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Abstract

:

Hot rolling is a highly efficient steel processing method involving the heating and subsequent rolling of semi-finished cast products within mills; however, heating results in the formation of an undesirable, inhomogeneous oxide layer on the surface. Removal of this layer, known as scales, prior to rolling is essential to prevent scales from being rolled into the surface. The scales are removed in the descaler. Most descalers use multiple high-pressure hydraulic descaling nozzles with overlapping sprays. This setting can cause excessive cooling in the overlap area, uneven descaling of the surface, and the presence of residual scales. It can also result in uneven cooling at the finishing line. This study illustrates a typical nozzle configuration commonly used in industrial plants in the hydraulic descaling process and compares its results with a new configuration. The research focuses on examining the overlap area and the washout area of the sprays. The goal is to address the inhomogeneous descaling problem and propose procedures to prevent residual scales. It was shown that one of the problematic areas is the washout area, where the average thickness of the remaining scales was more than four times higher than other descaling areas. Reducing the offset angle has proven to be a good way to eliminate the washout area and achieve a homogeneous descaling process.
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1. Introduction


Hot rolling is a very productive method of steel processing today. A semi-finished cast product (slab, bloom, or ingot) is heated and fed into the rolling mill. During heating, an unwanted oxide layer is formed on the surface. The oxide layer is inhomogeneous and consists of three main components, wüstite, hematite, and magnetite, with many voids in between [1]. Determining the physical properties of this locally porous structure is difficult [1,2,3,4,5]. This layer of scales must be removed prior to rolling; otherwise, the scales will be rolled into the surface (creating an uncomplying product) and cause significant wear on the mill rolls. Nowadays, mid and high Si (silicon) steels have become more popular due to a good ratio between mechanical properties and price. However, these steel grades are difficult to descale due to the presence of an adherent fayalite phase [6]. Many other recent papers also focus on Si-containing steel due to this fact [7,8,9,10]. Even low Si steels can contain 16–20% Si in the as-cast surface layer [11].



The scales are removed in the descaler. The majority of the descalers use high-pressure hydraulic descaling [8,11,12]. The descaler typically consists of one or two rows of high-pressure nozzles. The descaling spray creates a water knife that removes the scales from the surface and reduces the surface temperature. According to [13], the affected layer is estimated to be 12 mm. Article [13] also states that in hot rolling processes, the spray significantly affects dislocation density and has a moderate effect on recrystallization and grain size refinement.



Since one nozzle cannot effectively cover the entire width of the steel strip, multiple nozzles with overlapping sprays must be used. The overlap area is often overcooled [14]. This setting can result in uneven descaling of the surface and residual scales. However, most papers present results with a single nozzle test [6,7,11,15,16] or without considering the interaction between multiple jets [8]. Research at the Brno University of Technology also focuses on the interaction between multiple water jets using various types of experiments such as impact pressure distribution measurement, erosion test, hot descaling test, and heat transfer measurement because the interaction area was found to be critical for the quality of descaling [17].



The residual scales are usually unevenly distributed on the rolled plate and can affect the wear of the work roll both mechanically and thermally [18]. They drastically reduce the heat transfer coefficient. This leads to uneven cooling at the finishing line. The scales also suppress radiation emissions, and the pyrometer on the hot-rolling line measures a lower temperature than the actual one. This can lead to incorrect evaluation of the rolling process and incorrect intervention [19]. Also, a bright band (alternatively bright trace or ridge) is a common phenomenon that can appear on the surface of a hot-rolled strip [20].



Much work has been done in the field of mathematical modeling of single droplets [21,22] and metal forming [23]. The studies of high-pressure (high-velocity) water jets have shown that the assumption of single droplets is typically far from reality and that the jet consists of water clusters or bunches [15,24]. As presented in [25], using scanning electron microscopy, water droplets cause erosion differently from erosion caused by water clusters or bunches. The modeling of descaling still relies on precisely determined boundary conditions because the process is very fast, and there are many variables that can affect the interactions on the surface [26]. Therefore, experimental work is crucial for optimizing the process itself and irreplaceable for verification.



This article illustrates a typical configuration commonly used in industrial plants in the hydraulic descaling process and compares its results with a new configuration. The work focuses on the overlap area and the washout area of the sprays. This study draws on research carried out in previous years in our department and presented in papers [14,27]. At the end of the article, procedures for preventing residual scales are proposed.



This study attempts to address the problem of inhomogeneous descaling and ridge formation on the surface.




2. Nozzle Configuration


Each nozzle is characterized by its spray angle α (see Figure 1), and flow rate Q. The mutual position of the nozzles can be described by several parameters: pitch E, height from the surface H, inclination angle β, and offset angle γ.



In order to descale the entire width of the steel strip, the nozzles have to overlap in a so-called overlap area (see Figure 1). The overlap area is covered by both sprays, resulting in a greater cooling impulse on the surface in this area. The overlap area for configurations with a non-zero offset angle causes a reduction in the impact pressure on the left side of the right jet. This area is called the washout (see Figure 1).



An additional parameter called spray spot distance S was added for the purpose of the research. This parameter determines the distance between the nozzles in the rolling direction. Under operating conditions, this distance is set to zero, and the nozzles are lined up. A positive value of the spray spot distance increases the washout of the right nozzle, creates a smoother pressure reduction in this area, and can simulate a wide range of conditions for spray angles α.



Complete information of all four presented nozzle configurations are summarized in Table 1. The most important settings are commented on in the following paragraph. The feed water pressure of 40 MPa was chosen because it is used in the production line to descale steels with higher silicon content.



2.1. First and Second Configuration


Configurations C1 and C2 simulated a very wide washout area with a smooth pressure reduction. The configurations have an offset angle of 15°, which is also commonly used in the industry [28,29].



The spray spot distance of C1 was set to 10 mm, which increased the calculated washout area to 25.2 mm in width. The calculated overlap area was 4.3 mm wide. The spray spot distance of C2 was 0 mm. The corresponding calculated overlap area was 2.6 mm wide, and the calculated washout area was 17.9 mm wide. Configurations C1 and C2 are chosen to analyze descaling in the potentially problematic washout and overlap areas.




2.2. Third and Fourth Configuration


Configurations C3 and C4 simulated a narrow washout area. The offset angle of C3 was set to 0°. The calculated overlap area was 6 mm wide. There was no washout area, and the water jets collided above the steel surface. The offset angle of C4 was set to 3°. The calculated overlap area was 5.7 mm wide. The calculated washout area was 5.5 mm wide. A configuration of nozzles with zero offset angle and its consequences on surface cooling has already been introduced in [14,27]. Configuration C3 was selected to minimize the washout area and configuration C4 tested a case when the alignment of the water jets is not perfect, as is common in production lines.





3. Experiments


The descaling process can be studied via several experimental methods. Mainly via impact pressure distribution measurements, erosion measurements, heat transfer coefficient measurements, and hot descaling tests that simulate the actual operating conditions for a specific type of steel. All of these experiments are performed in the heat transfer and fluid flow laboratory, and each nozzle configuration can be tested for mechanical and thermal effects on the particular steel.



3.1. Impact Pressure Distribution Measurement


The impact pressure distribution measurement examines the pressure distribution on the surface of the steel. The nozzles spray onto a moving steel plate equipped with a pressure sensor (see Figure 2). The pressure sensor DMP 333 from BD SENSORS with a nominal pressure range of 0–100 bar was used. The movement of the plate is controlled by a computer so that the entire investigated area is scanned by the pressure sensor with a diameter of 0.2 mm. A matrix of position-dependent values is recorded on the computer and displayed as a three-dimensional graph. Important spray characteristics (such as spray width, spray depth, homogeneity of distribution along the spray width, and maximum value) are calculated.




3.2. Hot Descaling Tests


Hot descaling tests evaluate the quality of descaling for a given nozzle configuration and steel type at a specific temperature. The procedure for a given steel is set experimentally, and the nozzle configuration is chosen so that part of the scales remains on the surface and part is descaled. This is performed to demonstrate the different behavior of scales under different descaling conditions.



Before the experiment, the surface of the test plate was ground to a clean steel surface without using abrasive fluids. The experimental procedure starts in the electric furnace, where the test plate is heated to the initial temperature. The dimensions of the test plate were 250 mm × 200 mm × 40 mm. The surface is exposed to the atmosphere in the furnace and oxidized for the required time. The surface temperature of the test plate is measured by a thermocouple attached to the surface, and the temperature history is recorded during the oxidation process. The plate is removed from the furnace and placed on the moving carriage of the linear test bench (Figure 3). The carriage is moved through the descaling section and then immediately cooled in a protective atmosphere to prevent further scale formation on the surface. After cooling down, the descaled surface is documented, and the remaining scale thickness is measured with a dual-scope instrument and, if necessary, analyzed under a microscope.





4. Results


4.1. Configuration C1


The impact pressure distribution of the C1 configuration is shown in Figure 4. The measured overlap area O was approximately 8 mm wide. The width of the washout area Wc in the figure derived from the theoretical calculation was 25.2 mm. The parameter Wm was defined as the width of the measured washout area because the impact pressure measurements showed an uneven distribution of the impact pressure of each nozzle. The width of Wm was defined as the section from the overlap area to the point where the pressure was equivalent to the average maximum pressure of the left unaffected nozzle. The width of Wm was 16 mm. The average maximum impact pressure was 3.47 MPa for the left nozzle, 3.65 MPa for the right nozzle in the unaffected area, 3.12 MPa in the washout area, and 1.47 MPa in the overlap area. The impact pressure of the right nozzle was reduced by more than half in the overlap area. The impact pressure distribution shows a slightly increasing trend of the maximum impact pressure in the width direction, caused by the positive offset angle of 15° and the inclination angle of 15° (different nozzle–surface distance on the ends of the nozzle footprint).



Configuration C1 was then used on dual-phase steel 1.0936 (HDT580X), see Figure 5. The furnace was preheated up to 1240 °C, slightly above the heating temperature, to eliminate heat loss during sample insertion into the furnace. The heating time was 120 min, and the final heating temperature was 1200 °C before descaling.



The surface of the sample was mostly descaled along the width with the exception of the washout area in the width of Wm, where significantly thicker scales remained on the surface.



After the experiment, the sample was cut in half, and small specimens were taken for further analysis. The specimens covered the washout area, the overlap area, and the “single nozzle area” (the section under the left nozzle, unaffected area by the right nozzle). The surfaces of the specimens were examined under a microscope, and the photographs were analyzed using an adaptive thresholding algorithm. The height and structure of the scales in the overlap and washout areas are shown in Figure 6. The results of the analysis are shown in Figure 7. The original layer of scales was up to 185 μm; the average value was 132 μm. The original layer was reduced in several regions because the scales were easy to peel off, and they dropped out during the experiment. The reduced, original layer had an average height of 38 μm. The remaining scales in the washout area had an average thickness of 43 μm. The remaining scales in the overlap area had an average thickness of 12 μm. In the single nozzle area, the average thickness of the remaining scales was 11 μm, which was nearly the same as in the case of the overlap area. These findings showed that the most problematic area is the washout area, where the average thickness of residual scales was more than three times higher compared to the single nozzle area.




4.2. Configuration C2


The impact pressure distribution of the configuration C2 is shown in Figure 8. The overlap area O was approximately 4 mm wide. The width of the washout area Wc was derived from the theoretical calculation and was 17.9 mm. The width of Wm was 12 mm. The average maximum impact pressure was 1.65 MPa for the left nozzle, 1.76 MPa for the right nozzle in the unaffected area, 1.30 MPa in the washout area, and 0.75 MPa in the overlap area. The washout area had an approximately constant impact pressure of 0.74 MPa for the first 4 mm, followed by a linear increase to 1.8 MPa. The impact pressure distribution shows a slightly increasing trend of the maximum impact pressure in the width direction, caused by the positive offset angle of 15° and the inclination angle of 15° (different nozzle–surface distance on the ends of the nozzle footprint).



This configuration was then used on chrome silicon spring steel 1.7102 (54SiCr6), see Figure 9. The furnace was preheated to 990 °C. The heating time was 80 min, and the final heating temperature was 950 °C.



The presented configuration was only able to completely descale the surface in the overlap area. The scales tended to form a compact crust on the surface and were removed in big pieces. This increased the width of the descaled area on both sides (Figure 9). The rest of the scales remained on the surface and cracked in a few places. The average thickness of the oxide layer at different parts of the surface is shown in Figure 10 for configuration C2. The average thickness of the remaining scales in the overlap area was only 2 μm. In the single nozzle area, the average thickness of the remaining scales was 31 μm—almost the same thickness as in the original scale layer (36 μm). The average thickness of the remaining scales in the washout area is not shown in Figure 10 because part of the washout area near the overlap area was completely descaled (as mentioned before). The remaining scales in the rest of the washout area were the same thickness as those in the single nozzle area.



The C2 configuration showed that the descaling in the overlap area could be more effective in some cases (in this case, it was using chrome silicon spring steel 1.7102). Therefore, the next configurations, C3 and C4, deal with minimizing the width of the washout area and thus suppress the negative influence of the washout area on the descaling quality.




4.3. Configuration C3


The impact pressure distribution of the C3 configuration is shown in Figure 11. The overlap area was approximately 7 mm wide. The average maximum impact pressure was 3.5 MPa for the left nozzle and 3.7 MPa for the right nozzle. The overlap area has an average maximum impact pressure of 5.6 MPa. The water impingement density is higher in the overlap area compared to the single nozzle area, and thus, the static impact pressure is higher.



This configuration C3 was then used on dual-phase steel 1.0936 (HDT580X), see Figure 12. The furnace was preheated to 1240 °C. The heating time was 120 min, and the final heating temperature was 1200 °C.



The presented configuration was able to homogeneously descale the entire width of the section. There was no washout area (see Figure 11), and the average thickness of the remaining scales in both the overlap and single nozzle areas was 7 μm with a standard deviation of 3.9 μm.




4.4. Configuration C4


The impact pressure distribution of the C4 configuration is shown in Figure 13. The overlap area O was approximately 8.5 mm wide. The width of the washout area in the figure was derived from the theoretical calculation and was 5.5 mm. The experiment showed no washout area. The average maximum impact pressure was 3.5 MPa for the left nozzle, 3.7 MPa for the right nozzle in the unaffected area, and 1.7 MPa in the overlap area.



This configuration C4 was then used on dual-phase steel 1.0936 (HDT580X), see Figure 14. The furnace was preheated to 1240 °C. The heating time was 120 min, and the final heating temperature was 1200 °C.



The presented configuration was able to descale the entire strip section homogeneously, as in the case of the configuration C3. Also, no difference was observed between the overlap area and the single nozzle area. The average thickness of the remaining scales was 6.8 μm with a standard deviation of 3.9 μm for both areas. The configuration C4 was selected because the nozzles do not have to be precisely manufactured, and the water spray footprint does not have to be absolutely straight. This means that configuration C3 can lead to configuration C4 in reality. Fortunately, the configuration C4 also showed no washout area and was able to homogeneously descale the entire width of the section. Therefore, the small imperfections in the manufacturing process do not affect the descaling.





5. Discussion


Previously published experiments on different types of steel point to the inhomogeneous conditions in hydraulic descaling and the presence of unevenly distributed residual scales [7,19]. The problem of residual scales was thought to be related to the overlap area of the sprays. On the contrary, it turns out that descaling tends to be more effective in the overlap area. In the case of configuration C2 on chrome silicon spring steel 1.7102 (54SiCr6), the average thickness of the remaining scales in the overlap area was only 2 μm, and in the single nozzle area, the average thickness of the remaining scales was 31 μm. The first nozzle probably undercooled the oxide layer and disrupted the cohesion of the layer. The second nozzle then removed scales from the surface, even though the impact pressure in the overlap area was not higher than in the single nozzle area. However, this issue deserves further research. The rest of the configurations on dual-phase steel 1.0936 (HDT580X) showed almost the same average thickness of the remaining scales for the overlap area and the single nozzle area. However, the often overcooled overlap area can lead to the formation of a black-striped oxide scale [30].



The most problematic area is the washout area, next to the overlap area. In this area, the impact pressure is significantly reduced. This reduction was observed for both standard nozzle configurations C1 and C2. The hot descaling test for configuration C1 also shows that the remaining scales in the washout area reach considerably greater thickness than in the single nozzle area (43 μm versus 11 μm). This is consistent with the findings in [31] that lower specific impact results in less effective descaling.



In manufacturing conditions, the spray spot distance is equal to zero, and the width of the washout area W can be geometrically approximated as


  W = λ    (  − 1 + cos α  )  sin γ   sin β  (  cos β sin α + sin β sin γ  (  − 1 + cos α  )   )    E ,  



(1)




where the value of the nozzle pitch E is limited from below by the designed width of the overlap area and from above so that the spray footprints cover the entire width of the feedstock. Coefficient λ takes into account the real descaling conditions and ranges from 0 to 1. The mathematical model (i.e., maximum washout area) is for λ equal to one. In real conditions, λ is less than one. The equation is based on the assumption that the angle of reflection is equal to the angle of incidence. However, there is a water splash effect in reality that should be studied in more detail in the future.



Increasing the water pressure can reduce the width of the problematic washout area for the descaling experiments. As the impact pressure under the single nozzle increases, the coefficient λ decreases. The solution of increasing the water pressure and flow rate (in the case of C1 and C2 configurations) is not ecological, as more water and energy are used unnecessarily. A better solution is to adjust the offset angle γ. The width of the washout can be reduced by reducing the offset angle to smaller values or zero, as has been demonstrated in experiments with configurations C3 and C4. A higher inclination angle also contributes to the improvement.



The decrease in descaling quality is related to the decrease in impact pressure. On the other hand, very high impact pressure does not mean perfect descaling.




6. Conclusions


The so-called bright band or ridge on the surface of the feedstock and the problem of residual scales are always caused by some inhomogeneity in the process. One of the problematic areas is the washout area, where the impact pressure is significantly reduced. The width of the washout area can be reduced by:




	
Increasing the water pressure (not environmentally friendly);



	
Reducing the offset angle to smaller values or zero;



	
Increasing the inclination angle.








The positive effect of reducing the offset angle was confirmed by the C3 and C4 configurations. Both configurations showed no washout area and were able to homogeneously descale the entire width of the section. Compared to configuration C1, where the problematic washout area occurred, the average thickness of the remaining scales was more than four times lower. Reducing the offset angle has proven to be a good way to achieve a homogeneous descaling process.
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Figure 1. Nozzle configuration. 
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Figure 2. Diagram of experimental apparatus for impact pressure distribution measurements. 
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Figure 3. Diagram of the laboratory test bench. 
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Figure 4. Impact pressure distribution of the configuration C1. 
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Figure 5. Hot descaling measurement of the configuration C1. Dual-phase steel 1.0936 (HDT580X). 
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Figure 6. Th