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Allow me to present to you our paper, which is titled:

OPERATIONAL EXPERIENCES WITH THE OPTIMIZATION OF SECONDARY COOLING

The authors are from Brno University of Technology and EVRAZ Vitkovice Steel.
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MODEL OF RADIAL SLAB CASTER
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Here you can see a picture of a typical radial slab caster.

The mathematical model requires spatial discretization. The mesh is generated automatically.  The slab were analysed in only one of its symmetrical halves.
The selected density for our slab sizes, was:
Thickness of 250 mm is divided 25 unit volumes in the x-direction, 
Width 800  to 1600 mm is divided 50 unit volumes in the y-direction,
2000 unit volumes in the z-direction, which is the direction of movement of the slab.
The entire length of the blank in the z-directrion - from the level in the mould, down to the cutting torch, is approximately 24 meters.

The time discretization is for the explicit method is very important. The time step was selected within the range from 0.1 to 0.5 seconds and depends on the casting speed
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ENTHALPY AS A FUNCTION OF 
TEMPERATURE

ρ(t) [kg.m-3]

k(t) [W.m-1.K-1]

c(t) [J.kg-1.K-1]

Hv(t) [J.m-3]

L     [J]

This function must be known for the relevant steel.
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This point can change its phase or
structure during the simulated
process. The enthalpy function
contains the latent or structural
heat of each change.
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Our numerical model, which is based on the explicit difference method.
In this way, it is possible to apply, more simply, the most elegant method of numerical simulation of the release of latent heat of phase or structural changes using the thermodynamic enthalpy function.
This function must be known for the relevant steel. 
It is very important to set the thermo-physical and material properties of the system, including their temperature dependences. 
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BOUNDARY CONDITIONS

Experiment for each nozzles

Natural convection

Q [W] heat flow htc [W.m-2.K-1] heat transfer coefficient l, d [m] roller dimensions ε [-] emissivity

Radiation
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The next step is the setting of boundary conditions, which are the heat transfer coefficients on all caster boundaries and their dependences on temperature and other operational parameters.
The definition of the boundary conditions is the most difficult part of the investigation.

The boundary condition situation is outlined in the figure. The cooling by the water nozzles has the main influence and it is therefore necessary to the determination of the heat-transfer coefficient of the forced convection. The model obtains its heat-transfer coefficients from measurements of the spraying characteristics of all nozzles used by the caster on a so-called hot plate in an experimental laboratory. 
 
The resultant heat transfer coefficient contained reduced heat transfer coefficient from radiation.
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OPTIMAL SURFACE TEMPERATURE 
AT UNBENDING POINT
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The critical point in terms of surface defects  is the surface of a small radius and especially straightening. For each steel  grade can be determined by the temperature range of surface temperatures  in this point, which will be a minimum of surface defects.

This surface temperature is monitor by a pyrometer.

In straightening load is changed from pressure to tensile.

Cooling zones which influence the surface temperature at the point of straightening are 6, 8 and 10.
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BOUNDARY CONDITIONS ALONG
THE CASTER

Cooling 
zone 6

Cooling 
zone 8

Cooling 
zone 10
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Figure shows the courses of the resultant heat transfer coefficients along the small radius of the caster. On a specific slab caster, the nozzles of the secondary cooling are divided into thirteen independent regulation zones, which enable the formation of the temperature field of the slab.

In zones 6, 8 and 10 are installed identical air mist nozzle Lechler.

In the last part of 2012 were replace nozzles 100.638.30.24 by new nozzle 100.528.30.24 in cooling circuit.
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CHARACTERISTICS OF NOZZLES LECHLER 
100.638.30.24 AND 100.528.30.24
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The air mist nozzle 100.638.30.24 cools the surface for the minimum water flow too much, because it was designed for the substitution of a smaller nozzle 100.528.30.24.
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DIAGRAM OF MEASUREMENT CONFIGURATION OF 
THE COOLING EFFECTS OF NOZZLE
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One of the possibilities of how to determine the heat-transfer coefficient beneath the cooling nozzles inside a laboratory is via measurement on a hot plate, which is a steel plate with installed thermocouples.
 
The plate contains 14 thermocouples at a depth of 2.5 mm from the bottom surface which is sprayed.

The laboratory device allows the setting of:
The nozzle type
The flow of water
The air-pressure
The distance between the nozzle and the investigated surface
The surface temperature
The casting speed 
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INFLUENCE OF 
SURFACE TEMPERATURE ON HTC
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This figure shows the heat transfer coefficient in dependence on the surface temperature at the points A to G. The Lechler air mist nozzles have low dependence of heat transfer coefficient on the slab surface temperature in the operating range 800 to 100 C. 
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HEAT TRANSFER COEFFICIENT 
OF THE NOZZLE

Nozzle 100.638.30.24 
Water flow 2.2 l/min
Air pressure 0,2 MPa

Nozzle 100.528.30.24 
Water flow 2.2 l/min
Air pressure 0,2 MPa

Nozzle 100.528.30.24 
Water flow 1.5 l/min
Air pressure 0,2 MPa
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These figures present the measured values of the heat transfer coefficients processed by the temperature model software. For nozzle configuration, there is a graph of the 3D graph of the heat transfer coefficient beneath the nozzle. 

These graphs are plotted for a surface temperature of 800 to 1000 °C.
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TEMPERATURE FIELD 
OF CURRENT STATUS

More intensive cooling in 
the middle of slab
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Temperature field and course solidus and liquidus curve are simulated for the current state of the caster. Temperature field shows the need to increase the temperature at the center of slab surface.







Nozzles 100.638.30.24 
Water flow per nozzle 2.2 l/min
Circuit 6 - 29 l/min
Circuit 8 - 39 l/min
Circuit 10 - 30 l/min

Nozzles 100.528.30.24 
Water flow per nozzle 2.2 l/min
Circuit 6 - 29 l/min
Circuit 8       - 39 l/min
Circuit 10     - 30 l/min

Nozzles 100.528.30.24 
Water flow per nozzle 1.5 l/min
Circuit 6 - 18 l/min
Circuit 8       - 18 l/min
Circuit 10     - 15 l/min

950 °C

980 °C

1010 °C

12

Předvádějící
Poznámky prezentace
The graphs show the resultant temperature field for individual cooling curves. The first shows the surface temperatures of the slab in the caster using 100.638.30.24 nozzles and current setting secondary cooling to flow 2.2 l / min per nozzle. The following figure shows the temperature for the same conditions only in zones 6, 8 and 10 is used 100.528.30.24 nozzle. The last figure showing the surface temperature for the water flow 1.5 l / min per 100.528.30.24 nozzle  in zones 6, 8 and10. These calculations show that the criteria of the new nozzles increase the surface temperature at the straightening point of the small radius about 100 °C, while at higher flow water rates and the new nozzle can be cooled as intensively as the original nozzle.
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THE CASTING TECHNOLOGY 
CONTROL SYSTEM
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Figure illustrates a specific case of integration of models into the casting technology control system of a caster for the casting of steel and the quality system for slab casting at EVRAZ VITKOVICE STEEL. The caster control room is equipped with a two-processor workstation where the on-line dynamic model is running nonstop and which receives data from the 1st and 2nd levels of control. 
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COMPARISON OF MEASURED AND 
CALCULATED TEMPERATURES
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The left figure compares all heat by whole 2012 year for steel with carbon content of 0.16 % with the original nozzle and new nozzle. The heat is about 30 minutes and in figure is represented by one vertical line

The graphs indicate that the measured temperature by pyrometers and calculated values are practically identical in terms of their trends. 

The right figure compares all heat for steel with carbon content of 0.10 %.
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FUZZY REGULATOR FOR OPTIMIZATION 
CONTINUOUS CASTING PROCESS

 Maximize the productivity of casting by maximizing the casting speed
 Reach good surface quality by keeping the surface temperature at certain intervals. 
 Control the inner quality which is influenced by the position of the metallurgical length
 Optimal react on dynamic changes of process parameters
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The off-line version of fuzzy regulator is linked to the off-line numerical model of temperature field. The off-line regulator was design to find an optimal casting speed and cooling intensity in secondary cooling in order to obtain the temperature profiles in prescribed ranges and to maximize the productivity for arbitrary grade of steel. 
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POSSIBLE USAGE OF FUZZY 
REGULATOR

The optimal relationship between casting speed and cooling intensity.

2
0 1 2WaterFlow Speed Speedβ β β= + +
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The search for the optimal relationship between the casting speed and the cooling intensity is simply based on the gradual increase of casting speed from 0.7 m/min to 1.0 m/min. The algorithm for every value of the casting speed is capable to find a corresponding cooling intensity. From the optimization results the data where the metallurgical length exceeded the given limit (from 14 m to 24 m) and where the maximal error exceeded 50 °C were discarded.
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CONCLUSION

 Using numerical simulations, experimental measurements and inverse 
task has been verified that the replacement of a smaller type of 
nozzle will meet the requirement to increase the surface 
temperatures on a small radius at point of unbending

 Cooling effect of nozzle in the temperature interval from 700 to 
1100 ° C does not depend on surface temperature of slabs

 The new smaller nozzle reduces cooling of the surface at the same 
flow rate of 10 % and allows use of smaller water flow and then 
cooling reduce by up to 20 %

 Monitoring of secondary cooling and operation of the caster using 
the on-line model
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Using numerical simulations, experimental measurements and inverse task has been verified that the replacement of a smaller type of nozzle will meet the requirement to increase the surface temperatures on a small radius at point of unbending.

Furthermore, it can be stated:

cooling effect of air mist nozzle in the temperature interval from 700 to 1100 °C does not depend on surface temperature of slabs
The new smaller nozzle reduces cooling of the surface at the same flow rate of 10% and allows use of smaller water flow and then cooling reduce by up to 20%
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That is all for the actual presentation, …

Thank you for your attention.
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