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Abstract
To know temperature and deformation of a vessel shell of steelmaking converters, is already years a wish for maintenance teams of steelmaking plants. Such information should help to predict the remaining lifetime, detect damages in refractory, compare operation conditions, etc. However, the most interesting parts of a converter are barrel section and top cone. But exactly these areas are hidden behind trunnion ring and slag shields and do not allow to use infra-red cameras or other observation tools. Consequently, sensors have to be arranged directly on the vessel shell, which is exposed to extreme conditions, such a high temperature, dust, chemical, mechanical and even thermo shocks by water leakages. All these facts, but at least the high temperature, makes it impossible to use electronics, which has a maximum working temperature of 80° C.

In 2019 Danieli Corus developed an online temperature measurement system. The first field tests have been performed within a co-operation with voestalpine Stahl GmbH in Linz, by installation of three temperature measuring elements, the so-called Q-Temp 2.0 element, inside the trunnion ring of LD-converter #9. After some optimization in April 2021, these three elements are still sending online temperatures of the vessel shell.

Based on this design, such Q-Temp 2.0 elements have been then installed on both 180 t LD-converters for a steel plant in Brasil, which are running since 2021 and 2023. There, 32 Q-Temp 2.0 elements and two infrared cameras are arranged to have temperature images of the complete vessel shell. In 2024 all three LD-converters at voestalpine Stahl Linz have been equipped with such elements monitoring the temperature of the top cone close to the tap hole. 
In a next step, Danieli Corus upgraded the Q-Temp 2.0 sensor by adding an electric resistance for measuring vessel shell deformation. This, so called Q-Temp 2.1 element, was developed and tested in the laboratory of Danieli Corus and then installed in the trunnion ring of LD-converter #7 of voestalpine Stahl Linz in October 2024. The results are very promising and are presented here as well. Now the long-term experience is under the focus. In parallel a 240 t LD-converter in Latin America was revamped by Danieli Corus and came in operation by end of 2024, equipped with 12 Q-Temp 2.0 elements, two infrared cameras as well as four Q-Temp 2.1 elements.
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1. INTRODUCTION

To know as much as possible of a steelmaking process is importance for optimization and further development. But during combustion of oxygen, which is acting under very high temperatures, enormous turbulences combined with high dust emission, makes it almost impossible to observe or measure directly. Hence, indirect measurements are the only way out, such as offgas analysis (chemical composition, temperature, flow rate, etc.).
Another important topic is to control the conditions of parts which are handling the liquids and solids, such as refractory lining, vessel shell, etc. The refractory is a wear part and has to be exchanged after a certain period of time. This so-called campaign is different from plant to plant but should be as long as possible. With laser scanning the thickness of this lining is checked frequently, which gives important information about its condition and required repair or remaining lifetime.

Of not less importance is the vessel shell. It holds the liquids and other material as well as the refractory inside and provides the movements (charging, tapping, etc.) and is exposed to high temperatures and other mechanical, chemical and physical impacts.  A typical lifetime is 20 years up to 40 years but under very rough operation condition can be decreased to 10 years or even less. The vessel shell itself is kept in space by the suspension system and the trunnion ring. During operation the elevated temperature and stress of the vessel shell create long term deformation (creep deformation) which increase the diameter (circumference) of the vessel or even create local bulging. The end of the lifetime is definitely reached when the vessel shell gets too close or even gets in touch with the trunnion ring.
To have information about these factors would be helpful for a better understanding what is going on with the equipment and it should not be an issue to measure such parameters online. There are plenty of sensor on the market with high resolution for such tasks.

But what makes it so difficult are following facts:

· The areas of interest are behind the trunnion ring and the slag shields of the top cone.
This demands sensors which are in direct contact with the vessel shell.

· The temperature of the vessel shell and the adjacent parts are up to 500°C or even more.
This does not allow to use any electronic sensors.

The development of such sensors and its realization is briefly described in the following chapters.
2. TEMPERATURE SENSOR: Q-Temp 2.0
The first so called Q-Temp elements have been installed in a plant in Ukraine using thermo resistance sensors. But the lifetime of those were not satisfactory. For the next generation, the so-called Q-Temp 2.0 elements, thermo-couples have been used instead with following characteristic:
· K-type thermocouples with a temperature-range from -200°C up to 1300°C

· Accuracy of thermocouple and analog input or transmitter +/-0.5°C

· Thermocouple and cables can resist up to 1000°C

Additional demands of the sensor which had to be solved:

· To be arranged inside the trunnion ring for easy maintenance.
· Has to keep permanently contact with the vessel shell, which is deforming or even moving driven by temperature and other mechanical influences.
· Has to be protected to withstand mechanical impacts from outside, e.g. slopping during production or skull following during rotation of the converter.
· High temperature cables to be guided through trunnion pin to a terminal box.
Based on this experience and the additional requirements, Danieli Corus optimized the system. The actual design concept found is shown in Figure 1.
The complete element is installed inside the trunnion ring. What is required is just a hole, drilled through the inner web-plate, which allows a general application of this sensor to more or less any converter respectively trunnion ring, independent if it is new or is already in operation for years. 
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Figure 1: Design concept of the Q-Temp 2.0 element.
The fixed base plate is welded inside the trunnion ring onto the inner web plate, All other mechanical parts (protection pipe, moveable base plate, springs, etc.) are just bolted to this fixed base plate, which allows an easy maintenance or an exchange of parts in case of. Finally, the thermo-couple itself is introduced into the protection pipe and the cables have to be guided inside the trunnion ring and through the trunnion pin to the outside.

The first installation of three prototypes of these Q-Temp 2.0 elements (at location east, south and west) have been done on converter  #9 at voestalpine Stahl Linz in 2020 (see Figure 3). This converter is in operation since 2009 and the cables could be simply guided through the short trunnion pin outside and are there directly connected to a terminal box, which feeds the data into the Level 1 system.
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Figure 2: Installation of 3 prototypes of Q-Temp 2.0 elements at voestalpine Stahl Linz in 2020
After some optimization, these Q-Temp elements provide continuously online temperatures since 2021. The signals are directly integrated into the Level 1 as well as Level 2 system. Typical temperature trends are shown in Figure 3.
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Figure 3: Left: Temperature Trends of each individual element (Level 1), Right: Trends of max. Temperature for each heat and quadratic approximation shown in the Level 2 system.
Danieli Corus further developed the Q-Temp 2.0 elements for the top cone, with similar demands to install, maintain and exchange the thermo-couples from inside the trunnion ring. However, the distance between trunnion ring and measurement spots on the top cone are much larger. But this became an advantage, by using the flexibility of the protection pipe as elastic element to compensate the relative movement of top cone to trunnion ring. Consequently the large springs and most mechanical elements are not required. The design principles are shown in Figure 4.
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Figure 4: Q-Temp 2.0 element for top-cone temperature measurement, HMI of Q-Temp system
Based on the experience at voestalpine and further developments, Danieli Corus got the order for the installation of a complete online measurement system on two 180 t converters for Usiminas in Brasil. There, 16 Q-Temo 2.0 elements for the barrel- and 15 for the top cone-sections as well as two infrared cameras for the converter bottom, including software and HMI have been installed in came in operation in 2021 and 2023.

2024 voestalpine ordered Q-Temp 2.0 elements for monitoring the temperature close to the tap hole. The background for this decision was, that voestalpine found serious reduction in the thickness of the base material of the top cone in this area on all three converters. The reason was not clear. However, this area suffers from intensive heat radiation during tapping, hot air, loaded with dust and aggressive chemicals from exterior and additional heat and load from inside the converter for even more than 10 minutes during tapping. In any case, it should have something to do with the temperature. Consequently to know the temperature level there, is a helpful indication to avoid overheating and keep the material in acceptable working conditions and avoid e.g. changes in its micro structure.
The installation of these Q-Temp 2.0 element was challenging as well, because similar harsh conditions have to be managed for those as well. An overview is shown in Figure 5 and pictures of the real installation in Figure 6.

.
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Figure 5: General arrangement of the Q-Temp 2.0 elements tap hole temperature
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Figure 6: Arrangement of the Q-Temp 2.0 element at voestalpine for the top cone and typical temperature trends.
These temperatures give further information which is helpful for better understanding a complete temperature cycle of this area, e.g. cooling down for new relining, heating up after relining, start up with the first heats, etc. Some examples are shown in  Figure 7. 
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Figure 7: Temperature close to tap hole and tilting angle during cooling down phase of converter
3. TEMPERATURE-DEFORMATION SENSOR: Q-Temp 2.1
Based on the good experiences of these online temperature measurement sensors, Danieli Corus made the next step and added a deformation sensor.

For this sensor, called Q-Temp 2.1 element, the most challenging task was, to apply electric components which can withstand min. 250°C. There is a matter of fact, that the maximum temperature for electronics is 80°C, consequently only very robust electric elements could be used.

Finally an old but well proven technic brought the success, which is a simple electric resistance.

The basis is a ceramic tube, with an on the outside winded electric wire. The electric contact sits on the base plate of the thermo-couple and touches the resistance. When the thermo-couple moves together with the vessel shell, the electric resistance of the sensor changes accordingly, which then direct proportional to the relative distance between vessel shell and trunnion ring. The resolution of the sensor is as good as the thickness of the electric wires, which is around 1 mm.
To improve this resolution, a mechanical “magnifier”, by means of a “Pantograph” was added, see Figure 8.
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Figure 8: General arrangement of Q-Temp 2.1 sensor with pantograph as magnifier

However, for first prototpye of a Q-Temp 2.1 element, the pantograph was not appllied and the distrotion of the vessel was directly introduced into a movement of the electric contact (see Figure 9). The relationship between movement of the electric contact and the changes in the resitance has been verified in the laboratoy and was later used in a formular in the Level 1 system.
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Figure 9: Prototype of Q-Temp 2.1 element with deformation measurement sensor
In order to have a worst case scenario, it was decided to install this prototype on the tapping side and as close as possible to the tap hole. In October 2024, converter #7 was stopped for a major repair and this time was used to drill a hole at the inner web plate of the trunnion at the above mentioned location and install the prototype of the Q-Temp 2.1 element, see Figure 10.
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Figure 10: Location and installation of Q-Temp 2.1 prototype at converter #7 at voestalpine
The reference distance between trunnion ring and vessel shell at this location has been measured with 109 mm. Based on this clearance and the relationship between deformation and resistance changes, it was possible to show the actual position of the sensor, which is representing the clearance between vessel shell and trunnion ring directly in the Level 1 system.

As an example, the temperature and distortion of vessel shell during heating up and start-up are shown in Figure 11. The trends are very interesting and are confirming the usual understanding, that during heating there is almost no increase in the vessel shell temperature and accordingly no deformation.

Just during the first heats, the temperature increases slowly and the clearance to the vessel shell decreases from the initial 109 mm to 100 mm after 15 heats. Hence, the changes in temperature and clearance for each heat are nicely recorded.
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Figure 11: Tempeature and deformation during heating up and the first heats
Another example is the effect of a short stoppage by 3 h, which is shown in Figure 12. During this time the clearing to the vessel shell increased by 10 mm, from 80 to 90 mm and the temperature dropped from approx. 480°C to 400°C.
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Figure 12: Example of the effect in  Tempeature and deforation during a short stoppage

4. Analysis of the measured data:

For the temperature, there are not so much interpretations required, but the movement of the deformation sensor can be caused by different effect which appear usually simultaneously.
Such deformation can have different reasons:

· thermal Expansion due to elevated temperature

· elastic deformation due to mechanical loads on or in the converter

· plastic deformation due to local yielding of the material

· creep deformation due to long term heat input under mechanical load
· relative movement due to clearance, offsets, loosing elements in the suspension system

· other overloading of the converter

Not to forget, that failures in the measurement equipment itself (e.g. hysteresis, losing electric contact, oscillations during measurement, over-runs) can simulate a converter deflection which is not real (see Figure 12). Hence, to assign a measurements to a certain reason or to quantify how much a deformation is caused by which effect, specific load cases have to be analyzed. When the converter is not rotating and no other external impacts are acting, the deformation is direct proportional to the thermal expansion. An example is the 3h stoppage in Figure 12. The increase in clearance by 10 mm is caused by the temperature decrease of approx. 80°C.

When the converter is continuously operating, heat after heat, the measured changes in clearance are basically elastic deformation in the system, coming from validation of the vessel shell, elastic deformation or even clearance in the suspension system.
An example is shown in Figure 13. There the first heat shows a deviation in the clearance of approx. 8 mm and the next two heats of only 3 mm. This could be an indication, that there were different conditions or other issues on the fist heat compared to the next ones.

The long term deformation, which are relevant for the remaining life-time of the converter, can be observed and compared between stoppages for relining. Currently the converter has room temperature and is in upright position.
The only reason for a change in the clearance between vessel shell and trunnion ring is creep deformation. To compare this development over years can help to extrapolate the time for a converter replacement.
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Figure 13: Sensor data during 3 consecutive heats
5. Conclusion and Outlook
To have online measurements of the converter vessel shell temperature in the area of interest, is an very helpful additional information for the steelmaker. Particularly in areas which do not allow a direct view during operation, such as behind the trunnion ring, around the tap hole behind the slag shields. However, such temperature monitoring systems are state of the art and are already implemented in some converter plants.
Together with voestalpine, DC developed a sensor, which provides online additionally the clearance between vessel shell and trunnion ring. The first prototype has been installed in october 2024 on converter #7. Since this time the sensor delivers this data online into the Level 1 system.

To have additional online information about the actual clearance between vessel shell and trunnion ring is another step ahead in built up know-how what is going on in the converter system.

Such measurements open a wide field of information about the condition and behavior of the converter but also for interpretation what can be the reason and what information could be derived from this data.

Some examples, ideas and possible reasons have been presented. However, this is just the begin or a learning curve of such a system.
Next steps are e.g. to think about how many of such Q-Temp 2.1 sensors at which locations can provide an overview of the deformation of the complete vessel shell. Which loads, temperatures or other factors influence the converter deformation and in which direction, etc.

Future ideas are to apply analysis of all available data (process, operation, tilting angles, external impacts, temperature, deformation, etc.) add artificial intelligence and building up an expert system for the complete BOF.
Even in the time of a complete change in world-wide steelmaking, in getting rid of the big emitters of CO2, such as blast furnaces, the converter will be an important process for the next decades.
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