The objective of this research project, involving Arcelor Research, MEFOS, BFI, Aceralia,
Saarstahl AG and Sidenor is to develop advanced methods and systems for online con-
trol of gas-stirred ladle treatment in order to improve refining reactions, removal of inclu-
sions and homogenisation during alloying and to minimise slag entrapment and reoxida-
tion.

Activities were driven in accordance with the planning. Developments led to a much
clearer understanding of gas-stirred ladle treatments.

A correlation giving the open-eye area as a function of a slag Froude number fits well
with all data obtained on water-scale models, in lab-scale hot metal experiments, with
numerical simulations and with industrial data.

Image analysis procedures have been developed for automatic threshold and elimination
of noised images. The implementation in plant of a video camera proved to be more dif-
ficult than expected.

The ladle vibration increases with the Froude number. This is true for a wide range of
experiments driven on both pilot-scale steel ladle and water scale models and also for
industrial plants. We can evidence resonance related to gravity mode. Finally a high
vibration level corresponds to a risk of open-eye.

Contact and contact-less sensors give similar results. Their advantages and drawbacks
are clarified.

The analysis of inclusion population during cleanliness bubbling in the plants made it
possible to recommend:

e applying a soft bubbling, avoiding open-eye thanks to image analysis and/or based on
low vibration;

e generating a minimum stirring to get effective inclusion removal, by aiming at a given
vibration.
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FINAL SUMMARY

The theoretical and industrial aspects of gas stirring of steel in ladles have been considered
over the last two decades. Numerical modeling (CFD simulation) and small-scale
experiments have been used as tools for studying the process. Physical modeling (water as
well as system with Wood metal) has been carried out to investigate the gas-stirred ladle
system.

Three different groups of modeling studies are reported in the literature: Quasi single-phase,
Lagrangian and Eulerian simulation. Simulation involving three phases or gas/steel/slag, has
been applied for analyzing the fluid flow, heat transfer, mass transfer and associated
phenomena such as chemical reaction and inclusion removal.

Development of transient mathematical models, which could simulate the vibrations or
periodic oscillations in the ladle, is necessary. Recently, some effort on the dynamic
simulation in other metallurgical reactors has been published, such as LES (Large Eddy
Simulation) simulation of flows in moulds.

Hallberg et al. has described the profile of the free steel surface in the ladle. In this work, a
method involving adaptive grid was used to describe the steady profile. Other methods such
as scalar methods can also be used for simulations of steel/slag interface. However,
simulations of a time dependent transient free surface including slag have not been found.

Minion et al. described the first application of measurements of vibrations applied on an
electric arc ladle furnace. Two characteristic frequencies were found. Vibrations around 60
Hz were an indication of the stirring intensities while 120 Hz were found to be generated
when arc heating was active.

Vibrations as an indicator of the onset of ladle slag carry-away into the ladle shroud have
also been reported and used. Laser system has an advantage over the accelerometers since
it could work without contact.

Therefore, the aim this multi-national multi-partner research project, involving ARCELOR
Research (formerly IRSID) MEFOS, BFI, ACERALIA, SAARSTAHL AG and SIDENOR is to
develop advanced methods and systems for on-line control of gas stirred ladle
treatment processes in order to improve refining reactions, removal of inclusions and
homogenization during alloying and to minimize slag entrapment and re-oxidation.
The specific objectives of this research are to determine the operational conditions when
open-eye stirring occurs and to investigate and clarify the mechanisms, which
contribute to measurable vibrations or oscillations in the ladle during the stirring
process.

Main activities and achievements may be summarized as following.

(1) Stirring phenomena and open-eye area
Similitude criteria (all partners)

The Froude number was defined as the parameter to compare the different gas stirring
process at lab, pilot and industrial scales, on water and steel configurations and at reduced
or full geometrical scales.

Gas injection and fluid flow (SAG)




SAG has analyzed the evolution with the gas flow rate of the gas plume feature
generated by the real porous in a water model. A transition occur above a given gas flow
rate.

Metal stirring (MEFOS - SAG)

For different gas flow rates, MEFOS has simulated the fluid flow in a 120-t ladle
including the top slag layer, SAG a 170-t ladle without top slag.

Typical velocity over 0.5 m/s are generated even with a top slag layer: this is the driving force
for open-eye generation.

Slag behavior (BFI — SAG — SIDENOR - MEFOS)

BFI has used the image analysis software to describe the open-eye area during water
scale model experiments and hot pilot scale experiments. BFI has varied the gas flow
rate and the thickness of slag.

SAG has implemented a video camera and used the BFI software to characterize the
open-eye area. The gas flow rate was varied, the slag layer and property well
controlled.

SIDENOR has used it image analysis software to check the effect of gas flow rate on
the open-eye area, the slag thickness and composition being quite variable from one
heat to another.

MEFOS has computed fluid flow and open-eye formation in a water model
configuration and for a 120-t ladle, for different gas flow rate. The industrial
configuration, MEFOS has varied the slag viscosity. MEFOS has analyzed the
transient regime of gas-stirring and its impact on the slag behavior. In addition,
MEFOS has used a water scale model, varying the gas flow rate, the slag thickness
and position of the porous plug.

Conclusion over open-eye model (all partners)

The correlation between open-eye area and process parameters of has been evaluated
according to several available formulas using the data from BFI, MEFOS, SAARSTAHL
and SIDENOR.

The present set of data in the Yonezawa/Schwerdtfeger plot is conveniently positioned and
shows that laboratory, pilot plant and steel plant data can be compared within this research
project.

The effect of the slag viscosity, as evidenced by MEFOS numerical simulation is an open
door to further model the open-eye area and possibly get a unique formulation that would be
valid for water models and steel experiment.

Finally the measurement of the open-eye area represents a measurement of the true stirring
in industrial conditions if the slag properties and thickness are controlled and/or well known.
If not, the relationship is not evident as seen by SIDENOR

(2) Advanced methods and systems for on-line control of gas stirred ladle treatment
processes, using image analysis and ladle vibration monitoring



The standard industrial practice of bubbling prior to this project was to aim at a given gas
flow rate, and/or to avoid as much as possible the open-eye: the operator being allowed to
modify the gas flow rate.

Two types of advanced techniques have been developed, based on either the monitoring of
the open-eye area thanks to image analysis or on the ladle vibration monitoring.

On-line image analysis software (BFI & SIDENOR)

BFI has defined optimum image filtering. BFI and SIDENOR have explored different
procedure to get a measurement of the open-eye. BFI has validated and used it on
water scale model, on pilot steel furnace and then transferred the software to SAG
industrial partner. SIDENOR has evaluated the software to specific plant trials
consisting in varying the gas flow rate and simulating some pollution of the optics.

The approaches of SIDENOR and BFI were both able to solve the image processing problem
using different main focuses. The basic steps of image analysis were obeyed by both
partners in similar ways. The SIDENOR system was developed with strong emphasis on the
image segmentation because of unfavorable conditions in the ladle furnace where the open-
eye was observed. The BFI system was constructed with fast and accurate image
segmentation in mind, as it is used as an on-line system at Saarstahl since first quarter of
2005. Both systems use adaptive algorithms for image segmentation. Open-eye
classification is used by BFI to distinguish open-eyes from image anomalies.

Contact-less conoscopic holography (ACERALIA)

ACERALIA has developed the contact-less conoscopic holography applied to
measure the ladle vibration. The evaluation was made at lab-scale prior to industrial
plant tests. A positioning system was developed in order to ensure the 25-50 mm
stand-off required for a precise measurement. The low frequency range, limited to 40 Hz
is the optimum range for this method. Vibration increases logarithmically with the gas flow
rate. Failed bubbling are detected using statistics.

Contact and contact-less sensors for vibration monitoring (ACERALIA and
ARCELOR Research)

ACERALIA and ARCELOR Research have used and compared different contact and
contact-less sensors to monitor the ladle vibration, at lab and pilot scales on
ARCELOR Research installation and in two plants. Contact and contact-less sensors give
similar results. Their advantages and drawbacks are clarified.

Conclusion on ladle vibration

ARCELOR Research has analyzed all data obtained for a wide range of experiments
driven on both pilot-scale steel ladle and water scale models and also for industrial
plants, for contact and contact less sensors. The ladle vibration increases with the
Froude number, relating the gas flow rate and ladle diameter. A similar trend is found for the
turbulent kinetic energy computed by MEFOS close to the ladle wall. ARCELOR Research
has showed that vibration monitoring can also evidence possible resonance effect related to
the development of gravity mode. Finally a high vibration level corresponds to a risk of open-
eye.



(3) Impact of controlled gas-stirring on refining process and reactions, removal of
inclusions and homogenization during alloying and to minimize slag entrapment and
re-oxidation

Optimum stirring conditions for alloying (SAG)

SAG has analyzed the alloying time of different elements. It corresponds to figures given
by correlations based on the stirring energy available in the literature. The needed time is
somewhat smaller than the standard one used in the plant.

Open-eye, stirring and cleanliness (SAG)

SAG has analyzed the evolution of the inclusion population with time, in terms of total
oxide content, inclusion composition and cleanliness index, together with assessing
the open-eye area and for different gas stirring flow rates. During cleanliness stirring,
some charges exhibited re-oxidation. The cleanliness index is lower for charges without
open-eye formed during the stirring period.

Stirring effect over cleanliness (SIDENOR)

SIDENOR was faced with difficulty in using to use at large scale the open-eye
monitoring by image analysis. SIDENOR has thus defined an index of risk of open-eye
based on process parameters and evaluated it for 200 heats with respect to the metal
cleanliness. As a matter of fact, no clear correlation could be evidenced.

Criteria for plug change (ACERALIA — ARCELOR Research)

ACERALIA and ARCELOR Research have analyzed on hundreds of charges the
vibration response. Some treatments failed, with a lower vibration-level. Sometimes it
corresponds to leak in the argon pipe connection,

Correlation vibration versus cleanliness (ARCELOR Research)

ARCELOR Research has analyzed the inclusion removal rate of charges elaborated
with 100 or 200 I/min. The existence of an open-eye was also considered with respect
to the vibration level. The vibration level is variable form one charge to another. Globally
the inclusion removal rate is better with a low gas flow rate, but the spreading is high. A good
correlation is obtained using the vibration level.

Conclusion over cleanliness (all partners)

The analysis of inclusion population during cleanliness bubbling in the plants made it
possible to recommend to

e apply a soft bubbling, avoiding open-eye thanks to image analysis and/or based on a
low vibration-level,

e (generate a minimum stirring to get an effective inclusion removal, by aiming at a
given defined range of ladle vibration.

At the end of the common research, main outcomes and possible applications on European
steel plants are underlined:



e The concept of soft bubbling procedure,

e The similarity criteria and the advanced methods to monitor to bubbling favors the
transferability.

Future developments are proposed in order to take into consideration the slag physical
property and especially its viscosity.
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3 NOTATIONS

A area of the open-eye

H height of top (slag) layer

h height of bulk fluid (with slag layer)
Q stirring gas flow rate

A scaling factor

Up plume rise velocity

g gravitational constant
D inner diameter of ladle
Fr Froude number

ds size of the bubbles

Ps, Pu density of slag and metal

o interfacial tension between slag and metal

a angle of inclination

Uwm velocity of the metal

vs, vm  Kinematic viscosity of slag and metal

CP counter pressure, the pressure measured just after flow meter

CQ corrected flow rate in SIDENOR, Min((CP-2.58)/0.0055;Q)

CCP corrected counter pressure in SIDENOR, Min(0.0055 Q + 2.58; CP)
stdA standard deviation of open-eye area

SC slag condition in Sidenor, comes from visual observation: Fluid or Cold

2
u
We  Weber number We = 1P
oq9(p — ps)
& rate of energy dissipation
T temperature

w weight of the melt
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4  GENERAL CONTEXT AND MAIN OBJECTIVES OF THE PROJECT

The theoretical and industrial aspects of gas stirring of steel in ladles have been considered
over the last two decades. Numerical modeling (CFD simulation) and small-scale
experiments have been used as tools for studying the process [1,2]. Physical modeling
(water as well as system with Wood metal) has been carried out to investigate the gas-stirred
ladle system [3-6].

Three different groups of modeling studies are reported in the literature: Quasi single-phase
[7], Lagrangian [8] and Eulerian simulation [9,10]. Simulation involving three phases or
gas/steel/slag has been applied for analyzing the fluid flow, heat transfer, mass transfer and
associated phenomena such as chemical reaction and inclusion removal [11].

Development of transient mathematical models, which could simulate the vibrations or
periodic oscillations in the ladle, is necessary. Recently, some effort on the dynamic
simulation in other metallurgical reactors has been published, such as LES (Large Eddy
Simulation) simulation of flows in moulds [12, 13].

Hallberg et al. has described the profile of the free steel surface in the ladle [14]. In this work,
a method involving adaptive grid was used to describe the steady profile. Other methods
such as scalar methods can also be used for simulations of steel/slag interface. However,
simulations of a time dependent transient free surface including slag have not been found.

Minion et al. described the first application of measurements of vibrations applied on an
electric arc ladle furnace [15]. Two characteristic frequencies were found. Vibrations around
60 Hz were an indication of the stirring intensities while 120 Hz were found to be generated
when arc heating was active.

Vibrations as an indicator of the onset of ladle slag carry-away into the ladle shroud have
also been reported and used by Krajcik and Kiss Technology [16, 17]. Krajcik used
accelerometers attached to ladle shroud manipulator arm while the technology used by Kiss
Technology is based on laser interferometry. Due to the vibration of the object, the object
beam is subjected to a small frequency shift, which is described as the Doppler frequency.
The laser system has an advantage over the accelerometers since it could work without
contact.

Therefore, the aim this multi-national multi-partner research project, involving
ARCELOR Research (formerly IRSID), MEFOS, BFI, ACERALIA, SAARSTAHL AG and
SIDENOR is to develop advanced methods and systems for on-line control of gas
stirred ladle treatment processes in order to improve refining reactions, removal of
inclusions and homogenization during alloying and to minimize slag entrapment and
re-oxidation. The specific objectives of this research are to determine the operational
conditions when open-eye stirring occurs and to investigate and clarify the
mechanisms, which contribute to measurable vibrations or oscillations in the ladle
during the stirring process.
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5 WORK UNDERTAKEN — RESULTS AND DISCUSSION

5.1 Comparison of initially planned activities and work accomplished

No major deviation is to be reported between planned activities and work accomplished. The
initial planning was revised (second horizontal bar in the task-planning) in the course of the
project so as to really take profits from the interaction between the partners (Table 1). In
such a way, we agreed on changing the activity #4.2 of MEFOS from in-plant vibration
measurement, very similar to the ones driven by ACERALIA and ARCELOR Research
(previously IRSID) into numerical simulation of flow in the ladle as function of gas flow rate of
and of effect of the slag viscosity on the open-eye area.

Meeting and reporting were organized every 6 months. Exchange of experience and
information and interaction between the partners proved to be useful to converge towards the
expected deliverables of the project.

Table 1- Progress versus planning

N° | Themes ‘ ] 2002 T 2003 T 2004 T 2005
T2 | 13 [ T4 | T [ T2 [ T3 | T4 | 11 [ T2 | 13 | T4 | T [ T2 ]
1 Interaction between steel and slag [¥] d
11 Design and construction of a small ladle MEFOS [
12 Gas stirring experiments measuring open-eye and surface = MEFOS
oscillations
13 Numerical simulation of open-eye stirring, small scale MEFOS ; '
experiments
14 Numerical simulation of open-eye stirring, plant conditions  MEFOS
15 Initial situation assessment - Recording and classifying of SAG [ 2
suitable parameters describing efficiency of gas stirring
16 Physical modeling for extensive testing, validation and BFI [
improvement of the image processing unit
1.7 Laboratory trials in hot melts with well defined gas stirring BFI —
intensities and slag layer properties
1.8 Analysis of stirring condition in full scale water model and IRSID [ ]
pilot scale ladles
1.9 Definition of the stirring standards SIDENOR [ '
1.10 Installation of a camera for open-eye observation SIDENOR [ z
1.11 Analysis of the image by digital processing SIDENOR [ =
1.12 Determination of the “real” stirring based on bath open-eye SIDENOR! [ =
and its surface movement, inlet gas pressure and slag
1.13 Global analysis of metal-slag interaction during bubbling pr All partner [ - - ]
2 Development of sensors [¥] T T 1 ¥]
21 Comparison of vibration based sensors IRSID [
22 Stirring and vibration in lab scale and pilot scale ladles IRSID [
23 Comparison of vibration based sensor and image processi  IRSID
24 Development of prototype image processing system for BFI [ ]
on-line control and analysis of melt surface during ladle
25 Operational trials at different gas stirred ladle treatment BFI [ ]
processes and under varying operating conditions for
improvement of image processing system
2.6 Functional Specifications of the sensors ACERALI/ —
27 Technical Specifications of the sensors ACERALLI/ [
2.8 Detailed Requirements ACERALI/ [
29 Performing individual trials and tests ACERALL/ [ - - ]
2.10 Comparison of sensors and of signal treatment All partner [ - - ]
3 Transient stirring phenomena [¥] d
3.1 Analysis of surface oscillations with and without slag MEFOS [ ]
using fluid mechanics
32 Development of models describing time depending MEFOS [
behavior of the flow pattern in the ladle
3.3 Verification and validation of transient numerical model MEFOS - ]
34 Analysis of stirring and interface deformation according to IRSID [ .
the bubbling conditions [
4 Industrial trials [ aYi T -
4.1 Industrial test of sensors and evaluation of impact on IRSID ]
metal cleanliness {
4.2 Plant measurements of vibrations, oscillations: --> MEFOS ]
modified into numerical simulation of slag viscosity and
transient flow to be compared to vibration measurement
4.3 Adaptation and installation of the digital image processing SAG I '
system - Verification and validation of defined efficiency
4.4 Development and implementation of a theoretical model for BFI [ ]
on-line evaluation of stirring efficiency by observing surface
patterns at different stages of gas stirred ladle treatment
45 Extensive testing during measurement campaigns at gas  BFI / SAG
stirred ladle treatment processes {
4.6 Long term operational experiments to verify classified SAG 2
characteristic surface pattern and defined efficiency
parameters and final adjustment of the on-line digital
4.7 Test of sensor in inclusion flotation period at industrial scal ACERALL/ [ - - ]
4.8 Test of sensor in strong stirring for metal-slag ACERALI/ [ - - ]
4.9 Definition of best sensor location and best signal treatmen ACERALI/ [ - ]
4.10 Interpreting results ACERALL/ [ - ]
4.11 Check of values with those from real conditions of the proc. ACERALI/ ]
4.12 Integration of the measurements ACERALLI/ ]
4.13 Integration in the steel plant application ACERALLI/ ——
4.14 Development and installation of an on-line model to SIDENOR
implement automatic stirring programs at LFV/
4.15 Evaluation of the stirring programs reliability SIDENOR I ——
4.16 Exchange of results between the partners and common All [
analysis and interpretation partners [ [
4.17 Evaluation, documentation and reporting ] ] | ] L] [ L]
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5.2 Description of activities and discussions

5.2.1 Our concern: inputs & outputs

Table 2 summarizes our concern. The analysis starts with variable and uncontrolled gas
stirring process and conditions:

e Different ladle sizes,

e Variable gas flow rate and stirring duration,
e Stirring adjusted by operator eye,

e Variable slag layer,

e Unknown porous plug state.

Table 2- List of inputs and outputs of the modeling considered in the present project

Industrial assessment
Water modeling

Numerical simulation

Inputs Mathematical model Outputs
Different ladle sizes and liquid Open-eye area influencing
Variable gas flow rate and stirring parameters
duration Similarity criteria
Stirring adjusted by operator eye Image analysis software
Variable slag layer Vibration monitoring tools
Unknown porous plug state Optimum stirring conditions

Metal sampling

Experimental approaches at lab, pilot and industrial scales based on open-eye or on ladle
vibration monitoring have been used to evaluate the influence of process parameters on the
true gas stirring. Numerical and mathematical modelings are used in parallel, also to interpret
the measurements and extend the conclusions.

As an output, we get:
e A better understanding of the phenomena occurring in the ladle during gas-stirring,
e Some critical process parameters,
e Similarity criteria,
e Image analysis software and vibration monitoring tools,
e Optimum stirring conditions.
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5.2.2 Several approaches to clarify what happens during gas-stirred ladle
treatment

We have used complementary approaches with several simulating tools according to three
axes of work in order to identify the critical process parameters (Table 3):

e get parameters to be able to have a general application of the results,

e develop advanced methods to assess the true stirring,
o0 image analysis of open-eye and ladle vibration,

e evaluate the impact on the metal cleanliness of the use of these methods,
0 optimum stirring conditions?

Table 3- Various complementary approaches used in the project

Parameters Partner Specifications Variations / remarks

Similarity Evaluation of BFlI,
existing MEFOS,
correlations of SIDENOR,
open eye SAG
Similarity Analysis of ARCELOR Include all data
parameters Research
governing ladle
vibration

Open-eye Image analysis Development of Test on water scale model, on pilot steel
software furnace and implementation at SAG steel
plant
Open-eye Image analysis SIDENOR Development of Test on video from plant
software
Open-eye Numerical model MEFOS Water scale model and plant configuration

and image Effect of slag viscosity
analysis
Vibration Contact-less ACERALIA Conoscopy Test at lab-scale and in plant
sensor
Vibration Contact and ARCELOR Laser vibrometer and Test on water scale models, on pilot scale
contact-less Research accelerometer steel furnaces and in plant
sensor

Impact on metal Evaluate Analysis of metal
controlled gas alloying time
stirring conditions Analysis of metal

cleanliness

Impact on metal Evaluate SIDENOR
controlled gas
stirring conditions
Impact on metal Evaluate ARCELOR Optimum stirring Focus on inclusion removal rate
controlled gas Research
stirring conditions

5.2.3 Activities and new results
The main deliverable results of the project are successively presented hereafter in terms of:
e Stirring phenomena and conclusions on open-eye area,

e Advanced methods and systems for on-line control of gas stirred ladle treatment
processes, using image analysis and ladle vibration monitoring,

e Impact of controlled gas-stirring on refining process and reactions, removal of
inclusions and homogenization during alloying and to minimize slag entrapment and
re-oxidation.
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Some details are included in the Annex.

5.2.3.1 Stirring and stirring phenomena
5.2.3.1.1 SIMILARITY

Ladle water models were used to model fluid flow. At first, relevant parameters were defined
and identified to ensure the transferability of the industrial ladle stirring process to the
laboratory scale. Most important ones are the stirring gas flow rate, the depth of liquid in the
ladle and the radius of the ladle. Concerning the model similarity, the ladle Froude number
similarity must be met for ruling out any influence of the geometry of the gas injection nozzle
[18]. The ladle Froude number is defined as

2
Fr _Ye or Fr _ e (1)
gH VOH

The ladle Froude number similarity

I:rphysical model = I:rladle (2)

is fulfilled when the gas flow rate Q used in the physical model is adjusted to

QPhYSicaI model — Qladle * 1’2.5 (3)

Other slightly different correlations are also proposed [19].

The gas flow rates to be used in the physical model were calculated from the industrial gas
flow rates according to the formula above, additionally taking into account the Ferro static or
hydrostatic pressure and the temperatures of liquid steel or water. Further similarity
calculations showed that with a geometric scale factor between about 1/3 and 1/5, both
natural convection phenomena similarity and the ladle Froude number similarity can be met
[20].

Comparability of the laboratory set-up with industrial-scale ladle stirring processes was also
ensured by using the same similarity calculations. Similarity criteria that had been developed
for water modeling experiments were adapted to the steel experiment on laboratory set-ups.
A scaling factor & = Dsymace/Dsteeimaking 1ade Was calculated from the inner diameters D of an
industrial steelmaking ladle and the laboratory furnace. Parameters of the laboratory trials
were defined and/or converted according to this scaling factor. The gas flow rates to be used
at the laboratory were calculated from the gas flow rates used in steelmaking according to
Quaoratory riats = Qiadle * 2*°, additionally taking into account the different Ferro static pressures

and temperatures of the liquid steel in both cases.

Relevant parameters of the different ladle considered in the project are gathered in Table 4.
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Table 4- Characteristics of ladles referenced in the project

Name liquid Slag Inner Liquid height | Gas flow
diameter (m) rate  (I/min
(m) STP)

1- water model BFI Water Colored oil, 0.44 to ca0.5 31to 30

thickness 0.51

0.003 to

0.018
2- induction furnace steel Steelmaking | 0.3 0.23 21to 30
BFI slag,

Thickness

0.003 to

0.006
3- industrial ladle Steel thickness: 3.3 3.2 0 to 666
SAG 170 t 0.05m

Viscosity: 0.8

Pas

(1550°C) ()
4- industrial ladle Steel 3 2.5
SIDENOR 130 t
5- industrial ladle Steel Thickness 3.9 3.7 Up to 800
ACERALIA 0.06t0 0.12

300t

m
6- water model water 0.5 0.45 Up to 150
ARCELOR Research 10 0.8
7- induction furnace Steel 0.35 0.4 0-10
ARCELOR Research 300 kg
8- induction furnace Steel 1 1.1 0-40
ARCELOR Research 61
9- industrial ladle Steel 0.1-0.3 2.5 2.5 0-500
ARCELOR 90t
10- industrial ladle Steel 0.1 2.8 2.8 100-600
MEFOS 120 t
11- water model water Oill 0.6 0.65 3.7-36.7
MEFOS AK50

(*) Slag atlas, Verlag Stahleisen GmbH, Disseldorf, page 364

5.2.3.1.2 GAS INJECTION (PLUG, PRESSURE VERSUS GAS FLOW RATE ...)

Water model experiment to evaluate porous plug at SAG
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For the evaluation of the properties of the technical porous plug used in the steel plant of
Saarstahl AG, experiments were carried out with a water model using the lower part of an
industrial 170-t ladle. Aim of the trials with the water model was the examination of the gas
bubble formation at varying gas flow rates from 0 to 40 m®h. Two typical screenshots are
shown in Figure 1. It shows the shape of gas bubbles arising from a gas flow rate of
1 STP m*h (a). Single discrete gas bubbles with diameters of about 4 mm can be seen,
which start from the porous plug as spheres, change their shape during arising to spherical
calottes and form a so called gas plume. With increasing gas flow rates, the sizes of the gas
bubbles arise and the distances between two consecutive bubbles leaving the porous plug
decrease leading to a higher amount of colliding and combining bubbles. Approximately at a
gas flow rate of 7 STP m*/h a change in the gas bubble formation occurs (b). Single discrete
gas bubbles almost cannot be seen anymore. The gas bubbles do not release as single
discrete ones from the porous plug but stretch upwards at the slits of it. The change from a
two phase gas plume into a continuous gas jet starts.

A summary of the measured gas bubble diameters as a function of the gas flow rate (c) is
compared with a curve that Zhang and Taniguchi [21] obtained by interpolating different
equations describing the size of the gas bubbles as a function of the gas flow rate:

dg = 0.624 Q%% (4)

According to this, the bubble size increases only slightly with increasing gas flow rate and
diverges from the observations made at the water model where a strong increase of the
bubble sizes at gas flow rates above 7 STP m®h occurred. This can be explained easily by
the fact that the existence of a gas plume even for higher gas flow rates has been supposed
whereas in the water model at gas flow rates above 7 STP m®h, a change to a gas jet has
been observed.

The conclusion of the water model experiment is that the porous plug used generates small
bubbles at lower gas flow rates favoring the regime of a floating of the inclusions during the
rinsing period. On the other hand there is a disadvantage of this porous plug since the
generated huge bubbles will probably lead to an intensive gas jet and consequently this will
be the reason of the generation of large open-eyes in the breakthrough zone in the surface of
steel melt.
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a) gas bubble plume b) gas jet
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Figure 1 - Influence of the gas flow rate on the formation of bubble plume and gas jet water model and
literature [21]
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Efficiency of the gas stirring process in SAG plant - Gas flow rate and gas pressure

To evaluate the efficiency of the gas stirring process, relevant process data have to be
identified first. Therefore gas flow rates and gas pressures of 159 industrial 170-t heats had
been recorded by SAG, the results are shown in Figure 2. There is no clear correlation
between gas pressure and gas flow rate. This fact is also confirmed by SIDENOR and
ACERALIA industrial partners.

Moreover it can be concluded that a blockage of the porous plugs is coming into existence.
With regard to the results of the water model, the porous plug seems to operate mostly in the
jetting instead of the bubbling regime. From this point of view, -most of the technical 170-t
heats are operating with a gas jet. The emulsification of the top slag - particularly in the
presence of huge bubbles forming a gas jet - has to be considered when the flow rate
exceeds the critical value of 15 STP m3h indicating an open-eye formation during alloying
after tapping. On the other hand, using low gas flow rates <= 2 STP m3/h for example during
the rinsing period, the bubble plume will support the flotation of inclusions from the steel melt
up to the surface and their separation into the top slag. This situation is characterized by
small bubbles coming through the top slag avoiding the generation of open-eyes according to
the theoretical 3D calculations of the steel flow pattern in paragraph 5.2.3.1.3.
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Figure 2 - Gas pressure and gas flow rate in 170-t ladles (159 industrial heats)

5.2.3.1.3 METAL STIRRING (INCLUDING CALCULATION, MODEL ....)

The theoretical model developed and used by MEFOS covers argon injection into liquid steel
with top slag during the ladle treatment period. Solutions for three phases; argon, steel and
slag are included. The calculations are performed using the transient solution mode based
on well-established Eulerian two-fluid model (gas/liquid).

The following general governing transport equations need to be solved:

é’(aipi(pi) + diV(OtiPiVi(Pi _ air‘@gradgpi) = OgiS¢i (5)
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Eq. (5) is used to represent all conservation equations by setting 7,; and s, to appropriate
values according to the dependent variable ¢, . The continuity, momentum equations for liquid

phases and gas, together with the equations of the turbulent model, form the total set of
differential equations that describe the fluid flow in the system.

A two-phase k-¢ model has been used [22]. Incorporation of the slag phase into the three-
phase model of the argon-stirred steel bath has been done using two additional scalar
equations [23]. Gas is injected into the liquid system through nozzles located at the bottom of
the ladle. A non-slip boundary condition is imposed for the momentum boundary conditions
at walls. In the grids closest to the ladle wall, logarithmic wall functions are used [24]. The top
free surface of the liquid is assumed frictionless. Gas is allowed to leave the system, but not
liquid. The shape of the surface is assumed to be flat. The buoyancy and gravity force are
set up in the momentum equation at the gas-stirring periods. The interfacial momentum
transports between gas/liquid consist of several forces, like the drag, lateral lift and virtual
mass forces. The details of these source terms can be referred from reference [25].

The solution of the governing equations, including boundary conditions and source terms, is
obtained by using the CFD software package Phoenics 3.4. The algorithm IPSA is used to
solve the gas-fluid problem. The gas stirring cases are simulated using 3D body-fitted grid
system and both centric and eccentric gas stirring are simulated. The calculations are done
in a one-step transient-solution mode. The stable solutions are reached after about 20000
iterations and require roughly 80 hours (31*31*41 meshes) on a Sun Enterprise 4000 with six
350 MH, CPU'’s.

The flow pattern of eccentric gas-stirring in the cross section of the 120-t ladle is shown in
Figure 3. The gas flow rate is set to 200 I/min. The buoyancy forces, caused by the injected
gas, give rise to high vertical velocities in the plume region. After the liquid steel reaches the
surface, downward convection currents force the steel to return from the open eye back to
the steel bath. Outside the open eye, the steel flow is almost parallel to the slag/steel
interface and directed towards the ladle wall, then downwards along the side wall. A big
recirculation loop region develops in the bulk of the ladle. Steel movement drags the slag
with it causing radial velocities in the slag. Two asymmetric recirculations are formed in the
bulk of the steel. The velocities in the plume zone and near the free surface are relatively
high compared with the centric stirring. A clearly counter clockwise recirculation loop is found
in the up-right slag region. This is due to the gas plume quite closed to the right side wall and
the high horizontal velocities near the steel/slag interface drags the slag moves to the right
side wall, then separates to up and down. The refractory erosion is expected close to that
region.

3D calculations with Computational Fluid Dynamics, CFD, were also carried out by SAG
partner to evaluate the flow pattern under real conditions with different gas flow rates at the
steel plant of Saarstahl AG. Details are given in Annex. However the result of the 3D
calculation is that the steel velocity increases very strongly with the gas flow rate.
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Figure 3 - Predicted flow pattern and contour plot of steel/slag mixing at the central plane of a eccentric gas
stirring ladle (gas flow rate: 200 I/min, slag height: 10 cm)

As a conclusion, for both configurations of 120 and 170 tons capacity, the typical
metal velocity at the top surface can exceed 0.5 m/s for a gas flow rate over 100 I/min
even with a slag layer, which tends to damp the fluid flow (Eigure 4). This is the driving
force for the metal stirring and the opening of the slag layer leading to an open-eye.
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(a) 170-t ladle (SAG) (b) 120-t ladle (MEFOS)

Figure 4 - Influence of gas flow rate on the computed velocity of the steel
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5.2.3.1.4 SLAG BEHAVIOR (CALCULATION, EVALUATION)

This paragraph summarizes all the results obtained in this project regarding the open-eye
versus process parameters. Critical process parameters are emphasized.

5.2.3.1.4.1 Open-eye versus process parameters (BFI)
Activity on water model

A cylindrical physical model with a scale factor of 0.18 was set up (Eigure 5).

Ladle stirring was modeled by pressurized air injected vertically through the bottom of the
acrylic glass cylinder model. A CCD camera was mounted perpendicular to the surface to
monitor the surface fluctuation of the modeling fluid during experiments. It was coupled to a
computer with the software for ladle surface image analysis. Water was used as model fluid
for liquid steel and colored oil as model fluid for slag. The gas was injected eccentrically at
about ¥z of the ladle radius.

An image sequence of up to 100 images was acquired for each set of parameters. The
images were evaluated with the image processing software. As a result, the size of the open-
eye relative to the area of the ladle surface was calculated for each image and then
averaged for each image sequence. The influence of the parameters on the size of the open-
eye is discussed in the following.

Figure 5 - Physical model for extensive testing, validation and improvement of the image processing unit at BFI

To examine the effect of stirring gas flow rate on the size of the open-eye, gas flow rates
were changed from 2.8 to 27.8 I/min. Eigure 6 shows the variation of the size of the open-
eye with respect to gas flow rate. The size of the open-eye increases with the gas flow rate.
As the case of eccentric stirring was modeled, the open-eye always interfered with the edge
of the physical model. It might therefore expand in a different way compared to the case of
centric stirring. Since a threshold flow level is needed to form a plume at the surface, the
curves are not going through the origin. This threshold flow level for the generation of open-
eye increases with the thickness of the layer on the liquid.
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Figure 6 - Area of the open-eye relative to the bath surface area plotted against the stirring gas flow rate for the
physical model experiments (variation of liquid level, constant thickness of layer on liquid)

Activity on pilot steel induction furnace

For the laboratory trials in the induction furnace for 150 kg of steel, standard carbon steel
was heated up to an average temperature of 1610 °C and a synthetic slag was added. To
ensure defined slag layer properties, a typical secondary steelmaking slag was prepared
from the oxides and granulated in the laboratory beforehand. Ladle stirring was carried out
by pressurized argon injected through a centrically located stirring plug in the bottom of the
induction furnace. A CCD camera was mounted perpendicular to the surface of the liquid
steel bath to monitor surface fluctuations during the experiments. It was connected to a
computer where the software for ladle surface image analysis was running (Eigure 7).
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Figure 7 - Laboratory set-up for gas-stirred melt treatment

Thirty images were captured from the slag/steel surface in the gas-stirred induction furnace
for each set of parameters. Figure 8 shows a typical image as example. Ten different stirring
gas flow rates were set and two slag thicknesses were used during the trials.

Figure 8 - Image captured from the slag/steel surface in the gas-stirred induction furnace (slag thickness 0.003 m,
stirring gas flow rate 2.3 I/min)

A stirring gas flow rate of 1 I/min in the laboratory trials corresponds to a flow rate of
approximately 40 m*h in the industrial ladle. This is calculated from the scaling factor A =
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Dinduction furnace/ Dsteeimaking 1adle Of 0.092, also taking into account the mean height and
temperature of the liquid.

With a slag thickness of 0.003 m, stable open-eyes were observed at all stirring gas flow
rates. With a slag thickness of 0.006 m, the stirring gas flow rate had to be increased beyond
the specification of the stirring plug in the laboratory set-up to obtain an open-eye. Therefore,
the stirring gas flow and, consequently, the open-eye became unstable.

The images captured for each set of parameters were evaluated using the BFI image
processing software (85.2.3.2.1) to determine the average area of the open-eye for each gas
flow rate.

As a result of the trials, the area of the open-eye is plotted against the stirring gas flow rate in
Figure 9. It increases with stirring gas flow rate. Again, since a threshold flow level is needed
to form a plume at the surface, the curve is not going through the origin. Deviations from the
increase of the relative area of the open-eye result from circumstances of the laboratory
trials. The induction heating had to be switched off temporarily during the measurements
because it caused strong bath movements that disturbed the bath surface. Turning off the
induction heating then resulted in rapid cooling of the liquid steel with a concurrent increase
of steel viscosity that influenced the formation of the open-eye. This effect was minimized by
reheating of the liquid steel after each measurement.

The error bars in Figure 9 indicate the standard deviations of the relative area of the open-
eye over the thirty images that were captured for each stirring gas flow rate. The standard
deviations are very small at low stirring gas flow rates and increase slightly at high stirring
gas flow rates. The stirring plug is working more reproducible at low stirring gas flow rates.
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Figure 9 - Area of the open-eye relative to the bath surface area plotted against the stirring gas flow rate for the
gas-stirred induction furnace

Model of open-eye area

The objective of this task was to develop a theoretical model to predict the open-eye area
from operational parameters like stirring gas flow rate or bath height.
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For the development of a theoretical model, an equation was set up that allows the prediction
of open-eye area A from process parameters like bath height h, slag thickness H and stirring
gas flow rate Q. Several models for estimation of the open-eye have been described in
the literature recently [26, 27-29]. For example, a macroscopic model has been developed
by Mazumdar and Evans [26] that correlates the dimensionless open-eye plume area A/h?
with two dimensionless variables (H/h and Froude number Fr) and two system specific
constants. Plant and laboratory data could be fitted well and the system specific constants
could be evaluated for each system, so that a mathematical prediction of open-eye area A
was possible.

Data from the BFI physical modeling and laboratory trials was arranged according to the
theoretical model in Figure 30 and Figure 31. The data fitted well with the theoretical
correlations, showing only very small deviations that are comparable to those found in the
literature. This is further discussed in the intermediate conclusion paragraph 5.2.3.1.4.5.

5.2.3.1.4.2 Open-eye versus process parameters in industrial condition (SAG)

Regarding slag emulsification, theoretical calculations [30, 31], in combination with the
previously mentioned 3D numerical simulations patterns (Figure 4) are indicating that the
velocity of the top slag depends on the gas flow rate following:

8 )" (2 2
Ui kit = (_j '{_O" g '(pM —ps)-COSa} (6)
Ps 3
The velocity of the slag is in the range of the maximum velocity Uy according to [30,32]:
*lug 1Y (a1 2
U =0.1367-(’0—Mj [ b j [ i j [@-U)0.1108 - 0.0693U )J* (7)
pS US UM

It is possible to calculate the velocity of the slag depending on the slag density. The result is
the higher the gas flow rate the higher the velocity of the top slag (Eigure 10). The
calculations are showing in addition, that the slag velocity is higher in presence of top slags
with a lower density.
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Figure 10 - Influence of gas flow rate and slag density on slag velocity and emulsification

Long term operational experiments to verify classified characteristic surface pattern
and defined efficiency parameters and final adjustment of the on-line digital image
processing system
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Within the framework of this project, a camera system had to be installed in the steel plant of
Saarstahl AG which is going to deliver the data for BFI's image processing system for on-line
control and analysis of melt surface during ladle stirring. Having checked up the necessary
boundary conditions between the departments involved of Saarstahl AG, BFI and the
supplier, the camera system could be and was finally installed. It was decided to perform the
investigations with the ladle stirring process in the turret of the continuous caster no. 4 of the
Saarstahl AG so that the camera was mounted oblique above the corresponding ladle
position. In detail the camera system contains the following components: A CCD color video
camera which is installed in a compressed air cooled housing. To get a glare-free image of
the melt surface, the lens of the camera is equipped with a 780 nm infrared filter, after
recommendation from BFI partner (see 85.2.3.2.1.1). Additionally the wide-range automatic
electronic shutter of the camera allows to get an appropriate exposure under the respective
lighting conditions. The video signals of the camera are transmitted by wire to the control
room of the continuous caster where they can be observed on a monitor. A personal
computer equipped with a frame grabber card allows processing the video signals with the
help of BFI's image processing system. After a lot of testing and overcoming severe
problems, this system was installed successfully. It allows storing video sequences as
well as single images of the melt surface in the ladle during the stirring process. This system
is able to catch the breaking off of the slag surface on the melt at the beginning of the stirring
process.

To support the successful implementation of the on-line digital image processing system of
the BFI at the end of 2004 and in 2005, long term experiments were initiated with regard to
open-eye formation and cleanness as determined by the schedule of the research project.
The formation of gas bubbles and open-eyes was investigated at the end of the ladle
treatment.

A more detailed on-line consideration of the stirring process could be established using the
on-line digital image processing system of BFI as shown exemplarily in Figure 11 taking into
consideration the gas flow and the size of the open-eye. Within these trials, a long stirring
time was applied to study very intensively the phenomena coming into existence in the top
slag during the rinsing period.
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Figure 11 - Formation of gas bubbles and open-eye continuously measured by the on-line digital image
processing system at lower gas flow rates in a 170-t ladle
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Characteristic images of gas bubbles, open-eye and pseudo-open-eye is shown in lower part
of Figure 11 determined and influenced by the rate of gas flow with low intensities. After
introduction of the stirring gas individual gas, bubbles break through the top slag, so one may
call this part the “break-through-period”. Shortly after this typical behavior, an open-eye is
formed in the surface of the top slag, this time is defined within the framework of this project
the “open-eye-period”. Now and then it occurs that the open-eye is replaced by of a liquid top
slag consequently appearing as region with bright radiation on the dark surface of top slag, it
might by called as the “pseudo open-eye-period”.

Applying high gas flow rates, such as 8 STP m3h on Figure 12 or 15 STP m3/h on Eigure
13, shows very clearly the typical generation of open-eyes during the ladle treatment,
characterized by:

e Start of the injection of the stirring gas,
e Opening of the top slag,

e Generation of an open eye,

e Completion of the open-eye.

In addition to that formation and disappearance of the open-eye can be originated easily as
stated on Figure 14. Even circulating waves were detected in the surface during stirring at
higher gas flow rates as outlined on Figure 15.
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1. Start of the introduction of stirring

gas in the presence of

a closed top slag
t=0s
top slag: liquid, without movements
solid at interphase slag/atmosphere
with a crack in solid slag layer

2. Opening of the top slag
t=2s
top slag: liquid, without movements

solid at interphase slag/atmosphere
liquid slag spread over solid part

3. Generation of the open-eye

t=4s

geometry of the open-eye:

length: 0.39 m, width: 0.33 m

area: 0.11m?

top slag: liquid, without movements
solid at interphase slag/atmosphere
liquid slag spread over the solid part

4. Completion of the open-eye

t=8s

geometry of the open-eye:

length:  0.58 m, width: 0.41 m

area:  0.19m?

top slag: liquid, without movements
solid at interphase slag/atmosphere
liquid slag spread over the solid part
to a large extent

Figure 12 - Generation of an open-eye - gas flow rate : 8 STP m3/h, 170-t ladle
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1. Start of the introduction of stirring
gas in the presence of

a closed top slag
t=0s
top slag: liquid, without movements
solid at interphase slag/atmosphere

2. Opening of the top slag

t=2s

length: 0.42m

width: 0.13m

area: 0.043 m?

top slag: liquid, without movements
- solid at interphase slag/atmosphere
\a liquid slag spread over solid one

3. Generation of a open-eye

t=4s
length: 0.51m
width: 0.34 m
area: 0.13m’
TN g top slag: liquid, without movements
NS solid at interphase slag/atmosphere
liquid slag spread over the solid part
ﬂ to a larae extent
4. Completion of the open-eye
t=8s
length: 0.79m
width: 0.50 m
area: 0.31m?
top slag: liquid, without movements
R solid at interphase slag/atmosphere
,/’ ! liquid slag spread over the solid part
N ﬂ, ! to a larger extent

Figure 13 - Generation of an open-eye - gas flow rate : 15 STP m3/h, 170-t ladle

38



generation of the open-eye

' |

reduction of gas flow >
merging of top slag

Figure 14 - Generation and disappearance of the open-eye gas flow rate 20 STP m3/h, 170-t ladle
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md/h, 170-t ladle
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The conclusion of these intensive experiments is that open-eyes are formed within a very
short period of a few seconds after the breakthrough of the first liquid slag (Eigure 16) and
that shape and size are influenced very strongly by the gas flow rate (Eigure 17).

All the results are summarized in the intermediate conclusion paragraph #5.2.3.1.4.5.
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Figure 16 - Time of the development of the open-eye 170-t ladle
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Figure 17 - Geometry of the open-eye versus gas flow rate 170-t ladle
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5.2.3.1.4.3 Open-eye versus process parameters in SIDENOR industrial plant

Using image processing described in the next part (85.3.2.1.2) “open-eye” areas have been
calculated in industrial trials at SIDENOR and they have been related to several process
parameters: Argon flow rate (Q), argon counter-pressure (CP), slag thickness (H), bath
height (h), slag apparent temperature...

Before a general study, an industrial trial was performed by changing the gas flow rate in the
same heat without adding any new alloy that could affect slag or heating, without slag or plug
state effect. Three data sets were defined for gas flow rate of 300, 400 and 500 I/min. The
open-eye area averages grow significantly with the flow rate (Eigure 18) but the open-eye
area also shows important variability.
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— k-means
) m T |— Flow Rate
?E \ — Pressure
~ T Ouu V7
$ 15 ﬂ/ﬂ/* M £
3 / 't 400 £
[ [0}
% 1 + 300 §
g + 200 2
5 0.5 | o
° \ + 100
0 T T T T T T 0
1000 1100 1200 1300 1400 1500 1600 1700

Time (s)

Figure 18 - Area measured with different threshold methods and after applying moving average for three
consequent flow rates

Formal statistical study was performed to confirm that they were representing distinguishable
data populations. The first study was Analysis of Variance with respect to one factor, the flow
rate. The analysis of variance compares variability inside the groups (each of the three data
sets) and variability between groups to determine if there is any significant difference. As
described in Table 5 in this case there is a significant difference because the statistic F is
very high, 86. This result does not mean that the three groups are statistically distinguishable
among each other; it means they are globally distinguishable.
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Table 5- ANOVA analysis results of open-eye area for 300, 400 and 500 I/min data populations
SUMMARY

Groups Samples Sum Average Variance

500 71 105.71 1.49 0.15
400 131 164.35 1.25 0.06
300 88 79.82 0.91 0.05

ANALYSIS OF

VARIANCE

Variation Origin Sum of Squares Degrees of Average of F Probability F critical
Freedom squares value

Among groups 13.85 2 6.926 86.49 4.0 E-30 3.03

Inside the groups 22.98 287 0.080

Total 36.83 289

Another statistical analysis was performed, the two-sample Kolmogorov-Smirnov test. This
test can tell us if two set of data belong to different distributions or not. The sets of data have
been compared by pairs, the results are the following:

. 500 I/min data and 400 I/min data
D = 0.3367, p-value = 5.835e-05, alternative hypothesis: two.sided
. 400 I/min data and 300 I/min data
D = 0.5822, p-value = 6.661e-16, alternative hypothesis: two.sided
. 500 I/min data and 300 I/min data

D =0.7342, p-value = < 2.2e-16, alternative hypothesis: two.sided

As p-values are very low in all the cases, the alternative hypothesis is discarded, so the
graphical result is confirmed statistically. Those data sets present different averages as
explained before but standard deviation is different too, and grows with flow rate. Kurtosis
and skewness are between -2 and 2, indicating that those data are not far from normal
distribution.

One interesting conclusion from this study was that growing flow rates caused greater
average open-eye areas but also higher standard deviations in those areas. This is not
surprising as the higher the stirring more important is slag surface movement and therefore
greater standard deviation should be expected.

After this test, more image data were recorded and measured. Thousands of images were
recorded and treated and heavy computational work was employed. In this case, it is not
possible to get a simple and direct relationship between open-eye area and flow rate. Three
main reasons explain this lack of success:

1. Slag influence in open-eye formation, both slag width and fluidity/temperature ought
to be important as several theoretical and laboratory works show,

2. Overall brightness and even images histogram are sensitive to slag state and stirring
regime, in our analysis measured average open-eye area tends to be overestimated
in soft stirring and to be underestimated in high stirring bright/fluid slag conditions,

3. Flow rate from one heat is not necessarily comparable with another one even if the
plug is the same because real flow rate in the ladle is always a fraction of measured
flow rate due to leaks (always present in industrial practice), and those leaks depend
on several factors that change from heat to heat.

For this reasons many other variables were collected, to get better correlations. The
summary of the results is shown in Table 6. With modified parameters, an alternative
relationship was sought between open-eye and stirring parameters available at SIDENOR:

StdA=0.02645 CCP + 0.02576 SCgyp — 113.5 H + 1042 H? - 3114 H?3 (8)
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Overall results from the regression are:

e Multiple R-Squared: 0.6429
e F-statistic: 11.52 on 5 and 32 DF, p-value: 2.037e-06

Table 6- Open-eye and production data to be correlated

(SC: cold slag = 0; fluid slag = 1)
H

Image Set | FR CP CFR CCP A staA SC h Comments
1 300 | 4,96 300 4,23 0,907 0,227 0,070 | O 2,71
2 400 | 5,93 400 4,78 1,255 0,252 0,072 | O 2,71
3 500 | 6,63 500 5,33 1,489 0,290 0,073 | O 2,71
4 300 | 3,29 129 3,29 2,100 0,315 0,090 | O 2,60 | Poor Image
5 800 | 3,34 138 3,34 1,116 0,078 0,084 | O 2,55
6 400 400 4,78 2,135 0,203 0,092 | O 2,54
7 250 | 3,43 155 3,43 1,173 0,104 0,081 | O 2,63
8 600 | 3,45 158 3,45 1,451 0,080 0,112 | O 2,53
9 200 3,1 95 3,1 0,805 0,118 0,105 | O 2,88
10 300 3,8 222 3,8 1,120 0,111 0,075 | O 2,58
11 400 47 385 47 0,623 0,062 0,103 | O 2,68
12 30 0,1 0 0,1 0,093 0,008 0,103 | O 2,68
13 350 4,4 331 4,4 0,998 0,050 0,096 | O 2,59
14 80 2,2 0 2,2 0,762 0,035 0,096 | O 2,59
15 300 | 4,67 300 4,23 0,891 0,048 0,094 | O 2,91
16 60 2,2 0 2,2 0,491 0,029 0,094 | O 2,91
17 800 3,5 167 35 0,723 0,094 0,144 | O 2,59
18 0 0,3 0 0,3 0,688 0,034 0,144 | O 2,59
19 0 0,4 0 0,4 0,196 0,055 0,139 | O 2,61
20 250 3,5 167 3,5 2,711 0,350 0,110 | O 2,72 | Poor Image
21 230 3,9 230 3,845 2,456 0,190 0,110 | O 2,72
22 700 4,2 295 4,2 0,844 0,119 0,112 | 1 2,53
23 200 3,4 149 3,4 1,197 0,102 0,105 | 1 2,88
24 80 2,3 0 2,3 0,620 0,075 0,102 | 1 2,58
25 240 3,1 95 3,1 1,520 0,173 0,102 | 1 2,58
26 500 5,8 500 5,33 0,924 0,114 0,103 | 1 2,68
27 300 4,1 276 4,1 0,928 0,193 0,100 | 1 2,59
28 80 1,6 0 1,6 0,667 0,023 0,100 | 1 2,59
29 250 3,2 113 3,2 0,538 0,098 0,100 | 1 2,59
30 150 2,8 40 2,8 0,594 0,141 0,096 | 1 2,59
31 300 6,3 300 4,23 0,557 0,115 0,094 | 1 2,91
32 500 | 4,15 285 4,15 2,973 0,356 0,108 | 1 2,60 | Poor Image
33 700 | 4,12 280 4,12 1,589 0,062 0,097 | 1 2,55
34 350 250 4,505 1,645 0,247 0,109 | 1 2,54
35 250 | 3,04 84 3,04 1,356 0,112 0,117 | 1 2,47
36 300 | 4,62 300 4,23 1,609 0,145 0,097 | 1 2,63
37 600 5.2 476 52 1,892 0,184 0,115 | 1 2,69
38 800 7.1 800 6,98 1,230 0,105 0,115 | 1 2,69 | Poor Image
39 1000 | 12,2 1000 8,08 1,531 0,257 0,098 | 1 2,60
40 800 9,2 800 6,98 1,464 0,177 0,098 | 1 2,60
41 840 43 313 43 1,115 0,151 0,144 | 1 2,59
42 1000 3,8 222 3,8 0,707 0,096 0,139 | 1 2,61
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All the coefficients are significant (t values greater in absolute value than 2), except SCruip
but it has been included because t value is not less than 1, helps to improve the rest of the
values and the result is meaningful (Table 7).

Table 7- Regression coefficients t values, almost all are clearly significant

Estimate Std. Error  tvalue Pr(>|t)
(Intercept) 4,04E+03 1,23E+03 3.277 0.00253
CCP 2,65E+01 5,50E+00 4.808  3.46e-05
SCruid 2,58E+01 1,85E+01 1.395 0.17274
H -1,14E+05 3,67E+04 -3.097 0.00405
H? 1,04E+06 3,54E+05 2.941  0.00604
H? -3,11E+06 1,11E+06 -2.808 0.00843

In expression (8), stdA is considered as the parameter measuring open-eye size, as it is
related to the average open-eye area (Figure 19) and seems to lead to better overall multiple
R? than average area. Similar procedure has been followed with corrected counter-pressure
(CCP), both flow rate and counter pressure being correlated, corrected values are more
correlated even (Eigure 20). Corrected values for both CP and Q offer better results, anyway
they can not be regarded as 100% reliable indicators of real stirring power.
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Figure 19 - Correlation between measured open-eye area and standard deviation in this measurement
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The main conclusion from expression (8) is the confirmation that in industrial
conditions open-eye size is related to stirring power but also to slag condition and
thickness. Therefore to obtain real stirring flow rate from open-eye measurements,
slag effect should be always taken into account.

Eq (8) differs from the linear relationship between A/h? and HQ % that works for laboratory
trials. The latter relationship exhibits a low R?, less than 0.40, if all raw data from SIDENOR
are considered. Mainly the slag condition, which can be maintained constant at laboratory
scale, can vary a lot in industrial practice, due to metallurgical processes and temperature
changes. This is further discussed in the intermediate conclusion paragraph 5.2.3.1.4.5.

5.2.3.1.4.4 Computed and observed slag behavior (MEFOS)

Numerical calculations

Figure 21 shows a series of the surface contours of the mixing of steel/slag under the
conditions of centric stirring of different gas flow rates. Table 8 shows the simulation
process parameters for a gas stirring ladle. The red color stands for the steel and the blue
color stands for the slag: the higher the gas flow rate, the larger the open eye. The quite low
gas flow rate (soft stirring) can lead to no open eye at all. These phenomena can be
easily understood for the velocity field. Higher gas flow rates leads the higher velocities of
steel near the top surface, which gives higher energy to push the slag away from the plume
region. From the recirculation loop in the slag layer, it can be found that the slag near the top
surface has a velocity toward the centre of plume. The steel is likely to push away slag from
the centre, however, the slag tends to flow back to cover the centre. The final force balance
decides how large the open-eye is. As shown on Figure 21f, when the gas flow rate is 600
I/min, there is a quite big open area formed at the top surface. This is a re-oxidation site. If
the ladle is not covered with a lid, the argon stream enters directly into the surrounding air.
Air is sucked from the sides into the rising argon stream. Hence, there will be an argon-air
mixture above the open eye region with oxygen concentration increasing.
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a) 100 I/min b) 200 I/min

¢) 300 I/min d) 400 I/min

e) 500 I/min f) 600 I/min

Figure 21 - Contour plot of steel/slag mixing at top surface of a centric gas stirring ladle with different gas flow
rate (slag height: 10 cm)
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Table 8- Simulation process parameters for a 120-t gas stirred ladle

Gas stirring position Centric, Eccentric

Gas flow rate 100 - 600 I/min

Slag composition 53% Ca0, 32% Al,03, 7.5% MgO and 7.5% SiO»
Slag thickness 10 cm

Porous plug number 1

Gas stirring Bottom injection

Figure 22 shows a series of the surface contours of the mixing of steel/slag under the
conditions of eccentric stirring of different gas flow rates. Similarly the open eye size
increases with the increase of the gas flow rate. Compared to the centric stirring, the open
eyes size is relative smaller especially at the high gas flow rate conditions (Figure 22e,f). The
gas plume close to the right side wall gives resistance to the expending of open eye. The
shape of open eye becomes irregular also.

Influence of slag viscosity: Slag viscosity is a thermo physical property that affects the
kinetic conditions during ladle treatment. The slag viscosity is a function of the slag
composition and temperature. In this study, a series numerical investigation has been made
to study the influence of slag viscosity on the open-eye formation and steel-slag interaction.

Six different cases are calculated and the results are shown on Figure 23 (a~f):

Case A: gas flow 200 I/min, slag thick. = 10 cm, slag kinematic viscosity = 4.6e-5 m®s™
Case B: gas flow 200 I/min, slag thick. = 10 cm, slag kinematic viscosity = 4.6e-4 m°s’
Case C: gas flow 200 I/min, slag thick. = 10 cm, slag kinematic viscosity = 4.6e-3 m®s
Case D: gas flow 200 I/min, slag thick. = 10 cm, slag kinematic viscosity = 4.6e-2 m?%s
Case E: gas flow 200 I/min, slag thick. = 10 cm, slag kinematic viscosity = 4.6e-1 m?s

1
-1
-1
Case F: gas flow 50 I/min, slag thick. = 10 cm, slag kinematic viscosity = 4.6e-1 m?s™

oA wWNE

The slag viscosity has a significant influence on the open eye formation. The flow resistance
increases with the slag viscosity. On the Figure 23a, a part of steel can flow over the top of
the slag layer due to the lower viscosity of slag. This part of steel will come back to the steel
bath due to the gravity, which tends to break up the slag layer (Figure 23b). This might lead
to a strong slag emulsification in the ladle. The slag velocity decreases with the increase of
slag viscosity (Figure 23c~f). On Figure 23f, the open-eye disappears when the gas flow
rate is quite low, due to lack of stirring energy to push away the slag layer from plume
region.
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b) 200 I/min

a) 100 I/min
¢) 300 I/min d) 400 I/min
e) 500 I/min f) 600 I/min

Figure 22 - Contour plot of steel/slag mixing at top surface of a eccentric gas stirring ladle with different gas
flow rate (slag height: 10 cm)
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Figure 23 - Comparison of the open eye size by different process parameters (centric gas stirring)

Figure 24 plots the relation between the ratio of open-eye area and ladle surface (A/A,) and
slag viscosity: a logarithmic decreasing relationship is obtained.

Figure 24 — Computed influence of the slag viscosity on the open-eye area (120-t ladle)
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Water model

A water model has been built up to simulate the gas/water/oil flow in the ladle (Eigure 25).
The physical simulation is three-dimension (3D) and three phases: argon, steel and slag are
included. Open-eyes and slag entrapment could be simultaneous observed and measured by
the water modeling work. The process parameters including gas flow rate, slag height,
positions of porous plug and number of porous plug are investigated.

a gas flow rate 200 I/min, slag thickness = 10 c¢m, slag kinematic viscosity = 4.6e-5 m?s™

b gas flow rate 200 I/min, slag thickness = 10 c¢m, slag kinematic viscosity = 4.6e-4 m*s™

¢ gas flow rate 200 I/min, slag thickness = 10 cm, slag kinematic viscosity = 4.6e-3 m°s™

d gas flow rate 200 I/min, slag thickness = 10 c¢m, slag kinematic viscosity = 4.6e-2 m?s™

e gas flow rate 200 I/min, slag thickness = 10 cm, slag kinematic viscosity = 4.6e-1 m’s™

f gas flow rate 50 I/min, slag thickness = 10 c¢m, slag kinematic viscosity = 4.6e-1 m?s™

Figure 25 - Photo of the experimental water model
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The experiments have been performed at room temperature. Water simulates the steel
phase and silicon oil, AK50, simulates the top slag. Physical properties of the water and oil
are listed in Table 9. In order to visualize the open eye, trace amount of color, called Sudan
Red, was added in the oil phase. The addition of Sudan Red would not change the physical
properties of the AK50 oil according to the supplier.

Table 9- Physical properties of water and AK50 oil at 20°C

Physical properties Water AKH50 oil
Density (kg/m?) 998.2 964.6
Dynamic viscosity ~ (Pa-s) 1005-10°° 54.0-10°
Kinematic viscosity (m?/s) 1.004-10° 56.0-10°°
Surface tension (mN/m) 72.8 20.8

Gas was injected through the ladle bottom by three different nozzles, A, B and C. The nozzle
diameter is 3 mm. Different gas flow rates has been used, 3.6-36.7 I/min. The size and the
variation of the open eye were recorded by a digital video camera during 3 minutes and the
video camera is place above the slag phase. The size of the open eye was obtained by
image analysis of the video film. Investigation of slag entrapment has been done via the side
window by taking photo with a digital camera. The water level has been constant, 650 mm
and the oil level has been varied between 20-70 mm. The Table 10 shows the test
parameters.

Table 10- Experimental parameters for the water model tests

Series Gas flow rate Slag level Nozzle position *
(NI/min) (mm)

1-9 3.7,5,7,9.2,14.7,20.2, 25.7, 31.2, 36.7 20 B
10-18 —||— 30 B
19-27 —||— 40 B
28 — 36 —||— 50 B
37-45 —||— 60 B
46 — 54 —||— 70 B
55-63 3.75,7,9.2,14.7,20.2, 25.7, 31.2, 36.7 20 A
64-72 —||— 30 A
73-81 —||— 40 A
82-90 —||— 50 A
91-99 —||— 60 A

100 -108 —||— 70 A

109 -117 3.7,5,7,9.2,14.7,20.2, 25.7, 31.2, 36.7 20 A C
118 -126 —||— 30 AC
127 -135 —||— 40 A C
136 - 144 —||— 50 A C
144 — 153 —||— 60 A C
154 — 162 —||— 70 A C
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The open-eye size increases with the gas flow rate and the open-eye size decreases with the
increased slag height. However, it should be pointed out that it is not a clear linear
relationship between the slag height and open-eye size especially for the thick slag (larger
than 40 mm). Eigure 26 compares water model and numerical simulation. The computed
open-eye image shows reasonable agreement with the water model experiment. Figure 27
shows the comparison of numerical simulation and water model results by the variation of
A/hH as a function of parameter, Q*gH>. The experiment results are from the centric gas
stirring with gas flow rate: 7~20.2 I/min and oil height: 2~7 cm. The correlation is presented
below and it is quite similar with previous published works. Numerical simulation results
keep good agreement the water model experiments.

A 2
|og(mj = (1.12+0.04) + (0.37 £ 0.02) Iog( g% 5] (9)

This is further discussed in the intermediate conclusion paragraph 5.2.3.1.4.5.

a) water model experiment b) numerical simulation

Figure 26 - Comparison of the open-eye between the water model and numerical simulation (centric gas
stirring, gas flow rate: 7 I/min, oil height: 6¢cm)
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Figure 27 - Comparison of numerical simulation and water model by the variation of A/hH as a function of
parameter, Q%/gH® (centric stirring, gas flow rate: 7~20.2 I/min, oil height: 2~7cm)

Slag entrapment: In considering the wave formation at the steel/slag interface, it is of great
interest to find out if it would be possible to predict the occurrence of dispersion of slag into
metal. Xiao et al. [33] used both physical modeling with oil and water and mathematical
modeling to show that entrapment of a lighter phase into a heavier occurs at an oil head
wave. Moreover, the authors claimed that entrapment initiates in a steel ladle when the
Weber number equals 12.3.

In the CFD simulation the local Weber number can be evaluated by using the calculated
velocity in this grid. The surface tension is set to 0.12 N/m. The contour plot of the density in
the ladle is shown in Figure 28. The marked point with the calculated Weber number of 11.9
is located at the gas/slag/steel mixed region. Most of the slag entrapments occur closed to
this region. These results indicate that the Weber number close to the interface may be
useful in determining the tendency for slag dispersion into steel. If taking the properties of
slag and steel, pgag=2743 kg/m3 and psee=6981 kg/m3, when the interfacial tension of the
slag and steel in the gas stirred ladle are chosen to 0.012 N/m, 0.12 N/m and 1.2 N/m, the
horizontal critical steel velocity is about 0.19 m/s, 0.35 m/s and 0.62 m/s. At equilibrium the
interfacial tension of slag/steel is about 1.2 N/m, but this value decreases significantly when
the interface is unstable and chemical reaction occurs. From early published measurements
[34], a gas flow rate over 100 I/min corresponds to a horizontal velocity near the surface
larger than 0.2 m/s. Hence, it is recommended that the soft stirring gas flow rate is
lower than 100 I/min in order to avoid the slag entrapment.
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Figure 28 - Contour plot of mixing density of steel/slag at central plane of
a centric gas stirring ladle (gas flow rate: 200 I/min, slag height: 10 cm)

Transient simulation of open eye formation: A transient two-dimensional simulation has been
done to study the open-eye formation. Figure 29 shows a series of simulation results. Steel
surface velocities increase after 6s gas stirring and the slag begins to be pushed away from
the gas plume area. Due to the high slag viscosity, the slag layer is a kind of flow resistance
to the steel stream. A part of steel will flow downward after meeting the front of slag layer.
The downward velocities give the possibility to drag the slag into the steel bath and form the
slag entrapment. At the same time, it is observed that another part of steel tries to flow
through the slag surface with high horizontal velocities. The horizontal velocities of steel
decreases rapidly above the slag layer, then, the steel tends to flow down to penetrate into
the slag layer. This leads to steel droplets mixing into the slag layer (splash phenomena) and
create a large steel/slag mixing area. When increasing the gas flow rate, the open-eye
size will increase and a strong slag entrapment occurs. Slag droplets were entrapped
into the steel bath, which is a kind of source of the big inclusions.
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a) 1=3s i) t=27s

b) t=6s j) t=30s

¢) t=9s k) t=33s
d) t=12s 1) t=36s
e) t=15s m) t=39s
f t=18s n) t=42s
g) t=21s 0) t=45s
h)t=24 s p) t=48s

Figure 29 - Transient simulation of the mixing of steel/slag in a gas stirring ladle
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5.2.3.1.4.5 Conclusion over open-eye model

As already mentioned in this report, mainly two approaches exist in the recent development
regarding correlations between open-eye area and process parameters. These are evaluated
using the data from BFI, MEFOS, SAARSTAHL and SIDENOR:

e Yonezawa/Schwerdtfeger (Eigure 30). The present set of data in this plot is
conveniently positioned and shows that laboratory, pilot plant and steel plant data can
be compared within this research project,

e Mazumdar/Evans (Eigure 31). This plot does not intend to unify all data like the
previous one. The positioning of the best-fit straight lines is determined by two
dimensionless constants according to A/h?=K1-K2*(QH ). K1 and K2 depend on
the characteristics of the gas-liquid system; K2 additionally depends on the vessel
dimensions. Therefore, data of each different system (water model, pilot plant, steel
plant) should and does display best-fit straight lines with different slopes and
intercepts.

The effect of the slag viscosity, as evidenced by MEFOS numerical simulation (Eigure 24) is
an open door to further model the open-eye area and possibly get a unique formulation that
would be valid for water models and steel experiment.

Finally the measurement of the open-eye area represents a measurement of the true stirring
in industrial conditions if the slag properties and thickness are controlled and/or well known.

103 L) L] L L L)
® BFI 150 kg induction furnace
C  BFI water model
m  Saarstahl ladle .
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Figure 30 - Relation between A/(h H) and Q%/gH? for water modeling, lab and plant trials and calculations
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Figure 31 - Relation between A/h? and HQ %% for water modeling, lab and plant trials and calculations
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5.2.3.2 Advanced on-line methods to control ladle stirring

The standard industrial practice in SIDENOR before the help of any image analysis was a
regulated control of the inert gas flow rate from the ladle furnaces LF1 and LF2 control room.
Although quantitative criteria for flow rates have been established according to the different
metallurgical operations (ferroalloys or slag makers additions, vacuum, strong
desulphurization, etc.), the refining bay operator visual criterion prevails. The latter has
proved to be the most practical in terms of "real stirring”, as there are important differences
between the stirring effect on the bath surface and the injected flow rates used. So, the
bubbling and the diameter of the "red eye" formed on the vertical of the plug are the
indicators of the "stirring strength”. In the vacuum station, a TV camera helps to regulate the
flow rate so that a stable level can be maintained in the ladle.

The stirring system installed at LF1 and LF2 has the following configuration:

- astream for regulation of argon or nitrogen flow by means of a mass flow meter, accurate
for the overall range of normal use (50 to 1000 I/min),

- a stream, controlled by % valve opening, habitually used with 100% valve opening when
strong stirring needed (to open plugs, , ferroalloy mixing,...),

- an emergency by-pass to be actuated when a mechanical device failure occurs.

A flow rate set point can be selected and validated to keep an accurate and stable flow rate.
Pressure measurement after flow meter is available (we call it back-pressure or counter-
pressure), so flow rates and plug pressure relationship studies are possible. The PLC data
are transferred to plant data base and stored there with a frequency of 0.5 Hz.

ACERALIA has two LD steelplants in Asturias, the one in which the research and the trials of
this project have been performed is placed in Avilés (LDA). Bubbling processes are present
along the production route from converter to continuous casting. The most important stirring
processes in the ladle take place during Secondary Steelmaking operations. In Avilés plant,
the major part of the production is treated in the CAS station. In addition, CAS bubbling
pattern has the most varying gas flow rate and the plant is better accessible with better
features for the safety of the trials.

A scheme of the circuit for bubbling gas feeding /adjustment is depicted in Figure 32. Argon
or Nitrogen from the general supply of the plant can be chosen as bubbling gas by means of
valves V1, V2 and V3. The flow rate is regulated through V4 which is controlled by software
taking into account the flow rate and the pressure values from FT and PT3 transducers. This
stream is conducted to the ladle car by a flexible tube and, finally, supplied to the ladle
through an automatic connection between the car and the ladle. The ladle has one bottom
off-centered porous plug at 700 mm from the ladle axis.

2> P

Figure 32 - Simplified scheme of the gas bubbling system at ACERALIA (Avilés LD plant)
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The duration of a typical treatment is around 20 minutes but the ladle remains in the CAS
station for almost 30 minutes, depending on production schedule. This provides a short time
to perform sensor adjustments. Table 11 summarizes the main features of the bubbling
process for CAS treatment at ACERALIA LDA.

Table 11- Main features of treatment at CAS station in ACERALIA LDA

Flow rate Typical duration
Stage Operation (I/min) (min)

1 Open-eye formation and snorkel immersion 700 1
2 Performing additions 350 1,5
3 Alloying 500 2
4 Homogenization 360 8
5 Cleanliness bubbling <50 5
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The following two sub-paragraphs detail the development of advanced assessment
techniques, based on the image analysis of open-eye area on one hand and of the ladle
vibration on the other hand.

5.2.3.2.1 OPEN-EYE ANALYSIS
5.2.3.2.1.1 On-line image analysis software (BFI)

During medium to strong stirring of liquid steel in a steelmaking ladle, the slag cover is
broken open by the ascending stirring gas and an open-eye is formed. Only gas that
contributes to the stirring process also contributes to open-eye formation. Gas that escapes
through leakages, or otherwise discharges, neither promotes the stirring process nor the
open-eye formation. Therefore, the size of the open-eye is a direct indication of the efficiency
of the stirring process.

Image processing system

An image processing system was developed by BFI to determine the size of the open-eye. It
consists of a camera, a PC, image processing software and auxiliary components like
cabling, monitor etc (Figure 33). The image processing system was installed on three
different locations: On water model, on a laboratory induction furnace and above a ladle
stirring station in the turret of a continuous caster. The camera data was transferred to a PC,
where it was digitalized and provided to the BFI image processing software.

Figure 33 - BFI image processing system

The BFI image processing software (Figure 34) was designed to detect the open-eye in the
camera images using advanced image processing techniques. It continuously determines
and logs the size, position and form factor of the open-eye together with the stirring gas data.
At the steel works, this information proves helpful for the stirring operator to accurately judge
the actual stirring condition. In addition, the BFI image processing software was trained to
detect the start and finish of each stirring charge. After each charge, it provides a stirring
summary with classification of open-eye sizes and a good/bad stirring statement in percent of
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total stirring time. The summary, processed into a diagram, was found to be advantageous
for complete evaluation of stirring charges at a glance.

Figure 34 - BFI image processing software

The design of the camera setup was developed during several inspections of ladle stirring
stations in the steel plant of Saarstahl AG. Considerations regarding the installation position
of the camera are described in the following. Figure 35 shows a two-dimensional schematic
view of a steelmaking ladle and the CCD camera setup. The inner radius of the steelmaking
ladle is indicated r, the viewing distance from the camera to the surface of the ladle is labeled
d, the height of the camera relative to a mean liquid level of the ladle is labeled x and the
horizontal distance of the camera from the ladle wall is given as e. The critical angle of the
camera relative to the vertical axis to perform good measurements is given as 3, the aperture
angle of the camera lens is indicated by vy, the apex angle of the ladle is given as a and its
alternate angle is labeled a'.
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Figure 35 - Schematic view of a steelmaking ladle and the camera setup

The critical angle of the camera 3 comprises of the apex angle of the steelmaking ladle o and
the aperture angle of the optical system of the camera y

Bza+% (10)

The distance of the camera from the steel surface d is defined by the aperture angle of the
optical system of the camera y and the inner radius of the steelmaking ladle r

dzr/tan% (11)

The height of the camera installation relative to the mean ladle liquid level x is defined by the
distance of the camera from the steel surface d and the critical angle of the camera 3

x=d*cosfg (12)

The horizontal distance of the camera installation relative to the outer ladle wall e is defined
by the apex angle of the ladle o and the height of the camera installation x

63



e=Xx*tana (13)

With these equations, the critical angle of the camera depending on aperture angles and the
height and distance of the camera installation relative to the ladle can be determined. For
example, using ladles with a 1.8 m steel surface radius r, a ladle apex angle o of 2° and an
optical system of the camera with an aperture angle y of 50°, the critical angle p of the
camera is 27°. The ideal relative height of the camera system x should be 3.44 m and the
relative horizontal distance from the ladle wall e should be 0.12 m. In practice, as ladles may
be positioned differently within a small margin, safety margins should be added.

The distance between the CCD camera and the liquid bath is determined by the liquid level
in the ladle. This depends on the amount of liquid steel in the ladle and on the amount of
wear of the ladle refractory linings at the bottom and the walls of the ladle. The height of the
liquid steel bath may vary in a range of 0.1 m from the mean height due to wear of the ladle
refractory. Using the geometry of the example given above, a point at half of the ladle radius
will apparently move 0.08 m or approximately 2 % of the image diameter as a result. A
variation of the diameter of the liquid steel surface does not affect the image processing
system. The diameter of the surface is not used as a length standard. Instead, the system
may be calibrated once by recording a geometric pattern installed at the ladle position.

An important step to prepare the camera for installation was to select appropriate optical
filters to optimize the visualization of the melt surface patterns. Several optical filters were
evaluated during an industrial trial. A mobile CCD camera was used to acquire images of a
ladle surface during open-eye stirring of liquid steel. During one stirring sequence, several
filters were adapted to the mobile camera alternately. The recorded images were analyzed
with an image processing software with the following evaluation criteria in mind:

e Overall brightness of the images,
e Brightness sensitivity between bright and dark parts of the images,
e Visibility of fine structures at the surface of the liquid steel bath.

The results are given in Table 12. The RG 780 infrared filter with 780 nm cut-off wave-
length was chosen for all further hot melt trials because of its superior performance.

Table 12- Evaluation of optical filters for image processing system (BFI)

Name Type Overall Brightness Visibility of fine
brightness sensitivity structures

Neutral filter | Neutral filter with | Acceptable Poor Poor

T =50 % 50 %

transmissivity

RG 610 Red filter | Poor (brightness | Poor Poor
(610 nm  cut-off | too high)
wavelength)

RG 780 Infrared filter | Good Good Good
(780 nm  cut-off
wavelength)

Image processing software for analysis of ladle stirring images was developed by BFI. It is
part of the image processing system and was adapted to industrial ladle stirring
environments as well as laboratory scale physical models. It works either on-line or off-line
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and can be used interactively for adaptation of image analysis parameters to the image
sequences under evaluation. The BFI image processing software was developed to analyze
stirring images on-line according to four consecutive steps as described in the following.

Strategy of image analysis

Image analysis by the BFI image processing system can be divided into four steps:
Acquisition of images, segmentation of images, extraction of image features and
classification of the open-eye data.

The acquisition of images was realized using a PC-based frame grabber with a frame rate of
approx. 10 fps. This frame rate was chosen to ensure that an image processing system was
developed successfully within the scope of this research project. Higher frame rates would
have resulted in disproportionate demands on the hardware and software of the image
processing system. The selected frame rate is still well ahead the needs to control ladle
stirring process. Following a multi-second averaging detected open-eye sizes are visualized
to the operator.

Detection of the characteristic open-eye pattern in images from gas-stirred ladle treatment is
realized using image segmentation. A brightness threshold was chosen to distinguish the
bright open-eye from its dark surrounding. The BFI image processing software derives the
brightness threshold from the histogram of each image individually. During the operational
trials, the value of the brightness threshold was found to be critical for image processing.
Values too high result in open-eyes appearing smaller than they are. On the contrary, values
too low result in open-eyes appearing larger than they are.

The analysis of image sequences from gas stirred ladle treatment processes showed that
brightness thresholds of subsequent images change both long-term and short-term. Long-
term changes result from gradual dust contamination of the optical path. Short-term changes
are caused by image anomalies, such as burning sampling lances that were often detected
during measurement campaigns carried out during this research project. It was found to be
very important to adapt to the gradual long-term changes of the brightness threshold and to
rule out short-term changes. Therefore, the static brightness threshold was replaced by a
“dynamic” or “adaptive” threshold.

The adaptive threshold is realized by comparing the brightness threshold of the image
currently under evaluation with an sliding averaged value of brightness thresholds of
previous images. The image currently under evaluation is discarded in case of a large and
therefore short-term deviation of its brightness threshold from the sliding averaged value.
Otherwise, to adapt to the long-term changes, the brightness threshold of the image currently
under evaluation is computed into the sliding averaged value.

On the segmented image, a feature extraction method is used to measure the individual
features of the open-eye. The area, the form factor (height divided by width) and the location
of the open-eye were found to be most suitable to aid the subsequent open-eye
classification.

A classification of the open-eye with regard to real operational conditions was developed.
Anomalies which occurred during measurement campaigns at gas stirred ladle treatment
processes were taken into account for the design of open-eye classification algorithms.

Advantages, performance and environment

The performance of the BFI image processing software for open-eye analysis was
investigated during physical modeling, laboratory hot-melt trials and measurement
campaigns at Saarstahl AG. The BFI image processing software gave impressive results
with image data from industrial trials. The open-eye was detected reliably and image
anomalies were ruled out safely. Adaptive threshold was found to be effective.

The BFI image processing system was designed to process about 10 images per second
(frequency resolution 10 Hz). In typically 1/10™ of a second, an image was grabbed from the
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camera, evaluated for the open-eye size and, if desired, saved into an AVI movie file. To
provide the operators of a ladle stirring station with usable and stable open-eye size
information, it was agreed to average the open-eye sizes for several seconds. This greatly
improved the acceptance of the novel BFI image processing system among the operators in
the steel works, who were more interested in trustworthy information than in sub-second
resolution. Therefore, the frequency resolution of 10 Hz was appropriate, or even over-
specified, for the measurement problem. However, with high-speed cameras and real-time
image processing routines, frequency resolutions of 1 kHz or even 10 kHz are possible.
These systems consist of very expensive hardware and software which is without the
financial scope of this ECSC research project.

Open-eye classification

Using the feature data extracted in the previous step, a classification of the open-eye with
regard to real operational conditions was developed. Anomalies which occurred during
measurement campaigns at gas stirred ladle treatment processes were taken into account
during the design of open-eye classification algorithms. The feature data of the open-eye is
assessed in five steps to identify these anomalies: a) area is within a margin b) area changes
dramatically short-term c) position is within a margin d) position changes dramatically short-
term and e) form factor is within a margin.

As described before, the BFI image processing system had been used successfully during
physical modeling trials where water was used as modeling fluid. To extend the experience
with image processing under conditions more comparable to steelmaking but still fully
controllable, laboratory trials in liquid steel were carried out.

The laboratory trials on the pilot metal furnace proved that the BFI image processing system
works faultlessly under semi-industrial conditions. Analyzing a slag/liquid steel bath surface
comparable to that in stirred steelmaking ladles, it detects the open-eyes and determines
their area without problems and with good standard deviations. The BFI image processing
system was consequently transferred to industrial conditions.

In-plant extensive testing and adaptation of image analysis package

The BFI image processing system was tested during measurement campaigns in the steel
plant of Saarstahl AG and image and process data was gathered. Purpose of this task was to
further develop the advanced image processing method for the control of ladle stirring
process under plant conditions.

Gas stirred ladle treatment processes were recorded and evaluated on-line. An overview of
the measurement campaigns is given in Table 13. Image anomalies were carefully evaluated
to aid the development of the open-eye classification algorithm of the BFI image processing
software. A sample image acquired at measurement campaign #669 is shown on Figure 36.

Table 13- Measurement campaigns at gas stirred ladle treatment processes (BFI)

Date ID numbers of measured heats
18. 2. 2004 BFI1-BFI5

14. 9. 2004 503, 509, 511

6. 10. 2004 036

7.10. 2004 075, 077, 080

18. 11. 2004 289

19. 11. 2004 327, 334, 336, 340

26. 11. 2004 669

12. 4. 2005 029

15. 6. 2005 511, 512

66



Figure 36 - Sample image taken at measurement campaign 669 at gas stirred ladle treatment process

Image anomalies that were detected during the measurement campaigns were:

e Sampling lances burning brightly when immersed into the liquid metal through the
open-eye,

e Sampling lances burning softly on the slag or floating in the open-eye,
e Covering compounds burning on the slag surface and on the open-eye,

e Refractory materials radiating brightly nearby the slag/refractory interface after ladle
stirring, still giving the impression of an open-eye.

The anomalies were evaluated and measures to distinguish them from normal operating
procedures were developed.

As a result, detection of image anomalies was improved and testing of the BFI image
processing system was successful. Vital information was obtained during the measurement
campaigns to optimize the detection algorithms of the BFI image processing software.

Industrial transfer of the development

The BFI image processing system was permanently installed in the turret of a continuous
caster at Saarstahl AG to improve the ladle treatment process. Additionally, images were
acquired separately from a ladle stirring station and processed by the BFI image processing
software. According to the results of these investigations, the suitability of the BFI image
processing software for both strong and weak stirring was assessed.

The image processing system at the turret of a continuous caster provides for the first time
important open-eye size information and helps the operator to maintain a suitable small
stirring gas flow rate for optimum open-eye generation.

Margins for the minimum and maximum tolerable open-eye size were defined and a
good/bad signal is given as an immediate and easy-to-understand feedback to the operator.
In addition to the information provided on-line, the open-eye sizes and stirring parameters
are logged for documentation and subsequent rating of the stirring process. The system was
applied to the daily steelmaking practice and has been running successfully non-stop and
unassisted for several months.
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5.2.3.2.1.2 On-line image analysis software (SIDENOR)

The installation of a camera at SIDENOR proved to be more difficult than expected (see
Annex). SAARSTAHL AG was also faced to problem regarding the industrial implementation
of a video camera in the course of this project.

During image acquisition, different parameter combinations were tried to check their
influence on the results and subsequent analysis. Lens and camera parameter tuning has
proved to be quite influential on the final image quality, poor parameters give as result
images that are not useful for image processing. Most lens and camera parameters are
related and must be tuned with liquid steel/slag images, because otherwise they are likely to
be inadequate for the difference in the amount of light emitted. Even circumstantial factors as
amount of dust in the housing front glass change parameters election. After getting first video
records, imageJ processing software was acquired. This processing software allows
automation via macros in Java programming. After acquisition start, image analysis
procedure learning began too. The image analysis process summary is the following:

- Geometrical transformations of the image to allow length and area measurements,
- Image segmentation by threshold to determine what zones correspond to open-eye,
- Area measurement of zones classified as open eye,

- Automation of measurement procedure for great number of images.

Geometrical transformations of the image

Area measurement in the image consists of counting pixels corresponding to that region and
multiplying the sum by the area value assigned to each pixel. For that reason, before starting
any measurement, it is helpful to prepare the image and define geometric distances for
subsequent correct area description. Due to image acquisition position even if most of the
ladle surface is caught, the original circle of the ladle is converted into an oblique ellipse.

Figure 37 shows the procedure followed to obtain pixel area value. The obtained ellipse is
1100 pixel x 645 pixel. The ladle diameter is 3 m, so horizontally the ratio is 366.67 pixels/m.
Vertical ratio is different for the ellipse, therefore there is a pixel ratio of 1.7 between vertical
and horizontal axes. After those calculations, area measurement was checked calculating
whole area surface. Only 0.7 % difference was found between image analysis and geometric
calculations, thus validating measuring technique.

That result and subsequent pixel/area ratio are only valid if all geometric factors remain
unchanged. Any modification in image acquisition position, lens zoom or image scaling will
change those values and new geometric calculation would be necessary, but the procedure
used in this example would be equally valid. The important point is to get reliable geometric
references to define pixel length and pixel ratio.
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Figure 37 - Geometric transformations to achieve measurable figures

Image threshold

Once pixels are well correlated to real geometry, it is time to define what is wanted to be
measured in the images, this is “segmentation”. The purpose of segmentation is to partition
the image space into meaningful regions. The definition of “meaningful region” is a function
of the problem being considered and in this project the meaningful region is “open-eye”: it is
the region we want to distinguish from the rest. Theoretically, it would be possible and
meaningful to distinguish three regions really, open-eye, ladle surface without open-eye and
outside the ladle. However, in this case it is not needed because ladle surface area does not
change and open-eye area is measured (it is geometrically calibrated), so even no open-eye
ladle surface area or open-eye percentage with respect to total ladle surface may be easily
calculated when desired.

There are several segmentation techniques and the most appropriate for each situation is
also highly dependent on the nature of the image itself. In order to choose the most suitable
for this case, image histogram was considered. Image histogram classifies all the pixels in
the image in function of their brightness, as it is 8-bit image the brightness range is 0-255.
The histogram of Figure 38 is clearly bimodal. It shows two peaks, one around 15 and the
other one around 115 of brightness. Open-eye areas are the brightest zone in the figure, they
correspond to the bright peak (the 115 brightness peak) of the histogram. So the conclusion
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after histogram analysis is that outside ladle pixels are very dark, inside ladle pixel range
from dark to bright and exhibit a two peak histogram and open eye pixels are the brightest.

adle Surface Brightness Histogram

1 15 29 43 57 71 B85 99 113127 141 155169 183197 211 225 239 253
Brightness

Figure 38 - Histogram of the image in the figure

In consequence, an efficient way to distinguish between open eye and the rest of the image
is to establish an appropriate threshold to brightness values, pixel over this value will be
considered part of open eye. This segmentation technique is called “threshold”. The main
doubt encountered in the image processing has been to find the adequate threshold to
decide where the “open-eye” and the slag are. Several ways to calculate the threshold have
been searched and they have been tested comparing their results over real data. Tried
threshold definition algorithms are the following:

1. Static fixed threshold choice based on histogram and image visual analysis, or other
considerations. Considering the histogram in Figure 38 bright values next to the
second peak have been considered as meaningful: 75, 95, 110 and 130 brightness
values have been checked because they range from the final part of the first peak to
the maximum in the second peak. So using this method all the images will be
analyzed with the same threshold, once a threshold is selected for a set of images this
method required the less computational work because the rest of algorithms calculate
a threshold for each image independently. It is possible to apply it adaptively, by
changing fixed threshold progressively from image to image.
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2. Mixture modeling: This algorithm separates the histogram of an image into two classes
using a Gaussian model. Then it calculates the image threshold as the intersection of
these two Gaussians.

3. Otsu Threshold: The histogram is divided in two classes and the inter-class variance is
minimized.

4. Maximum entropy threshold: Automatic threshold based on the entropy of the
histogram. The method is very similar to Otsu's method, but with certain numerical
differences, based on histogram.

5. k-means clustering: it performs pixel-based segmentation. The ultimate goal is to
classify all the pixels in the image in 3, 4, 5 or the desired number of groups, called
clusters. It is based on the statistical clustering technique to classify populations of
data, in this case the population are brightness values. Depending of the number of
groups decided, the same number of thresholds will be got, in this case only the last
one will be used.

The algorithms may be classified in three groups: the fixed threshold, adaptive threshold
based on histogram calculations (Otsu threshold, Maximum Entropy and mixed Modeling)
and clustering method. Those methods have been compared using image in Figure 38 as
reference at first, and with a set of images later. For each of the bimodal histogram methods
two tests were carried out, applying the algorithm to the whole image and only to the ladle
surface.

An important test to the different algorithm was to use a stack of stirring images with two flow
rate changes from 300 I/min towards 400 I/min and then towards 500 I/min (STP); counter-
pressure was not too low for that plug, so no major leak should be expected. This way the
different threshold techniques could be tested with respect to changing stirring conditions. As
dispersion of measured areas was high, moving average of the areas were performed to
soften small range peaks and seek more general trends. Figure 39 shows the results for
some fixed thresholds, it is visible that a too high fixed threshold does not allow to distinguish
different flow rates or stirring conditions, in this case 110 and 130 threshold areas do not
change at all with flow rate; those threshold values were the ones near the second peak in
the histogram.
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Figure 39 - Area measured with different fixed thresholds and after applying moving average for three
consequent flow rates

On the other hand variable threshold methods and 75-95 fixed threshold areas show
graphical correlation with flow changes. There are some time shifts in the changes but this is
not strange because flow rate and image acquisition time are not perfectly synchronized.
Maximum entropy threshold gets a larger area, slightly larger than fixed 75 threshold, and k-
means clustering lower area, lower than 95 fixed threshold. The areas measured show a
clear correlation between flow rate and measured area changes, not so evident from naked-
eye analysis.

Another test was performed comparing threshold technique results with the same heat, plug,
flow rate, slag, image acquisition position, exposure time and lens; but changing image
acquisition parameters, so the amount of light entering the CCD was different for the same
exposure time. This test pretends to simulate a change in optical conditions. Some of the
results from this test are exposed in Figure 40. Fixed threshold methods are not able to cope
with those changes; both 75 and 95 threshold figures are very sensitive to the changes. On
the contrary entropy threshold is quite robust for most of the change range but it is strongly
affected for great changes. K-means clustering shows moderate influence over the whole
range of change, it is clearly more robust than fixed threshold and it behaves worse than
entropy threshold for small-moderate changes, but better for strong changes.
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Figure 40 - Area measured with maximum entropy, fixed threshold and k-means clustering for images captured
from the same heat, slag condition, plug state and flow rate (300 I/min) but different image acquisition
parameters

The overall conclusions from these tests are:

- The k-means clustering method is considered very advantageous in those images
analysis because it does not overestimate the open-eye, it is not sensitive to ladle
surface outside area and it is not too sensitive to image acquisition parameter
changes. With respect to number of clusters used, 4 clusters are preferred to 3
because they are a bit more robust to brightness changes even if open eye areas
got with 3 clusters are likely slightly better in the tested images. The main problem
of this method is the computation time needed, considerably higher than for any
other method considered,

- Fixed thresholds are fast and easy to handle, and for constant acquisition
conditions are able to distinguish flow rate in the same degree as any other
methods. Their problem is that are very influenced by acquisition parameters
(including environmental factors) so for a correct measurement a threshold should
be defined in each circumstance,

- Maximum Entropy and Otsu threshold are based in similar theoretical
considerations. Maximum Entropy has been more thoroughly studied because it
was easier to use to multiple image sequences. The positive aspect of maximum
entropy is its robustness for moderate brightness condition changes, on the other
side it is quite sensitive to ladle surface outside background and overestimates to
some extend the open eye area,

- Mixture modeling overestimates clearly open eye area and it is discarded for this
reason.

After algorithm comparison some programming was performed to make it possible to
measure automatically large amount of images, this work was very important so as to be
able to measure large numbers of images.
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5.2.3.2.1.3 Conclusion on on-line image analysis software

Both SIDENOR and BFI used image processing techniques to determine the open-eye size
from images taken by a camera. The basic steps of image analysis were obeyed by both
partners in similar ways. These steps were defined as acquisition of images, segmentation of
images, and extraction of open-eye information from the images and classification of the
open-eye information. SIDENOR took a more complex approach on the segmentation step,
whereas BFI considered the classification of open-eye data in more detail.

The acquisition of images as the first step of image analysis was of course handled
individually with respect to the installed camera type/cabling/computer hardware by each
partner. In both cases, the image was available to image processing software, where it was
deskewed, calibrated and further examined.

For segmentation of the images, two different approaches were chosen by SIDENOR and
BFI. SIDENOR used k-means clustering, which sorted the pixels of each image into four
groups according to their brightness. The group with the pixels containing the highest
brightness was used as a representation of the open-eye and the number of pixels in that
group represented the open-eye size. The other groups were discarded. As k-means
clustering is an iterative algorithm, the examination of one picture took about 30 seconds.
The advantage of k-means clustering was that the algorithm was insensitive to changing
acquisition parameters like image brightness.

BFI used a brightness threshold for image segmentation. This approach allowed much faster
segmentation of the images (approx. 1/10" s), but the determination of open-eye size
depended much more on the accurate positioning of the threshold value. To ensure this
accurateness and allow for changing acquisition parameters (image brightness), the image
threshold was calculated from each image first and then compared with a sliding averaged
threshold. Only in case of compliance, the sliding averaged threshold was used for image
segmentation and re-calculated using the image threshold that had been determined from
the actual image. The advantages of this approach were insensitiveness to acquisition
parameters and the speed of processing, so that the BFI system can be used on-line during
steel treatment with open-eye stirring.

The extraction of open-eye information from the segmented images was handled similarly by
the SIDENOR and BFI approaches. The following and final step of image analysis,
classification of the open-eye information, was extensively investigated by BFI. Different
amounts of image anomalies occurred at SIDENOR and at Saarstahl, where the BFI image
processing system was used. Whereas the slag surface in the ladle furnace at SIDENOR
was rarely masked by anything except the electrodes, on the slag surface in the turret of a
continuous caster at Saarstahl anomalies were to be found regularly.

In conclusion, the approaches of SIDENOR and BFI were both able to solve the image
processing problem using different main focuses. The SIDENOR system was developed with
strong emphasis on the image segmentation because of unfavorable conditions in the ladle
furnace where the open-eye was observed. The BFI system was constructed with fast and
accurate image segmentation in mind, as it is used as an on-line system at Saarstahl. Both
systems use adaptive algorithms for image segmentation. Open-eye classification is used by
BFI to distinguish open-eyes from image anomalies.
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5.2.3.2.2 LADLE VIBRATION MONITORING BY CONTACT AND CONTACT-LESS SENSORS

ARCELOR Research and ACERALIA have developed vibration-based analyses of gas
stirring in ladle (Eigure 41). Different approaches driven at lab-scale, pilot-scale and
industrial scale are used, combined and described in this part.

Figure 41 - Principle of the vibration-based analysis of gas stirring in ladle

5.2.3.2.2.1 Contact-less conoscopic holography (ACERALIA)

ACERALIA has implemented a contact-less sensor using Conoscopic Holography (C.H.)
distance measurement sensors. These sensors provided signal is digital and they are
sensitive to the low frequencies. Apart from that, they give their measurements in distance
that can be easily converted to acceleration, and their working range and precision can be
easily adapted by simply changing lenses.

CH is a form of incoherent light interferometry, based on the interference that occurs
between ordinary and extraordinary rays into which polarized monochromatic light is divided
when crossing a uniaxial crystal. When the monochromatic light emitted or reflected by a
point is passed through the Conoscope, an interference Gabor Zone Lens figure is obtained,
and it can be captured by a standard CCD camera. The frequencies of the fringes that are
present in the interferogram are related to the distance of the illuminated point. Once the
interferogram has been processed, the distance of the point can be obtained. The basic
scheme of the needed setup, called Conoscope, is shown in Figure 42. The light for
illuminating the point is provided by a laser source installed inside the sensor. A sensor
configured like this is called Conoprobe.
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Figure 42 - Configuration of a Conoscope (left) and of a Conoprobe (right)

This technique has many advantages: it is completely collinear and very accurate; the range
and consequently the accuracy of measurement can be easily changed by simply using the
required lens; it can measure surfaces with a slope of nearly 90°. There are different
combinations of range, stand-off and resolution for several lenses. For this project, the goal
is to have good sensitivity to detect the relevant vibration features and enough standoff to
cover the car positioning tolerance.

Lab-scale tests

Several lab tests to validate the sensitivity of CH were performed. For this purpose, a
vibrating surface was constructed by connecting a non-balanced power source to a 3-phase
motor: In this way, the vibrations are higher as the source is less symmetrical. An
accelerometer was placed in the casing of the motor, and this place is measured with a
Conoprobe (CH sensor) using different lenses: 25 mm, 75 mm, and 150 mm. When one
phase input of the 3-phase motor is turned off, a higher amplitude vibration, with 100 Hz
main frequency, becomes present. It was seen that a high definition Conoprobe can give a
more reliable solution than a conventional accelerometer, providing direct amplitude data
with higher accuracy. The selection of the probe lens will depend on the amplitude of the
vibration to be measured, in order to combine enough stand-off and high range with enough
accuracy. Anyway, in the frequency studies lower resolution lenses could be used with
results similar to the accelerometer. Figure 43 shows how the 25 mm Conoprobe appears as
much more sensitive, and the 75 mm lens is in the range of the accelerometer.
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Figure 43 - Comparison of results for different lenses and the accelerometer

In-plant trials

After checking the viability of the C.H. based vibration measurement in the lab, the feasibility
of this approach was checked in the real plant. A system was constructed in order to
measure the vibration in the ladle car, and software was developed in order to obtain on-line
vibration values and the process main parameters simultaneously.

The first trials were performed with a C.H. probe with 75 mm lens (65 mm stand-off, 18 mm
working range, 10 um precision). These tests clearly showed that the amplitude of the
vibrating distance signal was related to the gas flow rate. The frequency study of this signal
together with the process parameters allowed us to obtain one relevant value representing
the stirring.

For example, Figure 44 shows the acquired signal and the spectrogram obtained through
FFT. The different stages of the treatment are clearly marked in the spectrograms, mainly
relevant in the medium-higher frequencies distribution. Even some special events, as
temperature measurement of the melt, were slightly detected by the system. Frequencies at
8-9 Hz, and 22-26 Hz were dominant at low gas flows (cleanliness bubbling).
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Figure 44 - Vibration diagrams of a complete CAS treatment at ACERALIA: (a) signal and (b) spectrogram

Several tests were also performed with water and steel scale ladles (see §5.2.3.2.2.3). The
results were not as interesting as in the plant, due to the fact that the scale models presented
similar accelerations as full scale ladles but with smaller displacements of the wall at higher
frequencies. This lead to better results in conventional accelerometers and poorer results in
C.H. distance measurement sensors.

In order to improve the sensitivity of the system, a prototype using a C.H. probe with 25 mm
lens (15 mm stand-off, 1.8 mm working range, 3 um precision) was constructed and tested.
The main advantage of this lens is a higher precision that enables to have good results at
higher frequencies; the drawback, the short stand-off and working range, was overcome with
a translation stage for the probe, and the development of an automatic positioning for
ensuring accurate and robust operation in the plant conditions. The resulting final prototype
is showed in Figure 45.
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Figure 45 - The final version of CH based sensor (ACERALIA): External view (left) and internal detail showing
the 25 mm Conoprobe, the linear translation stage, and proximity sensor (right)

Results

With this system, a measuring campaign of continuous heats was performed, that allowed to
improve the interpretation of the results and to look for the relations between the measured
vibration and other plant parameters. A number of more than 100 heats were recorded,
processed and studied. The main conclusions obtained from this work can be summarized
as follows. A good value for the stirring can be obtained from the distance signal of the ladle
car, by grouping the frequency components between several ranges. Low frequency ranges
(between 3 and 15 Hz) give results that clearly followed the changes in the gas flow rates,
but were noisier. Higher frequency components (in the range of 125-150 Hz) look to be less
noisy, but are naturally filtered by the distance measurement sensor and give less
information. Figure 46 shows a representative spectrogram where the key frequency ranges
can be seen. Figure 47 shows variation of the measured vibration and the plant parameters
in a sample heat.

Frequency (Hz)

1542 1513 1514 1515 1516 1547 1548 1519 1520 1521 1522 1523
Time

Figure 46 - Spectrogram obtained with the final prototype of ACERALIA vibration sensor based in 25 mm
Conoprobe
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Figure 47 - Evolution of the measured vibration and the relevant stirring variables as can be seen in the
standard report. The upper part contains general data: Heat number, date, ladle number, ladle life, plug life,
steel level, slag thickness, time of events, bubbling pattern, gas consumption and mean pressures. The curves

represent the evolution of the processed vibration, the gas flow rate, pressure and control valve aperture
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The obtained static relations between vibration, gas flow rate and gas pressure have been
investigated. It has been observed that the dispersion of the results is particularly high for the
cases of pressure / flow-rate and vibration / pressure. By contrast, as can be seen in Figure
48, the correlation vibration / gas flow rate presented a clear logarithmic tendency with
less dispersion. This is further discussed in the conclusion paragraph over vibration
(5.2.3.2.2.4).
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Figure 48 - Static relation between the vibration measured and the gas flow rate

It has been statistically shown that problematic heats (for example, heats moved from CAS to
the injection treatment due to bad operation of stirring) fell outside the 90 % percentile
curves.

Regarding the dynamic relations, the global vibration value looks to follow the gas pressure
more than the gas flow rate in the case of heats with good performance of stirring. Both the
pressure and the measured vibration have first order dynamic output towards step changes
in the gas flow rate input. The dynamics are faster in the increasing steps, and slower in the
decreasing steps.

An important effort has been devoted to the analysis of the effect of different process
parameters on the correlation between vibration and gas flow rate. The ratio vibration / gas
flow rate was compared for different heats taking into account the value of several
parameters as porous plug or slag thickness. Figure 49 shows an example of the results
obtained when comparing the ratio between vibration and gas flow rate for different plug life
and different slag thickness. In all the cases the dispersion of the values does not give
general conclusions, showing again the variability of the actual stirring which depends on a
complex combination of several factors that is not easily predictable. For this reason the
measurement of stirring is strongly required for a good control of the bubbling processes in
the ladle treatment.
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Figure 49 - Effect of slag layer thickness and porous plug life on the ratio stirring / gas flow rate
A relation of the equipment and software used in the final system follows:
e Core sensor:
o0 Conoprobe (Opitmet), 25-mm lens,
0 Acquisition unit EC1000,

e Software:

0 Module for acquisition based in MFC Windows application programmed in

C++ (Microsoft Visual Studio 6) with TCP/IP socket communication,

0 Module for remote control based in VNC program,

0 Signal processing consisting on periodogram algorithm, filtering and re-

composing signal using Matlab,
0 Monitoring module based in Matlab 6.5 with TCP/IP socket communication,
0 Several Matlab 6.5 scripts and Excel macros for statistical analysis of results

e Ancillary equipment:

o Embedded PC, ultrasonic sensor, linear table 150 mm max stroke, motor 75W

DC, motor controller board,

o Portable computer for configure and boot the sensor in the plant,

o Portable computer with analogue acquisition board for data logging of process

variables.

5.2.3.2.2.2 Contact and contact-less sensors (ARCELOR Research)

Extensive tests with vibration analysis were conducted in ARCELOR Research centre on
both a water model (half & full scale of the pilot steel furnace) (Eigure 50), steel lab and pilot-

scales (Eigure 51 and Figure 52) and 90-t industrial ladles (Table 4).
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Figure 50 - Full-scale water model of ARCELOR Figure 51 — ARCELOR Research induction furnace
Research centre (300-kg) used for pilot trials with the laser vibrometer

Figure 52 - 6-t metal capacity ladle used at ARCELOR Research

Calibrated mass flow controllers have been used to control the gas flow rate.

We have placed a calibrated conventional accelerometer at mid-height on the ladle external
wall. To ensure the reliability of the conclusions, we have compared the measurement to

both laser vibrometer (Eigure 53) and a reference vibrating gauge (Eigure 54).
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Figure 53 - Accelerometer compares to laser .
vibrometer and to a reference gauge

vibrometer

We have also used a laser vibrometer, making it easier to cope with the hot temperature of
ladle wall. Its power is low (1 mW), so that no drastic protection is needed. The measuring
device is 1 to 5 m far from the furnace thanks to an optical fiber: safety problem is minimized.

Analysis of vibration path and vibration origin

The objectives of this part are to get a good understanding of the vibration behavior in a
ladle. To estimate the vibration path in a ladle due to gas stirring we have firstly carried out
the following tests with/without gas injection:

e Porous plug & ladle external wall: when we hit the porous plug or the internal ladle
wall of an empty ladle (Eigure 55), the signal measured at the ladle outside shell wall
is directly correlated to the signal measured on the plug as the coherence between
the input and output signals are close to 1, for a large range of frequency (Eigure 56),

e Connection of argon circuit & ladle support. Coherence between the signal of the
argon circuit and ladle wall was sometimes found to be close to 1, meaning a major
direct way of vibration transmission, for a large range of frequency (Figure 57). This
leads to a noised/false measurement. The gas circuit has been modified to avoid this
noise in the corresponding configurations.
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Figure 55 - Schematics of the study of vibration propagation between the argon circuit and ladle support

Figure 57 - The coherence between the signal of the
Figure 56 - The coherence between the signal of the argon circuit and ladle support is close to 1, meaning a

porous plug ladle wall is close to 1, meaning a good major direct way of vibration transmission
vibration transmission

A second important step was to compare on the water model the vibration measured outside
the ladle to the fluctuation of pressure measured by an hydrophone in the liquid pool close to
the ladle wall. As a matter of fact, there is a very good correlation between them (Eigure 58).
Moreover we can already notice the increase of the vibrations with the injected gas flow rate
according to a logarithmic law. Moreover the agreement between ladle vibration and
pressure fluctuation in the liquid is valid for a wide range of frequency, possibly above 200
Hz.
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Figure 58 — Principle of comparison of ladle vibration and of liquid pressure fluctuation. Good agreement
between ladle vibration and pressure fluctuation in the liquid bath. Same evolution with gas flow rate

Conclusions: All these tests support the direct relationship between true gas injection
and true gas stirring and the true vibration signal measured outside the ladle.
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Transient stirring phenomena and industrial trials of vibration monitoring - Gravity
mode may develop

The driving question here is: is the gas stirring a steady state phenomenon?

The measured vibration is analyzed in terms of time-dependence. Eigure 59 shows typical
energy spectra as determined for gas flow rates between 7 and 30 I/min on the water model.
Energy spectra are similar but shifted toward higher energy for higher gas flow rates. Several
energetic frequencies are evidenced between 60 and 500 Hz.
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Figure 59 - Energy spectra are similar but shifted for different gas flow rates on IRSID water model. Several
frequencies are evidenced which may correspond to gas plume or surface instability

But during first in plant measurements, the vibration measured on the ladle wall was found to
be hardly changing with the input gas flow rate (Eigure 60). The energy spectra exhibit
almost an unchanged curve for gas flow rate between 0 and 800 I/min. A fine analysis has
indicated a high energy in the very low frequency, namely around 1 Hz. The careful
observation of the ladle surface during its transfer to the treatment stand, by removing the
thermal protective refractory cover, has put into evidence the existence of visible oscillation
of the surface. This does correspond to a resonance effect as reported previously in the
literature (Eigure 61) [35]. A solid movement develops in the liquid pool. All the input energy
is retransferred to the frequency band close to the main gravity mode. The stirring, mixing
and inclusion removal are supposed to be damped. The transfer procedure of the ladle
has been changed so as to minimize sudden movement of the ladle. As a matter of
fact, these gravity modes could be avoided. Such waves have indeed been reported and
studied in different phenomena such as ladle teeming [35,36], mechanical agitation [37-
42] and gas-stirred ladle [43-51]. As a conclusion, some low frequency (of about some Hz)
waves may develop at the metal surface and in the bulk during gas stirring. The signal
treatment to apply to get a significant bubbling index should take into consideration the
possible existence of such waves.
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Figure 60 - Gravity mode appears predominant in the first Figure 61 - Solid movement of the liquid pool as
industrial trials, due to ladle transfer procedure observed from the top surface of the ladle ([35])

During the industrial trials, the typical energetic frequency range is about 20 to 200 Hz for
gas flow rate between 15 and 90 I/min (Eigure 62).
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Figure 62 - Industrial spectra revealing energetic frequency range up to 100 Hz or more, depending on the case

Analysis of vibration

The reproducibility of the vibration measurements has always been very high, when varying
the gas flow rate at lab and pilot scales. The ensemble of measurement makes it possible to

give the following results (Eigure 63):

The measured vibrations exhibit a logarithmic increase with the injected gas flow rate
on both the 1-m?® water model, the 300 kg and the 6-t steel pilot ladles,

Moreover a good agreement is observed between water model and steel ladles,
using the Froude similitude (85.2.3.1.1). Therefore the trend of the curves is very
similar, for both full-scale water modeling and experiment of the pilot-scale steel ladle.
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e Moreover, we observe a good agreement between measurements with contact-less
laser vibrometer and an accelerometer fixed on the ladle.

This is another validation of the relationship between the real gas injection and the measured
ladle vibration.
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Figure 63 - A logarithmic increase with injected gas flow rate of vibrations is measured on both water model
and steel pilot steel ladles. A good agreement is observed between water model and steel ladles

Following these analysis, large scale plant trials have been performed in one ARCELOR
plant. The ladle capacity is about 90 t. No problem arose during the measurement campaign.
The gas flow rate could be varied in a wide range, from 0 to 1000 I/min. The ladle vibrations
were measured using an accelerometer. In addition, the slag surface was observed not only
by the operator, but also by a person in charge of metal quality and the person measuring
the ladle vibration.

The main conclusions after these trials are summarized on Figure 64:

e The measured vibrations increase with the input argon flow rate, accordingly to the
law established on the water model (after conversion using the Froude similitude),

¢ Nevertheless a scattering of the measurements is observed, which is attributed to the
quality of the gas injection. For example, a same vibration level is observed for a gas
flow rate ranging from 200 and 400 I/min. Reversely, a same gas flow rate can lead to
a vibration index between 0.15 and 0.22,

e Failed bubbling can be detected very quickly, when the vibration level is out the
standard deviation range. Up to 10% of the treatment could be qualified as failed,

e The open-eye could be observed on one charge or another for gas flow rate higher
than 200 I/min or for a vibration index over 0.15. The quite thick slag layer, in average
0.15 m helps to minimize the open-eye as explained previously. For vibration level
over 0.32, open-eye is always observed. This confirms the present quality rules which
are to apply a 10-min bubbling period if possible at a gas flow rate of 100 I/min,
having an open-eye as small as possible. Formerly the operator could be sure of the
plug working only through this procedure. And a failed bubbling would mean a
downgraded metal. Figure 65 illustrates the increase of the area of open-eye with the
input gas flow rate. The feasibility of getting such data is demonstrated. Some long-
term observations have been made in the plant so as to get a feed-back on this point.

These trials confirm the relationship between the gas injection and the vibration level. It
offers the possibility to check, adjust and control a given vibration level, supposedly related to
a given metal stirring, even a low gas flow rate without open-eye. The last part of the work
has consisted in relating the metal cleanliness to the stirring/vibration level. In other word, is
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it possible to find an optimum stirring condition maximizing the metal cleanliness and to
control it in an industrial environment? This is described in the last part (85.2.3.3).
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Figure 64 - Measured increase with the argon flow rate of the ladle vibration index in ARCELOR plant. Some
scattering is observed

No gas ﬂ 130 I/min ﬂ 160 I/min ﬂ 380 I/min ﬂ

Figure 65 - Increase of the open-eye area as seen during first feasibility trials

5.2.3.2.2.3 Comparison of sensors (ARCELOR Research — ACERALIA)

ARCELOR Research has got good agreement between contact and contact-less sensors,
namely accelerometer and laser vibrometer, as already explained (Eigure 53, Figure 54).

Several tests have also been made to compare CH with other technologies, as piezoelectric
accelerometers and laser Doppler vibrometers, both in pilot scale and real plant conditions.
ARCELOR Research and ACERALIA have driven common tests at ARCELOR Research
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facilities on water and pilot steel ladles during the project. These trials have shown that CH
works fine at low frequencies and high gas flow rates. Moreover, an on-line comparison test
has been performed in Aceralia LDA steel plant, with the usual Conoprobe configuration and
a piezoelectric accelerometer.

It is very important to note, as said before, that accelerometers and C.H. are measuring
different but related magnitudes: the accelerometer measures acceleration, while the C.H.
sensor measures distance, so it is needed to derivate twice in order to obtain the same
magnitude. This means that, in the frequency domain, the C.H. sensor is much less sensitive
to acceleration when frequency grows, as the amplitude of the vibration is reduced by the
square of the frequency for the same acceleration.

Acceleration: a (t) = K sin(wt)
Distance (integrating twice the acceleration): d (t) = - (K/w?) sin(wt)

This means that the Conoprobe will not be able to distinguish vibrations when the frequency
grows. For instance, a 0.2 g peak 250 Hz sinusoidal acceleration, as obtained in the tests,
gives 0.8 um peak distance variation, at the limit for the conoscopic system detection with the
75 mm lens used. The same acceleration at 3 Hz means 5.6 um peak distance variation,
easily detectable by the conoscopic system.

Comparisons with accelerometers have been performed in lab and plant trials. All of them
have shown the effect indicated before: conoscopic sensor can be used only if low frequency
vibrations (0 - 40 Hz) are involved. In these cases it is comparable or better than
accelerometers, especially in the very low frequencies.

This has been demonstrated in lab trials with a three-phase motor with a phase fail that
induces a 100 Hz oscillation. The Figure 66 shows the spectrogram of a signal acquired with
a high sensitivity accelerometer (Wilcoxon Research 786 F-1; sensitivity 100.0 mV/g +/-5%;
low Freqg: 0.5 Hz, 30 CPM; High Freq: 13.0 kHz; 780 kCPM; Max Temp: 120 °C), a
Conoprobe with 75 mm lens, and the Conoprobe with 25 mm lens. The 100 Hz vibration is
induced, and the relative amplitude of the 100 Hz peak is compared to the amplitude of the
25 Hz permanent vibration. The accelerometer is more sensitive in growing frequencies.

Accelerometer Conoprabe 25 mrn Conoprabe 75 mrm

Amplitude (o)
Amplitude (o)
Amplituce (g)

o 50 100 150 0 50 100 150 1] 50 100 150
Freguency (Hz) Freguency (Hz) Freguency (Hz)
Figure 66 - Comparison of frequency sensitivity of accelerometer and conoscopic sensor with two different
lenses. The reduction of sensitivity at higher frequencies is clear for the 100 Hz component of the vibration

In lab-scale model trials (water model and scale steel ladle) the results have also shown that
the conoscopic sensor is detecting the low frequencies and discarding the high frequencies.
In these cases, due to the ladle configurations, the interesting vibrations appeared in high
frequencies (around 100 Hz) as can be seen in Figure 67, so are not suitable for the C.H.
The frequencies between 7-15 Hz look to be interesting, but they remain after stop. Look to
be the residual movement of the steel in the ladle, not interesting for stirring. Frequencies
between 70 and 120 Hz appear to be more indicative. The accumulation of the PSD at these
frequencies gives a ‘measurement’ of the stirring, as seen in Figure 68.
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In plant trials, the ladle is 5 times bigger and the real process relevant frequencies appear to
be lower, so C.H. is more useful.

As a conclusion from the tests performed, C.H. looks to be an alternative appropriate
approach to low frequency vibration. A laser vibrometer is to be sensitive to dust in
the atmosphere and to the quality of the reflection on the measured surface.
Accelerometers are simple, cheap and reliable, only its performance can be limited by
the temperature of the place where it is located.
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Figure 67 - Spectral distribution variation for a test with a scale ladle, using a conoprobe with 75 mm lens; gas
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Figure 68 - Results after the processing of the interesting frequencies in the previous trial; sensitivity is low due
to the involved frequencies around 100 Hz and the 75 mm lens used

5.2.3.2.2.4 Transient stirring (MEFOS)

The turbulence kinetic energy of the liquid metal is related to the fluctuating velocity u;.
Therefore, the simulated k value close to the ladle wall could be used as an index of the ladle
vibration. Figure 69 shows the transient simulation results of turbulence energy with the
different gas flow rate in the 120-t ladle considered by MEFOS. It shows that the fluctuating
velocity increases with the increase of gas flow rate. But, it should be pointed out that this
simulation can only be used as the qualitative. The reasons are double:

e the turbulence simulation in the gas stirring ladle still needs to be developed,
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e the time step in this simulation is 0.01ls, which means that the high frequency
phenomena (>100 Hz) can not be captured by numerical simulation.

These results are further analyzed in the following paragraph.
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Figure 69 - Transient simulation results of the turbulent energy close to the ladle wall
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5.2.3.2.2.5 Conclusion on ladle vibration

As explained at the beginning of the report, the Froude number is generally used as the
similitude number for gas stirred ladle model.

Figure 70 shows the ensemble of measurements of ladle vibrations according to this
parameter:

¢ ARCELOR Research water models, of 0.5 or 1 m diameter,

e ARCELOR Research pilot induction furnaces, of 300-kg or 6-t capacity,
e ARCELOR 90-t plant,

e ACERALIA 300-t plant.

Measurements have been performed by laser vibrometer, accelerometers or conoscopy.
Moreover, calculated kinetic energy at the ladle in MEFOS 120-t ladle is also considered.

Using the Froude number, all the data are aligned, emphasizing again the validity of the
relationship between ladle vibration and true stirring. Deviation from this unique curve would
mean either a wrong flow meter calibration, already evidenced in some cases, or an
evolution in the true stirring, related to a change of porous plug property for example.
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Figure 70 — Increase of ladle vibration with the Froude number — Water scale models, pilot scale steel ladles,
industrial plant data and numerical simulation

94



5.2.3.3 Transient phenomena

Main results over transient phenomena are already given in other sections of the report.
They can be summarized as follows:

Gravity Mode or Resonance Effects as put into evidence by ARCELOR Research
(e.g. Figure 60, Figure 61) induced by the ladle transfer procedure. These affects can
be (and should be) avoided by minimization of sudden movements of the ladle during
transfer.

Frequency analysis of vibrations (Figure 59, Figure 62) has been done by ARCELOR
Research and this is used to filter out the low frequency resonances.

MEFOS transient CFD modeling of open-eye formation is reported in section
5.2.3.1.4.4 and the results are in (Figure 29). Regarding time-depend calculation of
fluid flow, Figure 69 gives the evolution of turbulent kinetic energy (section
5.2.3.2.2.4).
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5.2.3.4 Towards improved ladle treatment process

5.2.3.4.1 RESPONSE TIME

The time constant for the vibration response to changes in the set point of gas flow rate has
been evaluated by ACERALIA for different situations:

e Increase from 0 to 800 I/min (stage 1, Table 11): 40 s,
e Increase from 350 to 500 I/min (stage 3): 30 s,
e Decrease from 360 to approximately O I/min (stage 5): 70 s.

It must be taken into account that these estimations are based on real plant data where the
bath is not completely stabilized when changes in the gas flow rate take place. Anyhow, it is
evident that the dynamics are faster in the increasing steps, and slower in the decreasing
steps.

According to MEFOS numerical simulations (Figure 69), the time-scale for change of flow
pattern is some seconds after the real change of gas flow rate through the porous plug,
without taking into consideration the time needed to change the real pressure and flow rate in
the gas feeding pipe.

Figure 71 shows a typical time evolution of gas flow rate set point and of the corresponding
ladle vibration during ARCELOR Research plant trials. A typical global response time, after a
change in the flow rate set point is around 1 to 2 minutes. Moreover we can see the real time
evolution of the ladle vibration level, in this case well correlated to the input gas flow rate.
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Figure 71 — Time evolution of the gas flow rate and of the ladle vibration (ARCELOR Research)— Response time
of 1to 2 min

5.2.3.4.2 OPTIMUM STIRRING: INDEX OF TRUE STIRRING
5.2.3.4.2.1 Strong stirring for alloying (SAG)

Samples were taken by SAG from the melt immediately after alloying as quick as possible
within the periods 5-20 and 30-50 min after tapping (Eigure 72). The analyses of Al, C, Mn
and Si increase finally to the target analyses due to the alloying and argon injection through
the porous plug. The influence of the alloying on the content is seen in Figqure 73. The C
content for example increases typically after its addition reaching a “steady state”. The time
necessary to reach the “steady state” is approximately 2 — 3 min depending on the flow rate
of argon.
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In addition the time for the normal sampling during melting is in the range of 7 - 11 min. A
closer look on the time necessary to reach this “steady state” for each element is done for
two selected sections as shown in Figure 74. The total time for complete alloying depends
on the elements within these experiments. It seems to be that this alloying time increases in
the order of Al, C, Mn and Si. Furthermore the alloying time of the first period after tapping is
in the order of 4-8 min as the alloying requires only 3-5 minutes in the second period. The
reason for this behavior might be connected with the fact that under the conditions of SAG
the main part of the de-oxidation reaction is coming into existence immediately after tapping.
Within this period the necessary time for complete mixing might be influenced by the alloying
and particularly by the intensive de-oxidation reactions combined with the removal of the
generated inclusions.

R?=0,9943

8 1 5-20 min
after tapping
1680°C

after tapping
3+--—- @— 1660°C |- - - -~

alloying time, min

Al C Mn Si

Figure 74 - Alloying time until *““steady state” for Al, C, Mn and Si

However, on the other hand the alloying process can be described by the energy introduced
by the argon stirring. The rate of energy dissipation in the system is given by [53]:

(o QT h
g —{28.5 W Jlg(1+148J (14)

Multiplying the rate of energy dissipation with the rinsing time leads to the total stirring energy
introduced into the heat in kJ/t as described in Figure 75. The alloying process leads to a
constant increase until the final analyses is reached. Once again the time needed to reach a
steady state with regard to different elements shows a nearly ideal behavior for Al, C, Mn and
Si. The energy required for complete alloying is in the range 10 to 30 kJ/t compared with 30 —
60 kJ/t for the normal procedure in the steel plant. The trials are indicating that it is possible
to decrease the rinsing time between alloying and sampling according to Figure 76. The
decrease of the rinsing time during alloying diminishes both the risk of entrapment of top slag
due to the emulsification in the presence of high gas flow rates and the danger of re-
oxidation due to the contact between liquid steel and oxygen in the air.
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The comparison of the experimental SAG data with those of the literature [53] shows a good
agreement (Eigure 77) as far as the period for “constant analyses” is concerned taking into
consideration the rate of energy dissipation in W/t instead of the above mentioned total
stirring energy. The normal course of operations needs a larger time as mentioned before.
The results are indicating a potential of further optimization.

050 t argon stirred ladle *)

A200tRH*)

X 50 t ASEA-SKF *)

4 170 t argon stirred ladle at Saarstahl AG, constant C - analyses
© 170 t argon stirred ladle at Saarstahl AG, constant Al - analyses
+ 170 t argon stirred ladle at Saarstahl AG, constant Mn - analyses
- — — | w170 targon stirred ladle at Saarstahl AG, constant Si - analyses

[EnY
o
T
I
|

time for perfect mixing T, s
|
|

0170 t argon stirred ladle at Saarstahl AG, sampling during normal course of operations

L L L L I B | L L L L R |

) K. Nakanishi, T. Fujii, J. Szekely, Ironmaking and Steelmaking (Quarterly) 1975, p.193-197
| | | [ | | | [
| | | | [ A
. . . IR R
T T

1 10 100 1000

energy density in the bath €, W/t steel

Figure 77 - Relationship between time required for complete mixing and energy density

99



5.2.3.4.2.2 Towards smaller controlled gas flow rate for cleanliness

Open-eye, stirring and cleanliness (SAG)

Even the measurements of the temperatures with a measuring rod are recorded very
precisely by the digital image processing system followed by an increase of the open-eye.
This behavior led to additions of ladle cover powder to reduce the size of the open-eye.

According to the research project extensive experiments were carried out with Al de-oxidized
heats for the determination of the de-oxidation process during ladle treatment. The oxygen
contents of several heats with 0.3 — 0.4% C are shown in Figure 78. The total oxygen
content varies between 120 and 180 ppm after tapping. Due to the additions of aluminum
and the other alloys the oxygen content is lowered to approximately 20 to 25 ppm for the non
degassed heats and to 10 — 20 ppm for the RH degassed heats. Sometimes a slight increase
of the oxygen content is coming into appearance during the rinsing period at the end of ladle
treatment, shown in the lower part of the figure. The oxygen activities, the solved and oxidic
oxygen content reach very low values particularly at the end of the ladle metallurgy as shown
in Figure 79. Following the decreasing temperature between start and end of the ladle
treatment it is clearly to be seen in Figure 80 that the position of the industrial 170-t heats in
the metallic system Fe — a(O) — Al is located closely to the equilibrium. On the other hand the
frequency distribution of the total oxygen content during the rinsing period shows clearly in
Figure 81 an increase, attributed to a re-oxidation after the formation of an open-eye.

without RH degassing with RH degassing

Otot content, pp

Otot content, ppm
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Figure 78 - Oxygen content of Al deoxidized heats
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Figure 80 - Position of 170-t heats in the system Fe — a(O) — Al
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Figure 81 - Oxygen removal during ladle treatment of RH treated heats

Tests were performed with regard to the inclusion coming into existence at the end of ladle
treatment. The analyses of typical inclusions of a Ca treated cold heading quality are shown
in the pseudo-ternary system CaO’- Al,O3"- MgO~ (Eigure 82). The Al,O3 rich inclusions are
located mostly between C12A7 and Al,Oz in the edge system CaO — Al,Os;. They contain
CaS and some additions of MgO. During these experiments the attempt was conducted to
minimize the size of the open-eye by lowering the rate of the stirring gas at the end of the
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ladle treatment. The results of the trials are summarized in Figure 83 showing that there is a
quite good correlation between gas flow and size indicating the larger the gas flow rate the
bigger the open-eye diameter.

Al,O3" 2053°C

CA6 1850°C

CA2 1750°C i& K MgO.Al203-spinel

CA 1605°C
20% CaS

C12A7 1455°C

- 100
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Figure 82 - Typical inclusions at the end of ladle treatment in the pseudo-ternary system CaQ’- Al,O; - MgO’
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Figure 83 - Correlation between cleanness and open-eye

In addition the cleanness of these heats was determined by intensive blue brittle tests. The
inclusion length index is plotted versus the aforementioned stirring energy in Fiqure 84.
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There seems to be only a slight correlation between both stirring energy and inclusion length
index. But as soon as an open-eye is coming into existence the inclusion length is higher
compared to those heats produced under a closed top slag.

P
(@)

O with open-eye
"~ e without open-eye

inclusion length index *)

stirring energy, kJ/t

Figure 84 - Inclusion cleanness versus stirring energy [*) blue brittle method]

Evaluation of stirring effect over cleanliness (SIDENOR)

As several maintenance problems made it difficult a direct use of image analysis to relate
open-eye to cleanliness, an indirect approach was selected in SIDENOR, based in
expression (8). More than 200 heats were selected and on-line production data with 0.5 Hz
frequency were collected. With those calculations, stdA values every 2 s were obtained and
finally they were averaged and multiplied by time unit after vacuum before end of secondary
metallurgy. This way, a unique parameter was got, including open-eye size estimation and
time. This parameter is called open-eye risk. Results for 200 heats from different steel
grades exhibit many points with no inclusion even for large open-eye risk index values. No
clear trend could be evidenced. The reason for this poor correlation is likely the
variability and measurement error of the slag thickness and fluidity, because slag
carry-over is variable and no deslagging is generally applied.

Criteria for plug change/choice (ACERALIA — ARCELOR Research)

The obtained static relations between vibration, gas flow rate and gas pressure have been
investigated by ARCELOR Research and ACERALIA. The dispersion of the results is
particularly high for the cases of “pressure/flow-rate” and “vibration/pressure”. By contrast,
the correlation “vibration/gas flow rate” presents a clear logarithmic tendency with less
dispersion as previously shown. Problematic heats statistically fell outside the 90 %
percentile curves: it helps to define the time for plug change and evaluate different plug
suppliers.
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Correlation vibration versus cleanliness (ARCELOR Research)

As explained in the paragraph 5.2.3.2.2.2, this aimed at relating the metal cleanliness to the
stirring/vibration level. In other word, is it possible to find an optimum stirring condition
maximizing the metal cleanliness and to control it in an industrial environment?

Heats were elaborated with an aimed 10-min cleanliness bubbling with a gas flow rate of 100
and 200 I/min. The ladle vibrations were monitored. No open-eye could be observed during
theses tests. Samples of metal were taken every minute during this phase. The evaluation of
the inclusion population has been made by the total oxygen content present as oxides, by
image analysis and using PDA-OES technique. The main conclusions after these trials are
summarized on Figure 85:

e The kinetic of inclusion removal rate is variable from one heat to another. It can be
quick or slow even leading to some global re-oxidation of the bath,

e The relationship between gas flow rate and inclusion removal rate is not very clear,
although better results are obtained for gas flow rate around 100 I/min,

¢ A good relationship exists between the ladle vibration level and inclusion removal
rate. An optimum range of vibration level is found, namely 0.015 to 0.022 m/s? in the
present case. Over this range, the inclusion removal is either null or negative. Below
this range, the inclusion removal is damped. This is in agreement with a recent
publication [52],

Finally, Figure 86 illustrates the conclusions of this development:
e The ladle vibration gives access to the true stirring,
e An optimum vibration range exist for maximizing inclusion removal rate,
¢ A higher vibration index corresponds to the risk of open-eye formation.
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Figure 85 — Optimum rate of inclusion removal for a given ladle vibration range (ARCELOR Research)
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5.3 Conclusions

The general objective of this multi-national multi-partner research project, involving
ARCELOR Research, MEFOS, BFI, ACERALIA, SAARSTAHL AG and SIDENOR is to
develop advanced methods and systems for on-line control of gas stirred ladle treatment
processes in order to improve refining reactions, removal of inclusions and homogenization
during alloying and to minimize slag entrapment and re-oxidation.

This project has reached its objectives. Activities were driven in agreement with the planning
of the project. The developments and cooperation between the partners had led to a much
clearer understanding of the gas stirred ladle treatments.

A correlation giving the open-eye area as a function of a slag Froude number, relating the
gas flow rate and the metal and slag thicknesses, was selected. It fits well with all the data
obtained on water scale models, at lab-scale hot metal experiments, with numerical
simulations and with industrial data.

Image analysis procedures have been developed for automatic threshold and elimination of
noised images. The implementation in plant of video camera proved to be more difficult than
expected.

The ladle vibration increases with the Froude number, relating the gas flow rate and ladle
diameter. This is true for a wide range of experiments driven on both pilot-scale steel ladle
and water scale models and also for industrial plants. This assessment technique of the true
stirring can evidence possible resonance effect related to the development of gravity mode.
Finally a high vibration level corresponds to a risk of open-eye.

Contact and contact-less sensors give similar results. Their advantages and drawbacks are
clarified.

The analysis of inclusion population during cleanliness bubbling in the plants made it
possible to recommend to

e apply a soft bubbling, avoiding open-eye thanks to image analysis and/or based on a
low vibration-level,

e (generate a minimum stirring to get an effective inclusion removal, by aiming at a
given defined range of ladle vibration.

Future developments are proposed in order to take into consideration the slag physical
property and especially its viscosity to describe the open-eye.
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5.4 Exploitation and impact of the research results

Regarding the exploitation of the results, we can mention:

Actual applications are: image analysis at Saarstahl plant and vibration monitoring in
Arcelor plants,

Technical and economic potential for the use of the results: the main outcomes and
possible applications in European steel plants are underlined:

(0]

0]

The concept of soft bubbling procedure,

The similarity criteria and the advanced methods to monitor to bubbling favors
the transferability,

Note that all type of gas-stirred treatment can be controlled through the
vibration monitoring.

All this contributes to productivity increase and energy saving thanks to better
tuning of the treatment time. It impacts positively as well the steel quality.

ARCELOR has patented the vibration monitoring, under the keyword of Kettlor [54].

Results of vibration monitoring were published by ARCELOR in June 2006 at the
EOSC conference in Aachen [55]. Other presentations of the project work are
foreseen in the coming years.
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7  TECHNICAL ANNEX

TITLE: DEVELOPMENT OF ADVANCED METHODS FOR THE CONTROL OF LADLE
STIRRING PROCESS

1. OBJECTIVES

The general objective of this multi-national multi-partner research project, involving IRSID, MEFOS,
BFI, ACERALIA, Saarstahl AG and SIDENOR is to develop advanced methods and systems for on-
line control of gas stirred ladle treatment processes in order to improve refining reactions, removal of
inclusions and homogenization during alloying and to minimize slag entrapment and re-oxidation.

The optimization of the steelmaking conditions will lead to an increase of the yield of addition (of
about 20%), to an increase of the product quality (by 25 %) and to an increase of the length of casting
sequences (of about 25%).

Different sensors will be used and compared, in terms of resolution and performance. Different ladle
scales will be used to be able to define general rules for metal uncovering and optimum working
conditions of sensors. Soft stirring metal inclusion removal and strong stirring for alloying will be
considered.

The main benefits of the proposed research are to:

eincrease the steelmaking and casting productivity by reducing the nozzle clogging phenomena linked
to the global cleanliness of the steel arriving at the continuous caster,

eimprove product quality,

edecrease the steelmaking cost by increasing the yield of addition and by decreasing the thermal losses
(by about 15%).

2. WORK PROGRAMME AND DISTRIBUTION OF TASKS
The specific axes of work in this research are the following:

2.1. INTERACTION BETWEEN STEEL AND SLAG

¢ (as stirring experiments measuring open-eye and surface oscillations
eNumerical simulation of "open-eye stirring”, small scale experiments
eNumerical simulation of "open-eye stirring", plant conditions

oL ab scale and pilot scale trials

2.2. DEVELOPMENT OF SENSORS

eVibration based sensors

eImage processing of slag surface

2.3. TRANSIENT STIRRING PHENOMENA

e Analysis of surface oscillations with and without slag using fluid mechanics
eDevelopment of models describing time depending behavior of the flow pattern in the ladle
e Verification and validation of transient numerical model

2.4. INDUSTRIAL TRIALS

ePlant measurements of vibrations, oscillations and open-eye formation

e Assessment of metal cleanliness

3. WAYS AND MEANS

In order to reach the objectives, investigations using numerical and physical models as well as plant
trials will be combined. The activities will proceed as follows:
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3.1- IRSID contribution
IRSID will focus on the following aspects:

ecomparison of vibration based sensors,
estirring and vibration in lab scale and pilot scale ladles,
eanalysis of stirring condition in full scale water model of lab and pilot scale ladles,
eindustrial tests and impact on metal cleanliness,
ecomparison of vibration based sensor and image processing,
Moreover, IRSID will be in charge of the co-ordination of the present project.
3.2- MEFOS contribution
The work of MEFOS is based on two themes:
Interaction between steel and slag during stirring in a steel ladle

The first theme and objective is expected to be achieved by studying the free surface and the steel/slag
interaction in small-scale experiments and numerical modelling. Small-scale experiments are planned
to be done with a low temperature melting metal system. The characteristics of the open-eye are
measured under different conditions, like slag thickness, slag properties, stirring intensity. Beside
experiments, a numerical model is planned to simulate the metal/slag/ behaviour in the model and in a
plant ladle. Special attention is focused on the "open-eye stirring” at the melt surface. Results from
model experiments are used to calibrate the numerical model. Model predictions are also carried out
for true plant situations, possibly measured by other partners.

Time-dependent behaviour of gas injection, gas plume shape, general flow pattern and oscillation of
metal/slag interface during stirring

The second theme deals with all the time dependent phenomena, which could cause measurable
vibrations or oscillations during the stirring process.

The complete gas stirring process is analysed including the gas injection system, the bulk of liquid
steel and the metal/slag interface using several methods, fluid mechanics analysis, physical modeling,
numerical modeling and plant measurements. Plant measurements of vibrations are foreseen by using
a non-contact laser or other measurement technique suitable for industrial applications, like pressure
fluctuations in the gas injection system.

3.3—- ACERALIA contribution

The following tasks are planned by ACERALIA:

1. Test of sensor in inclusion flotation period at industrial scale

e Different patterns of stirring, verifying with metallographic analysis.
eCheck of the result with those made with the accelerometer.

e Trials and analysis for different steel and patterns.

2. Test of sensor in strong stirring for metal-slag
eTest and trials and cross-check: sensor and laboratory.

e Trials and analysis for different steel and patterns.

3. Definition of best sensor location and best signal treatment
ePerform of the trials in different positions in RH-OB, CAS & INJ station.
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eDepending of the results of the trials in different conditions, the best location will be defined as well
as the best condition for signal treatment.

The sensor is based on image analysis.
3.4- BFI contribution
The following tasks are planned by BFI:

a) Development of prototype image processing system for on-line control and analysis of melt
surface during ladle stirring

eDefinition and selection of appropriate optical filters and detectors to visualize melt surface patterns.

¢ Classifying characteristic surface patterns during ladle stirring with respect to different slag layer
properties at pre-defined stirring conditions.

eDeveloping and testing of an image processing tool for on-line detection and analysis of surface
patterns.

b) Physical modeling for extensive testing, validation and improvement of the image processing
unit
e Set-up of a gas stirred ladle model using water as modeling fluid.

e Definition of a suitable physical model for slag layer properties, like e.g. slag layer thickness and slag
composition.

eDetection of surface patterns for different stirring intensities and different slag layer properties.

c) Development and implementation of a theoretical model for on-line evaluation of stirring
efficiency by observing surface patterns at different stages of gas stirred ladle treatment

eExperimental investigations on interactions between characteristic surface patterns, slag layer
properties and bubble forced flow inside the physical model.

¢ Definition of suitable correlation between characteristic surface patterns and stirring efficiency. (In
addition to the results of physical modeling, this subtask makes use of results from numerical
simulations by Mefos and parametric description of observed gas stirring efficiency extracted by
SAQG).

eImplementation of the theoretical model into the image processing system.

eExtensive testing of the image processing system under well defined conditions in the physical
model.

d) Laboratory trials in hot melts with well defined gas stirring intensities and slag layer
properties

e Definition of characteristic gas stirring intensities and slag layer properties from operational practice.

eExtensive testing and improvement of the image processing system under defined operational
conditions.

e) Operational trials at different gas stirred ladle treatment processes and under varying
operating conditions for improvement of image processing system

eExtensive testing of the image processing system under different operating conditions, like e.g.
alloying and cleanliness stirring. (This subtask will be undertaken in close collaboration of BFI and
SAG.)

e Improvement of the theoretical model and the entire image processing system.
f) Extensive testing during measurement campaigns at gas stirred ladle treatment processes

3.5- Saarstahl AG contribution
The following tasks are planned by Saarstahl AG, concerning using Al- and Si-de-oxidised steels:

e Definition of the “open-eye* and the melt surface pattern by the evaluation of the stirring process
data.
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eParametric description of the efficiency of gas stirring with regard to the requirements of different
stages of ladle treatment.

eInstallation of camera and recording system.

eRecording and classifying characteristic surface patterns during ladle stirring with respect to different
slag layer properties at pre-defined stirring conditions.

eValidation by sampling: analysis of the top slag particularly with regard to steel grade, amount of the
slag former added during tapping and temperature.

Operational experiments will be carried out together with BFI with regard to:

etesting of the image processing system under the SAG condition with 170t-heats (ladle data :
diameter: 3.5 m, height: 3.8 m) like alloying and cleanliness stirring using different top slags.

eComparison and validation of the evaluated gas stirring efficiency with operational experience and
chemical analysis during ladle treatment.

eevaluation of the evolution of the total, solved and oxidic oxygen

econtrol of the nitrogen content as tracer either for a normal oxygen decrease or for the entrapment of
oxygen due to re-oxidation originated by the air before and after each stirring.

econtrol of the inclusions before and after each stirring as tracer for the emulsifying of top slag.
edetermination of the reaction kinetics and the rate controlling step.

eEvaluation of the cleanness in the final product : micro cleanness according to DIN 50602 and the
macro cleanness according to blue brittle tests and ultrasonic tests.

eDetermination by SEM analyses of size and composition of the inclusions in the liquid steel and in
the bar or wire rod.

3.6— SIDENOR contribution
The following tasks are planned by SIDENOR:

e Definition of the stirring standards at the new LFV station at Basauri plant; Different flow rates are
set up according to the process:

» strong stirring (>1200 I/min) after ferroalloys addition, for quick mixing;

» “normal” (200 — 500 I/min, depending on plug and stirring system condition);
» soft for vacuum process;

» soft for inclusion flotation.

A large range of steel grades are produced and slag condition are different as to the oxygen tapping
content or if deslagging is carried out after tapping.

eInstallation of a camera for "open-eye™ observation;
¢ Analysis of the image by digital processing;

eData exchange with other partners (for possible models validation with plant data, industrial trials,
etc.);

e Determination of the “real” stirring based on bath "open-eye" and its surface movement, inlet gas
pressure and slag condition;

eDevelopment and installation of an on-line model to implement automatic stirring programs at LFV;
eEvaluation of the stirring programs reliability;
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4.

PROGRAMME BAR CHART

N° | Themes Semester of the activity
2002 2003 2004 2005
S2 S1 S2 S1 S2 S1 S2
| I 1l v \% Vi VIl
1 Interaction between steel and slag
1.1 Design and construction of a small ladle MEFOS
1.2 Gas stirring experiments measuring open-eye and surface MEFOS
oscillations
1.3 Numerical simulation of "open-eye stirring”, small scale MEFOS
experiments
14 Numerical simulation of "open-eye stirring", plant MEFOS
conditions
15 Initial situation assessment SAG
Recording and classifying of suitable parameters describing
efficiency of gas stirring
1.6 Physical modeling for extensive testing, validation and BFI
improvement of the image processing unit
1.7 Laboratory trials in hot melts with well defined gas stirring BFI
intensities and slag layer properties
1.8 Analysis of stirring condition in full scale water model and IRSID
pilot scale ladles
1.9 Definition of the stirring standards SIDENOR
1.10 [ Installation of a camera for "open-eye™ observation SIDENOR
1.11 | Analysis of the image by digital processing SIDENOR
1.12 | Determination of the “real” stirring based on bath "open- SIDENOR
eye" and its surface movement, inlet gas pressure and slag
condition
1.13 | Global analysis of metal-slag interaction during bubbling | All partners
process
2. Development of sensors
2.1 Comparison of vibration based sensors IRSID
2.2 Stirring and vibration in lab scale and pilot scale ladles IRSID
2.3 Comparison of vibration based sensor and image processing IRSID
24 Development of prototype image processing system for on- BFI
line control and analysis of melt surface during ladle stirring
2.5 Operational trials at different gas stirred ladle treatment BFI
processes and under varying operating conditions for
improvement of image processing system
2.6 Functional Specifications of the sensors ACERALIA
2.7 Technical Specifications of the sensors ACERALIA
2.8 Detailed Requirements ACERALIA
2.9 Performing individual trials and tests ACERALIA
2.10 | Comparison of sensors and of signal treatment All partners
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N° Themes Semester of the activity
2002 2003 2004 2005
S2 S1 S2 S1 S2 S1 S2
| I 1l v \ VI VI
3. Transient stirring phenomena
3.1 Analysis of surface oscillations with and without slag using MEFOS
fluid mechanics
3.2 Development of models describing time depending behavior MEFOS
of the flow pattern in the ladle
3.3 Verification and validation of transient numerical model MEFOS
3.4 Analysis of stirring and interface deformation according to IRSID
the bubbling conditions
4. Industrial trials
4.1 Industrial test of sensors and evaluation of impact on metal IRSID
cleanliness
4.2 Plant measurements of vibrations, oscillations. MEFOS
4.3 Adaptation and installation of the digital image processing SAG
system
Verification and validation of defined efficiency parameters
4.3 Development and implementation of a theoretical model for BFI
on-line evaluation of stirring efficiency by observing surface
patterns at different stages of gas stirred ladle treatment
4.4 Extensive testing during measurement campaigns at gas| BFI/SAG
stirred ladle treatment processes
45 long term operational experiments to verify classified SAG
characteristic surface pattern and defined efficiency
parameters and final adjustment of the on-line digital image
processing system
4.6 Test of sensor in inclusion flotation period at industrial scale | ACERALIA
4.7 Test of sensor in strong stirring for metal-slag ACERALIA
4.8 Definition of best sensor location and best signal treatment | ACERALIA
4.9 Interpreting results ACERALIA
4.10 | Check of values with those from real conditions of the | ACERALIA
process
4.11 | Integration of the measurements ACERALIA
4.12 | Integration in the steel plant application ACERALIA
4.13 | Development and installation of an on-line model to SIDENOR
implement automatic stirring programs at LFV
4.14 | Evaluation of the stirring programs reliability SIDENOR
4.15 | Exchange of results between the partners and common | All partners
analysis and interpretation
5. Evaluation, documentation and reporting All partners -—
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8 ANNEX OF DETAILS

Some details of the partners’ contributions are given hereafter.

8.1 SAG theoretical calculations - Flow pattern in the ladle

3D calculations with Computational Fluid Dynamics, CFD, were carried out to evaluate the
flow pattern under real conditions with different gas flow rates at the steel plant of
Saarstahl AG. Fluctuating velocity fields characterize turbulent flows. These fluctuations
cause transported quantities such as momentum, energy and concentration to fluctuate as
well. In almost all metallurgical processes, the Reynolds numbers are very high, in the ratio
10°-10°. These very high numbers are indicating turbulence, which lead to an exchange of
momentum from faster to slower moving regions of the liquid [sagl]. To mathematically
calculate the rate of change in the continuity and momentum equations, the Navier-Stokes
equation has to be solved. Solving the transient forms of Navier-Stokes equation numerically
demands micrometer-sized volume elements and it is not practical with existing computer
technology [sagl-sag3].

The Navier-Stokes equation can be simplified using time average values and knowing that
V-V =0. Using this, the N-S equation can be written in the x-direction as [sag4]:
ov N, _ OV ov

V-V, —+V, =
ot OX oy 0z

— 2= 2< 25
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The three last components, including the terms of the form (V'X v'x), are known as Reynolds

stresses or turbulent shear stresses. Reynolds stresses are caused by turbulence. To solve
the terms, a turbulence model is needed to describe the turbulence energy.

The turbulence energy transport, k, Equation [sagl]:

ok ok o (v, ok ov, OV )ov, :

— 4+ Vi— = —|———| + v + - €

ot OX; oX; | o, OX, OX; OX; JOX,

rate of

change convection diffusion generation destruction

The turbulence energy dissipation, ¢, Equation [sagl]:

. . . . . 2
@ + Viﬁ — i Ve ﬁ + ClE(G) _ ng_
ot oX, 0X; \ 6, OX; Kk k
rate of
change convection diffusion generation destruction

where G describes the generation of turbulence energy. These two equations are known as
the k-¢ equations. The turbulent kinetic energy, k, is described by the k-equation and its
dissipation rate by the g-equation. k is proportional to the Reynolds stresses. Appropriate
values for the empirical constants C,, C,, Cp, ok and o, in the Equations (2.7) and (2.8) are
presented in Table 2.2.

Table 2.2 Appropriate values for the constants in equations (2.7) and (2.8) [sagl]
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G G Co Ok (o

1.44 1.92 0.09 1.0 13

The k-¢ model has some weaknesses. It is derived assuming full turbulence and problems
can therefore appear when k and ¢ —» 0. The k-¢ model is an isotropic model and as a
consequence of that it is not able to respond to neither concave nor convex curvature effects.
Other consequences are that it is not good in predicting the normal stresses, the square
terms, and it is unable to account for irrotational strains. The advantages of the k-¢ model are
that it is simple due to that it is an isotropic model. It is stable, well established and works
well for several kinds of engineering problems [sag2,sag5].

An alternative to solve the turbulence energy equations is to use the “Reynolds Stress
Model”, RSM. The RSM model is not an isotropic model and can therefore selectively damp
the stresses due to buoyancy, acceleration/retardation, curvature effects and swirling flow.
The main disadvantages of the RSM model are that it is numerically unstable and more
computational expensive to use due to the complexity. The RSM model is favorable to use
where curvature effects are important and it is necessary to accurately predict all Reynolds
stresses, not only the shear stresses [sag2,sag5].

For the three-dimensional calculations, a ladle with the measures of the ones in the steel
plant of Saarstahl AG was created. This ladle is divided into 53 964 volume elements, mainly
cubes of 100x100x100 mm. Smaller elements are used closest to the walls, due to near wall
turbulence. The eccentric position of the porous plug is 1.035 m from the centre. The
positions of the different planes being used in the following figures are shown in Figure S1.

gilgt"e Planes of the 170t ladle used for
the 3D evaluation of steel flow pattern

The generated flow pattern without the injection of a stirring gas consists of two circulating
loops (Figure S2). The steel flows upward in the centre of the ladle and downward along the
walls due to heat transfer from the steel to atmosphere or to refractory of the ladle. The hot
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steel in the centre flows up to the top surface and the colder and heavier steel flows
downward along the walls. The maximum velocity observed is 0.11 m/s. The introduction of a
stirring gas with a gas flow rate of 3 STP m®h generates a larger circulating flow as indicated
in Figure S3. An upward flow is seen where the argon is injected and a downward flow along
all the walls. An upward flow is also observed to the left in Figure S3b. The maximum velocity
of the steel is 0.9 m/s and is seen along the walls and in the middle at the top surface. The
lowest velocity of 1 cm/s is in this case to be expected in the centre and at the bottom along
the walls.
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a) xz-plane

b) yz-plane

The coloured scale indicates the velocity in m/s and the arrows indicate the direction of the flow.

Figure Flow pattern in the 170t ladle
S2 without stirring

124



a) xz-plane

b) yz-plane

The coloured scale indicates the velocity in m/s and the arrows indicate the direction of the flow.

Figure Flow pattern in the 170t ladle
S3 using a gas flow rate of 3 STD m%h

The last step is to calculate the flow variables at high stirring rate conditions, 27 STP m*/h.
This case represents the stirring used in the ladle after tapping and during alloying. The
generated flow pattern consists of a distinguished circulating loop. In Figure S4 there is an
upward flow driven by the argon gas and a downward flow close to the walls in the case of a
gas flow rate of 27 STP m3/h. In the orthogonal plane, Figure S4b, an upward flow is also
observed on the left hand side. The maximum velocity of the steel is 2.4 m/s and is found in
the xz-plane where the stirring gas is injected. Lower velocities are observed in the centre
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and very close to the bottom in the orthogonal yz-plane. It can be clearly seen, that the
eccentric position of the porous plug leads also to a very eccentric steel flow pattern as the
light gas bubbles follow the flow pattern of the heavy steel in such a way that the higher the
gas flow rate the closer the upward flow to the wall of the ladle.

a ) xz-plane

Ar

b) yz-plane

The coloured scale indicates the velocity in m/s and the arrows indicate the direction of the flow

Figure Flow pattern in the 170t ladle
S4 using a gas flow rate of 27 STD m*/h
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This phenomenon is demonstrated in Figure S5. To get a better view of the bottom area in
case of low gas flow rates such as 3 STD m?3/h, the velocity < 3 cm/s is plotted only 1 cm
above the bottom (Figure S5a). The application of high gas flow rates (27 STP m3/h, Figure
S5b) leads to low velocities at the bottom, the flow being parallel to it. The upward flow in the
zone close to the gas flow is clearly indicated by the arrows, which show the direction of the
flow. On the opposite side to the gas flow, the arrows indicate a downward flow. The flow is
mainly in the direction upward or downward, which means that the steel is transported from
the bottom and up to the top surface and it is not circulating at a specific height. The surface
area is characterized by a steel flow pattern directed from the right to left side confirming the
circulation of the steel along the xz-plane in Figure S4a.

For evaluation of the mixing of the steel, turbulence intensity is used. Turbulence intensity, I,
is defined as the ratio of the mean-root-square of the velocity fluctuations, V', to the mean
flow velocity, Vayg.
Vl
l=— (2)
v

avg

Generally, turbulence intensity less than 1% is considered as low and turbulence intensity
larger than 10% is considered as high. The turbulence intensities at the identical heights of
the ladle are plotted in Figure S6. In general, high turbulence intensities are seen in the
upper part while lower intensities, < 10%, are found in the lowest part of the ladle. The
conclusion is that the gas flow rate influences the turbulent intensities very much, particularly
when the gas bubbles reach the surface. In such a case an open-eye is generated in the
vicinity of wall of the ladle since the porous plug is situated eccentrically. This is confirmed
very clearly by the turbulent intensities plotted in Figure S7. But generally speaking the
higher the gas flow rate the higher also the turbulences in the melt. Relatively high velocities
and turbulence intensities are observed, which indicate a low risk that volumes with low mass
and energy exchange exist in this case.

127



a) gas flow rate : 3 STD m?3/h, velocity < 3 cm/s, 1 cm above ladle bottom

31lm

1.5m

5 c¢cm from the

bottom
Ar

b) gas flow rate : 27 STD m3/h

gi59ure Contours and vectors of the velocity in the xy — plane

of the 170 t ladle at different gas flow rates
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a) without stirring

b) gas flow rate: 3 STD m3h
Ar

e

c) gas flow rate: 27 STD md/h

P

The coloured scale indicates the intensity in percent

Figure Turbulent intensities in the xy-plane of the 170 t ladle
S6 at different a gas flow rates
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a) gas flow rate:
3 STD mdh

b) gas flow rate:
27 STD md/h

Ar
The coloured scale indicates the intensity in percent
Figure Turbulent intensities in the 170 t ladle
S7 with different gas flow rates
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Typical tracks of rising gas bubbles are plotted in Figure S8. When a high gas flow rate is
used, the gas bubbles are taking a straight way from the inlet, but further up the momentum
from the circulating steel is affecting the path of the gas bubbles. Followed by that, the
breakthrough zone at the top surface is larger and more widely spread than at low stirring
rate. In other words this leads to the formation of the open eye during ladle treatment.

To study the backflow behind the gas bubbles, the Reynolds number are plotted as seen in
Figure S9. The Reynolds numbers are in general high, > 3000. The backflow of the bubbles
is turbulent and the conditions are favorable to collision, agglomeration and flotation of
inclusions. The results from the calculation where a low gas flow rate of 3 m*h is used, show
a flow pattern of a large circulating loop with an upward flow driven by the injected gas. The
velocity of the flow varies between 0.006 — 2.4 m/s. The turbulence intensity is low close to
the bottom. Stagnant zones exist in the centre of the ladle and close to the bottom. In the
case of 27 STP m3/h velocities and turbulence intensities are roughly doubled while the gas
flow is almost 10 times larger. The risk that stagnant zones exist in this case is small due to
the high velocities and turbulences, which cause a strong mixing of the steel.

However the result of the 3D calculation is that mean and maximum velocity of the steel melt
is influenced very strongly by the gas flow rate.
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Figure
S8

a) gas flow rate: 3 STP m?¥h

b) gas flow rate:
27 STD mé/h

Ar

Typical tracks of gas bubbles in the 170 t ladle
with different gas flow rates
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a) gas flow rate:
3 STD m3/h

b) gas flow rate:
27 STD md/h

Figure Reynolds numbers of gas bubbles in the 170 t ladle
S9 with different gas flow rates
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velocity of the steel, m/s

0 10 20 30 40 50
gas flow rate, STD m®h

gilgol”e Influence of gas flow rate
on the velocity of the steel
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8.2 Installation of a video camera at SIDNEOR for open-eye observation

The first step to fulfill image analysis is to install a digital camera in LF. But this was not an
easy task in Sidenor Basauri LF. The main problem to install a camera in Sidenor Basauri's
LF was that it was not designed to be watched, it was designed to avoid too much oxidation.
For that reason the roof is almost touching the ladle and offers no open space between
them. Over the roof, there is the working platform in such a way that it is impossible to see
the ladle directly from working platform. Another difficulty is the roof itself, it is formed mostly
by water cooled tubes and making a new hole there would require a complete redesign of
the roof. Figure sid 10 shows a drawing of the roof, the lines are parallel or perpendicular to
ladle sides, so any possible hole will have to be either perpendicular or in front of liquid
steel/slag layer. Taking in count all this considerations it was stated the impossibility to
locate a camera outside the ladle and far from the roof because there is no visual angle to
observe the “open eye”. On the other side, inside the roof, heat, dust and smoke conditions
are too aggressive. In consequence four possible sites were studied to situate the image
acquisition system. All of them are shown in figure sid 10.

1. The first location were the holes over the roof (number 1 in figure sid 10). One of the
holes is used to automatic alloy addition and it is connected to addition tube, so it is
not available for image analysis. The other two are the hole used for wire feeding and
the hole used to get samples and take temperature measurements during the heat,
both sampling and temperature measurement are automatic. They are similar in size
and visual angles are not very different from one to the other. Nevertheless, both
holes had several disadvantages: they are over the stirring plug, so optimal angle
would be to place the camera just over one of them. But it was not possible because
of the lack of space to sampling or wire feeding.. In consequence, incidence angles
out of vertical positions were considered. However, it is difficult to get the right optical
angle from there and the lack of space for the camera was a problem too, since
working platform, electrodes, alloy additions tube, wire feeding tube and sampling
device give not much chance to place anything there.

2. The second place was and small hole in one of the sides of the roof. It is there
because ladle arms jut out a bit from the ladle and roof design is adapted to that.
There are two equivalent positions for that but only one is available to visual
observation. (Number 2 in figure sid 10). It had the advantage of the position, it is
opposite to the stirring plug and so visual angles are easier to get. The three main
problems of this site were: the small size of the hole (and it is not always the same
because it is not really a hole, it is a gap); the risk of physical damage when the roof
is placed over the ladle; and that this location is difficult to reach, so it would be very
difficult to make any maintenance work.

3. The third possibility was a gate that was originally designed in the roof side (number
3 in figure sid 10). It was deactivated at LF 2when project began and did not exist in
LF 1. The greatest problem was to make the gate run again properly with the
maintenance work required. On the contrary, this location offered some potential
advantages: As the gate was quite big the camera could be situated at some
distance to avoid physical and thermal damage and it would not be very difficult to
wash or make some maintenance; There would be space to place any necessary
housing .

4. The last idea would be studied in case the other three would be rejected. It consisted

of transporting the image inside the ladle outside, by means of optical fiber or similar.
The location could be any of the precedent ones.
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So the lateral gate in LF2 was regarded as the more suitable position among the four camera
possible locations considered. To make it useful, the gate had to be activated. To fulfill that
aim a considerable slag layer was eliminated, pneumatic and electrical components of the
gate were repaired and finally the gate opened and closed properly. The gate was opened
and closed several times during two months, to check for possible maintenance problems.
The main problem encountered was that pneumatic hoses for gate operation suffered leaks
due to slag splashing. When the leak has too great size the pneumatic closing of the gate
stops to work correctly. Slag splashing occurs mainly when ladle car goes to vacuum
degassing station from ladle furnace, during ladle furnace operation or vacuum degassing it
is sufficiently protected. Up to that moment three problems arose related with the camera
observation:

- The camera was not useful during heating due to the smoke.

- The electrodes must be up to watch the whole slag/steel surface, otherwise they
obstruct the image.

Considering that those difficulties may be faced too, camera suppliers were contacted to buy
and locate the camera as soon as possible. Following the specifications for the cameras
learned from the BFI, and taking in count the temperatures in that site a camera and a
housing were looked for. These are the main characteristics of the chosen devices:

- Camera: Retiga 1300; Housing: NxW Water cooled Stainless Steel housing from
Videotec company; ONXAB Air barrier from Videotec company; Motored Zoom
Lens; Toughened glass (350°C Resistant); A computer for Camera Controlling;
Camera Controlling and data acquisition Software

When all components were in Sidenor, the housing was installed in ladle roof near the gate.
For that purpose a tube was welded to roof structure. It was the base for a pole mount
adaptor and there was put the bracket which sustains the housing itself. Figure sid 11 show
the whole system mounted in the roof including water supply for housing cooling and air
supply for avoiding dust sticking in the front crystal of the housing. After housing installation
the camera was not immediately installed until housing resistance and cooling capabilities
were tested..

However several problems aroused after camera installation.

e As mentioned before, the gate for the camera opened and closed by a pneumatic
system and due to slag splashing the air hoses suffered leaks that impede full gate
closing. At first stages of the gate opening operation those hoses were changed to
permit full gate open and closing, but this maintenance work could not be done always
as soon as required and the gate slightly opened did not cause any trouble to the roof.
But regrettably it represented a great problem for the housing, mainly for the front glass
of the housing. In little time even with the gate only slightly opened a thick solid slag
layer covered the front crystal impeding any visual observation through it. Slag splashing
was greater than expected and in little time closed completely the front part of the
housing as showed in Figure sid 12. This dramatic harm of front glass was more
disappointing because it occurred in a short time and by the erosion of broken glass
pieces it may be deduced that even first slag drops were enough to break the glass or at
least to obstruct seriously the visibility. In spite of that the air flux created by housings air
barrier worked quite well even after thick slag was sited in the housing front part; the air
current was quite reliable but clearly not able to stop slag drops coming from the ladle.
Different approaches were tried but finally this problem was solved welding a protective
steel sheet in the inner part of the gate. This sheet is a good protection against slag
splashing and does not need repairing or maintenance because as it gets a thick layer of
slag quite fast and it is welded to the refrigerated gate.
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e Another problem related with the camera was the connection with the PC. Retiga
cameras connection to the PC is firewire and for this kind of connection it is not possible
to get any desired length wires. Wire distance form the camera to the PC in Ladle
Furnace cabin was slightly more than 20 m. Sidenor opted to install a new (not so
standard) 10m firewire wires and with three of them united by repeaters. This
configuration worked correctly as long as the repeaters were supplied with electrical
power to maintain connection quality.

e A different situation occurred when, due to a mechanical failure in the ladle car, the ladle
stopped for a long period (some minutes) just under camera equipment. This is a
strange circumstance because this kind of failure does not occur more than 2-3 times a
year a not necessarily in that site; but that time, as a consequence, electrical and signal
wires were destroyed, however the camera itself did not suffer any harm because of the
housing and the roof itself protection. After that, wires and connections were substituted
and were have double protection against heat and it is expected it will be sufficient
protections next time.

e Another important problem happened when lateral gate opened completely and did not
close at all. This case is significantly different form not closing completely because apart
from slag splashing the housing is receiving direct arc radiation too. The 3" electrode is
quite near to the housing. So, is this case, the lens glass itself resulted very seriously
damaged with arc radiation (Figure sid 12). After short time slag splashing covered the
front glass of the housing and protected the rest of the equipment. Hopefully the camera
itself did not suffer important damages. A new lens was bought, an emergency
protection sheet has been manufactured and two improvements in the gate have been
developed in order to avoid any future failure of this kind, anyhow if this problem
happened again it would be very damaging too.

e To get the appropriate orientation for the camera was not an easy task too. Positioning
operation with full ladle was not safe and without ladle was impossible to check and
housing movements were clumsy in the small space available.

Those difficulties led to several delays in the project development and impeded early
beginning of image analysis related tasks. Anyway, useful images were got and image
analysis was performed upon them as explained in the report. Some image acquisition was
performed too in the ladle_introduction_to_the_car position. However, required maintenance
work was considered too high to maintain this configuration as an on-line image acquisition
system. An important conclusion from this work is that getting a reliable image acquisition
system is highly depending on the ladle roof configuration and roof designs may be very
helpful or very distorting for this purpose. In Sidenor case the three main general design
difficulties have been: a closed roof combined with electrode heating and small free board in
the ladle that produces more slag splashing.

137



Figure sid 10 Schematic drawing of the roof in LF 2.

Figure sid 11 Housing mounting system on LF roof.
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Figure sid 12 Several problems occurred with image acquisition system.
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