it
is possible to use the data from the on-line model for an
analysis of the CCM behaviour and for optimisation of
its operation.

Conclusions

A numerical model of a non-stationary temperature field
of a steel billet 150 x 150 mm cast by continuous
casting was developed and tuned in off-line and on-line
versions. Presentation of the results shows how it is
possible to use both versions for optimisation of casting
parameters. The online version was in the steelworks
Trinecké Zelezarny, a.s. incorporated directly into the
CCM control system. The results show significant
differences between the temperature field model of
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continuously cast slabs and billets. In the case of the
casting of billets, the intervals of input parameters are
much wider including a larger number of types of steels.
A particular problem is also the use of conical water
nozzles in the secondary cooling zone where the heat
transfer coefficient under the nozzle is markedly
dependent on the surface temperature of the billet. By
using the model, it is possible to achieve faster and
easier implementation and mastering of new types of
steel (according to immediate customer requirements
with reduced risk of production losses), but mainly to
achieve higher qualitative parameters of steel casting
including stability of their production, i.e. narrowing the
difference between the qualitative properties of
individual heats of the same steel grades and to achieve
a repeatability. Improving the quality means moreover a
reduction of power consumption per ton of final
product. This reduces also the volume of flue gasses for
the production of the final product and it will thus
reduce the ecological exposure of the work
environment.
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EU Setieni proti péti zemim kvali ocelovému dumpingu pired ukonéenim

tt.com 16.03.2017

Od léta 2016 beZici vySetiovani Evropské komise proti Srbsku a ¢tyrem dalSim zemim kvali obvinéni, Ze exportuji ocel
do EU za dumpingové ceny, by mélo byt co nevidét uzavieno, vysledky by mély byt predloZeny v kvétnu. Urgity
predbézny vysledek je ale znam jiz ted’. Srbska ocelarna ve Smederevu, pattici od ¢ervence 2016 ¢inskému koncernu
HBIS, svoje exporty oceli do EU od srpna do listopadu 2016 nezvysila. EK provadi Seteni ale také proti Rusku, Iranu,
Brazilii a Ukrajing, poté co si v kvétnu 2016 stéZoval evropsky ocelaisky svaz EUROFER. EUROFER tvrdil, Ze
zminénych pét zemi prodava svoji ocel o minimalné 20 % pod trznimi cenami. Evropskeé Setieni ukazalo, Ze exporty
oceli péti vySetiovanych zemi do EU stouply v pfislusném obdobi o 14 %. Rusko zvysilo export do EU 0 73 %,
Brazilie 0 23 %. Irdn a Ukrajina svoje exporty do EU zredukovaly, u Srbska nedoSlo k Zadné zméng.

ArcelorMittal spirada plany pro Italii

Frankfurter Allgemeine 22.03.2017

ArcelorMittal pocita jeSté minimalné do konce roku 2018 s trvajici robustni ocelaiskou konjunkturou. Frank Schulz,
$éf nejveétsSiho ocelaiského koncernu na svété pro Némecko, poukazuje na dobrou poptavku po oceli od odvétvi, jako je
vyroba automobili, stavebnictvi a strojirenstvi. Spotieba oceli v Némecku by méla letos vzrist 0 1 procento, v pristim
roce predbézné o 1,5 procenta. Na roky 2017 a 2018 se divame s opravdovym optimismem, ekl Schulz v Dusseldorfu.
Takeé ceny se vyrazné zvysily, v praiméru o dobry dvoumistny procentuelni narist. JenZe stouply také ceny Zelezné
rudy a koksovatelného uhli. Samoziejmé zistavaji obavy z obrovskych pirebyte¢nych kapacit. Konsolidaci predpovida
Schulz i pro Evropu. Ze se koncern snaZi ziskat existujici, deficitni a obrovskymi ekologickymi problémy zatiZenou
ocelarnu ILVA v Tarantu, neni pro Schulze zadny protimluv. Rika, Ze by to bylo nové feeni pro Evropu. Schulz je
toho nazoru, Ze v této nejvétsi evropské ocelarné by bylo mozné vyrabét vysoce kvalitni oceli nejen pro Evropu, ale
také pro trhy v severni Africe a v Turecku.
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