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Abstract

:

The steel industry is an important foundation of the national economy and the livelihood of the people, producing a large amount of carbon dioxide gas, accounting for about 70% of the carbon dioxide gas generated in the steel industry, which occurs during the ironmaking process. Therefore, the key technology to reduce the pollution and improve competitiveness is to increase the stability of blast furnace production and the quality of hot metal. Since the operation requirements for temperature control in the vanadium-titanium blast furnace are dramatically different compared to the traditional ones due to the low fluidity of vanadium-titanium slag, maintaining the required hot metal temperature within a narrow range with smaller fluctuations is essential. In addition, the adjustment parameters of the lower part have a significant influence on the tuyere combustion flame temperature during the daily operation of blast furnaces. At present, there is no relevant research on the online detection and analysis of vanadium-titanium blast furnace tuyere combustion flame temperature. In this study, the temperature of four tuyeres in a 500 m3 vanadium and titanium blast furnace at Jianlong Steel was detected by an online detection system. The tuyere combustion flame temperature was then calculated using colorimetric temperature measuring methodology at various times and at four distinct locations. After that, the calibration analyses, imaging parameter and the temperature tendencies in different directions of the blast furnace were investigated. This study not only offers new methods for understanding the regularity of operation and increasing the degree of visualization in vanadium and titanium smelting blast furnaces but also provides technical support for intelligent and low-carbon operation in blast furnaces.
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1. Introduction


The steel industry is an important foundation of the national economy and the livelihood of the people. Whether it is important infrastructures, such as buildings, bridges, ships, transportation, pipelines, or automobiles, railways, power facilities, tools, oil exploitation, and other facilities closely related to personal life, all of these are inseparable from the support of steel materials. For many years, China has accounted for about half of the world’s steel production, making it the second-largest carbon emitter compared to the energy industry. For instance, nearly 70% of the carbon dioxide gas generated in the steel industry occurs during the ironmaking process [1]. The two new technologies that have received widespread attention in the steel industry over the past decade are intelligent and environmentally friendly low-carbon smelting technology [2,3]. However, the long-term procedure of steelmaking, mainly including blast furnace ironmaking and converter steelmaking, still takes up over 80% of the steel industry’s capacity in China [4]. With the impact of overcapacity, transformation and upgrading, carbon neutrality and other policies in the steel industry, the traditional blast furnace ironmaking process will face fierce competition from the emerging low-carbon ironmaking units such as hydrogen shaft furnaces and oxygen blast furnace smelting due to their lower carbon emissions and cheaper prices.



On this basis, the key technology for improving the competitiveness of traditional blast furnaces is to enhance the stability of blast furnace production and the quality of hot metal [5]. The tuyere combustion zone, which is composed of a plurality of tuyeres arranged circumferentially around the blast furnace, is the key for the thermal system and the lower-part adjustment operations. The internal combustion reaction occurs violently due to the high-temperature hot blast and the pulverized coal and coke in the raceway zone of the blast furnace. This not only provides heat, reducing gas, and space for the decline of burden and coke but also affects the chemical reaction between the slag and molten iron in the hearth zone.



As everyone knows, vanadium and titanium are utilized extensively in metallurgy, the chemical industry, aerospace, defense, and military applications, and they are considered significant strategic resources on a global scale. Vanadium and titanium mainly exist in vanadium titanomagnetite in the form of associated ores. China has abundant resources of vanadium and titanium, with the reserves of titanium ranking first in the world, and vanadium ranking third. These resources are mainly distributed in Panxi, Sichuan and Chengde, Hebe. Among them, Panxi’s vanadium titanomagnetite resources are the most abundant, totalling 618 million tons, which accounts for about 95% of the country’s reserves and 35% of the world’s total. In the case of China’s increasingly tight iron ore resources and rising ore prices, how to effectively use vanadium and titanium resources for blast furnace smelting has become a hot issue that major iron and steel enterprises need to face. Vanadium-titanium magnetite is usually smelted using the conventional “blast furnace-converter vanadium extraction-semi-steel steelmaking” method, in which the hot temperature slag exhibits viscosity, poor fluidity and poor stability. These characteristics could also lead to iron loss, iron strip in the slag, difficulty in separating slag from iron, and unstable desulfurization performance of blast furnace slag. By placing more emphasis on the stability and smooth flow of the thermal regime, the vanadium-titanium blast furnace smelting method, in contrast to the conventional one, enhances the fluidity of the vanadium-titanium slag, and achieves acceptable removal of sulfur and phosphorus. Therefore, it can be concluded that the stability of the lower part of the blast furnace is particularly important for vanadium and titanium smelting. Thus, detecting the tuyere combustion flame temperature in vanadium and titanium smelting blast furnaces holds significant guiding importance in grasping the influence of the lower part of the blast furnace on the temperature of the tuyere, the activity of the furnace hearth, and the temperature change trend of the blast furnace.



Despite the above problems, the lack of an effective detection system has rendered the blast furnace a ‘black box’ for a long time, which could be attributed to its high-temperature, high-pressure smelting environment [6]. Actually, as the only window in the lower part that can observe the inside of the blast furnace, the tuyere zone is highly valued by operators and researchers for its ability to intuitively reflect the combustion state of the raceway, high-temperature gases, and the degree of damage to the tuyere cooling equipment [7]. The number of blast furnace tuyeres varies depending on its volume. Normally, blast furnace operators usually judge the change trend in furnace temperature inside the blast furnace by observing the brightness of the blast furnace tuyere at different times [8], and they assess the differences in the furnace hearth state at different locations around the circumference by observing the blast furnace tuyere at different positions at the same time.



In recent years, a large number of scholars have studied the tuyere combustion flame temperature of blast furnaces [9], which could be summarized into three stages. In the early stage, Taylor used a fiber-optic ratio pyrometer to collect radiation light from a tuyere peephole in the blast furnace at the Redcar Blast Furnace of British Steel [10], which was motivated by the online detection of burner temperature in coal-fired power boilers [11]. Meanwhile, Zhang [12] and Matsui [13] investigated the peephole temperature of the flame image using digital image processing techniques. The temperature detection result of the tuyere is substantially lower than that of normal ones due to the huge area of coal injection at the blast furnace tuyere, which shelters the combustion radiation of the raceway zone. These studies have set up a solid framework for the creation of image-based blast furnace temperature-sensing technology. In the middle stage, Salinero [14], Zhou [15,16], Puttinger [17,18,19], and Wang [20] have developed a tuyere combustion flame temperature detection model based on machine vision and a colorimetric temperature measuring technique in an actual blast furnace during the method establishment phase, which was entirely built from the development of the temperature detection hardware system, image processing, the temperature detection model, and the analysis of the temperature detection results. In the latest stage, Wang [20], Huang [21], Zhou [22], Cheng [23], and Zhou [24] studied pulverized coal injection (PCI) blockage, preheated pulverized coal injection combustion, the temperature distribution of PCI process, and the tuyere coke size in the raceway zone of blast furnaces during the application growth research.



Above all, there is no relevant literature to report the temperature variation of vanadium-titanium blast furnaces and analyze the influence of operating parameters. In this paper, an online detection system for tuyere combustion flame temperature bas been built for the online detection of the temperature of the four tuyeres of a 500 m3 vanadium and titanium smelting blast furnace. Then, the colorimetric temperature measuring technique was applied to calculate the tuyere combustion flame temperature at various times at four distinct locations. After that, the investigation of the calibration analysis, imaging parameter, and temperature tendency of the various blast furnace directions were studied. This study could enhance the visualization of vanadium and titanium blast furnaces and introduce new approaches to understanding the operational regularity of smelting. In addition, it has the potential to provide technical support for intelligent and low-carbon smelting in the lower section of blast furnaces.




2. Materials and Methods


2.1. Colorimetric Temperature Measuring Methodology


Colorimetric thermometry is a technique for calculating temperature by comparing the spectrum radiant brightness of thermal radiation objects at two wavelengths and the function connection between temperatures. The gray value produced by the same position is simultaneously measured at two nearby wavelengths, as shown in Equation (1). When assuming that the combustion flame in tuyere is a graybody, with the emissivity of the two wavelengths assumed to be equal, then the temperature T could be computed using Equation (2). After that, a simplified version of the temperature calculation formula could be obtained, as shown in Equation (3).
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ε(λ, T) is the effective spectral emissivity of radiation (-);



	
T represents temperature (K);



	
C1 is the first radiation constant of Planck (W·m2);



	
C2 is the second radiation constants of Planck (m·K);
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λ1, λ2 are the wavelengths of 1, 2 wavelengths (m);
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ε1, ε2 is the emissivity of 1, 2 wavelengths (-).
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As a result, only the blackbody furnace calibration of the connection between the calibration coefficient and the grayscale system is required for further calculations. It is possible to calculate the temperature at each point in the tuyere image of the blast furnace.




2.2. Blackbody Furnace Calibration


In order to explore the rules of thermal radiation that do not depend on the precise features of object, an ideal entity known as a blackbody was developed. The Stephen–Boltzmann law states that a blackbody’s radiant energy and thermodynamic temperature are connected. The foundation of temperature sensing is the temperature calibration of the prototype system, and the key to the calibration process is finding a radiation source which emits radiation that is similar to that of a blackbody. In this study, the temperature calibration system, comprising a furnace body, a photoelectric pyrometer, a control box, a water-cooling system, a vacuum system, and an argon transmission system, is calibrated using a modified high-temperature horizontal cylindrical standard blackbody furnace.



The graphite heating element’s target heating element is positioned in the middle and is separated into two symmetrical blackbody cavities. The primary body of the device is a horizontal graphite tube furnace. The outside of the tube is coated with carbon felt, high-temperature insulation, and insulation material. There is a graphite heat insulation screen outside the tube. Moreover, a water-cooling system, an evacuation system, and an argon gas transfer system are all located on the lowest portion of the furnace body.



The blackbody furnace is heated for a while prior to calibration, then the temperature is beginning to increase to the measurement temperature. Following stabilization for ten minutes at each temperature point, calibration images at the specified temperatures are then gathered, and the temperature of the measured point is then measured. At each temperature point, fifty images were taken with a 0.2 s interval between each one. At last, the temperature measuring system starts at 1500 °C and eventually increases to 2100 °C, collecting a temperature point every 100 °C. The dynamic response range of a CCD for a single exposure time and single aperture has been surpassed since the radiant energy at 2100 °C is 3.84 times more than that at 1500 °C.




2.3. Research Scheme


In this paper, firstly, real-time images of tuyere combustion flame temperature were captured in a working 500 m3 vanadium-titanium blast furnace. The sampling interval for tuyere images in four various directions was set, with one photo being taken per second persistently for 7 days by an online detection system. The main parameters of the 500 m3 blast furnace are shown in Table 1. During the experiment, the imaging parameter selection for the tuyere of the online detection system was also researched. Then, the tuyere combustion flame temperatures in four directions were examined by colorimetric temperature measuring methodology. The average temperatures were analyzed at different time intervals, specifically at one minute and 24 h. Moreover, the variation in average tuyere combustion flame temperature variation with blast furnace lower-part operation parameters over a 24 h period was also studied.



This study detected the tuyere combustion flame temperature in real time in a 500 m3 vanadium-titanium blast furnace. Table 1 displays the primary characteristics of a 500 m3 blast furnace under test conditions. Table 2 shows the coke characteristics of a 500 m3 blast furnace under test conditions, while Table 3 shows the slag and hot metal parameters in a 500 m3 blast furnace under test conditions. It can be observed that the silicon content in the vanadium-titanium blast furnace usually remains at about 0.25% to 0.35%. Consequently, the hot metal temperature is also lower by about 70 °C compared to the normal temperature. The operation requirements for temperature control in the vanadium-titanium blast furnace are more demanding compared to the typical furnaces due to the low fluidity of vanadium-titanium slag. This requires that the hot metal temperature be maintained in a narrow range or under smaller fluctuations.



The online blast furnace temperature detection system is described in Figure 1. A 500 m3 blast furnace has four charge-coupled devices (CCD) positioned in front of peepholes at four various tuyeres named as 1st, 2nd, 3rd, 4th. The 1st tuyere is located in the east direction, the 2nd tuyere is located in south direction, the 3rd tuyere is located in the west direction, and the 4th tuyere is located in north direction. Through the tuyere peephole, the radiation light emitted by the combustion zone enters the acquisition system and is then captured by the CCD industrial camera. The camera divides the light into three channels, named R, G, and B. The R, G, and B channels are imaged separately, each generating a grayscale map, and we refer to the images generated by the three channels as R-channel images, G-channel images, and B-channel images in the following part. The signal of the CCD system is then transmitted to the image storage and data processing system in the computer by an image data transmission line. The distribution of tuyere combustion flame temperature field is finally displayed through software calculation.





3. Results and Discussion


3.1. Results of Calibration Process


The calibration images under different temperatures are presented in Figure 2. The average grayscale of the five images is used as the reference for each particular calibration parameter, since the colorimetric model is used to determine the relationship between wavelength and temperature under the corresponding conditions, which could help reduce calibration errors. Table 2 shows the maximum and average grayscale values in the calibration images under different temperatures. The stability of a single image and the average grayscale of five images are examined to determine if the image could satisfy tuyere combustion flame detection. The highest gray value’s departure from the average gray scale of a single picture increases as the calibration temperature rises. The average relative variance of the gray values throughout the five pictures of the R-channel and G-channel is often less than 1%, with the exception of a temperature of 1500 °C. The B-channel’s relative deviation values are often larger than those of the other two wavelengths.



It is clear that the average gray values across in the R-channel and G-channel are stable across the five images. However, the stability of the B-channel is unsatisfactory. The R-channel and G-channel are thus employed in this study as colorimetric temperature measuring wavelengths. Finally, the calibration factors and results for the calculation model’s gray levels under various temperatures are displayed in Figure 3. These can be applied to calculate the temperature of each point in the tuyere image of the blast furnace according to Equation (3).




3.2. Results of Imaging Parameter Selection of Tuyere


In order to increase the precision of the blast furnace tuyere combustion flame temperature detection system, the color CCD industrial camera’s images should be maintained unsaturated. When the blast furnace operation parameters changes, the imaging parameter should be adapted simultaneously. Therefore, the aperture size, gain, and exposure time should be studied in these situations. For instance, the minimum aperture size of the detecting system is set to F16 because the blast furnace combustion zone is characterized by high radiation intensity, a narrow field of vision, and fast brightness changes with furnace conditions.



In general, the R-channel has the highest gray value, followed by the G-channel, while the B-channel has the lowest gray value. The maximum and average R-channel gray values of the tuyere images obtained at various exposure durations are displayed in Table 3. Consequently, only the R-channel gray values are analyzed in this research. The exposure times are 10 μs, 30 μs, 50 μs, 70 μs, 90 μs, and 110 μs, respectively. As shown in Table 3, the maximum gray value of the R-channel and the average gray value of the tuyere image increase as the exposure time increases. The highest value of the R-channel is 255 when the exposure time is larger than 70 μs, which indicates that the images of each tuyere are saturated when the exposure time exceeds 70 μs.



Every generated image’s maximum R-channel gray value ranges from 183 to 243 at a 70 μs exposure time. This indicates that there is no oversaturation under this combination of imaging parameters. Thus, the maximum exposure time of the blast furnace tuyere combustion flame temperature detecting system is set to 70 μs in this study.




3.3. Results of Four-Direction Tuyere Combustion Flame Temperature


Figure 4 depicts the flowchart of the tuyere combustion flame temperature calculating process. Four tuyere flame temperatures were obtained by using the corresponding CCD. The brightness of the flame is represented by R-channel, G-channel, and B-channel gray levels after image preprocessing, which allows determining the radiation intensity using an optical model. Therefore, the image preprocessing includes image denoising and edge extraction process. Due to the interference of high-temperature dust from the blast furnace and the influence of the dark current inside the camera, noise is inevitable in the tuyere image. At the same time, the pulverized coal injection at the blast furnace tuyere obscures the light radiated from a portion of the gyration area, so it is necessary to extract the edge of the image to eliminate the influence of the pulverized coal blockage area on the temper-ature detection results. The wavelet filtering and denoising method in [22] is used to deal with the noise of the blast furnace tuyere image. In addition, the morphological edge detec-tion method is used to detect the edge of the tuyere image and the pulverized coal blockage area. After that, blackbody furnace calibration is applied to determine the temperature of the blackbody. Finally, the temperature of the tuyere at different times and locations can be calculated by gray body assumption.



Figure 5 represents the images of the tuyere flame and the temperature distribution of the actual blast furnace in four different directions, as calculated by Equation (3). In order to better understand the tuyere image and its calculated temperature distribution, the images of the tuyere at the same time in different directions in four directions during the experiment were taken as the images of the tuyere at that time, and the time interval between the eight typical images was 1 min. The pulverized coal injection (PCI) blockage areas of the individual tuyere images are quite different, as shown in 1ST to 4ST, and these occurrences are random, due to the frequent adjustment of the PCI injection and operation parameters. It can also be observed that the position of the high temperature region is not fixed and fluctuates with the combustion conditions in the tuyere radiation images, demonstrating the unevenness of the temperature distribution across the whole tuyere combustion flame.



It is intuitively possible to determine the tuyere combustion flame temperature state at a specific moment by using the highest temperature and temperature distribution. Therefore, a statistical examination of the average tuyere combustion flame temperature at certain times could benefit quantitative characterization of combustion in the raceway zone. Figure 6 displays the average temperature over time at one-minute intervals. The average combustion flame temperature of the 1st and the 4th tuyeres is about 100 °C and 120 °C lower compared to that of the 2nd and 3rd tuyeres. This indicates that the PCI rate, blast volume, and blast pressure of each tuyere should be independently controlled to reduce the relatively considerable disparities in temperature between different directions. Therefore, despite the fact that the blast furnace’s average tuyere combustion flame temperature varies depending on the time of the day. The temperature trend of the blast furnace as a whole remains consistent, with the average temperature of the four tuyere indicating a declining trend over time. From the above analysis, it can be seen that the temperature difference among the tuyeres at different locations in the vanadium-titanium blast furnace is quite different. The possible reasons for this analysis are as follows: First, the asymmetry of the furnace distribution process, which is mainly due to the alternating use of the furnace top coke tank and the mine tank, along with the frequent change of the angle and steering of the rotating chute, leads to the asymmetry of the distribution process. Second, the uniformity of the blast distribution is mainly caused by slag accumulation in front of some tuyeres and the blockage of the tuyere in the blast furnace. Thirdly, the amount of pulverized coal injected between the blast tuyere of the blast furnace is not the same. Fourthly, due to the interference of the central gas-flow and the edge gas-flow of the blast furnace for prolonging its service life, the center line of the blast furnace deviates from the vertical direction.



Finally, the 24 h temperature variations of two typical blast furnace tuyeres in various orientations are shown in Figure 7, providing a better understanding of the average temperature variations of each tuyere. Table 4 shows the average blast volume and PCI rate of blast furnace in different time periods within 24 h. The temperature value of the vanadium-titanium blast furnace at different times at the same tuyere is about 200 °C, which is mainly due to the fluctuation of the blast volume of the blast furnace tuyere and the coal injection volume of the tuyere with time. In addition, the blast furnace cutting speed also determines the amount of coke burned in the gyration area of the blast furnace tuyere. Gases (CO, CO2, N2), liquids (dripping molten iron and slag), and solids (coke particles, unburned pulverized coal) exist in the tuyere combustion zone at the same time, and the transmission phenomena, physical, and chemical changes continue to occur between the multiple phases, resulting in extremely complex internal combustion zones at the tuyere, which, to a certain extent, also affect the temperature of the tuyere at different times.



The tuyere combustion flame temperature is shown to have a process of periodic increase and decline, the temperature at the adjacent time fluctuates significantly, and the highest temperature ranges from 2000 °C to 2050 °C, with a nearly a 300 °C difference between the highest and lowest temperatures. Although it appears that each tuyere’s combustion flame temperature trend in various directions remains constant, there is still a temperature differential of about 100 °C. As can be seen from the analysis above, the composition and temperature of the molten iron and slag in the blast furnace are affected by the chemical reaction that takes place in the cylinder area. On the other hand, each tuyere in the circumferential direction of the blast furnace has a different temperature. Additionally, the uneven temperature distribution will also have an impact on the service life of the tuyere small sleeve and the hearth in each location of the blast furnace.




3.4. Analysis of Blast Operation Parameters and Tuyere Combustion Flame Temperatures


The main adjustment methods to change the thermal regime involve changing the primary distribution of coal gas flow in the lower part of the blast furnace by adjusting the blast temperature, blast volume, and coal injection volume, regulating the heat transfer and mass transfer rate of the chemical reactions in the blast furnace hearth. These adjustments affect the speed at which the blast furnace charge drops, the shape of the soft melt belt, the temperature of the molten iron, as well as the silicon content and the alkalinity of the slag, all of which can also been changed synchronously. Therefore, the vanadium-titanium smelting blast furnace should pay more attention to the continuity and stability of the lower part of the blast furnace, as well as how the main parameters of the lower part of the blast furnace affect the change of tuyere combustion flame temperature, which has not yet been studied.



Figure 8 represents the average tuyere combustion flame temperature variation with blast furnace lower-part operational parameters over a 24 h period. Until now, it has not yet been possible to quantitatively measure the blast volume and coal injection volume of as single tuyere. Therefore, the temperature of the tuyere in Figure 8 is the average temperature of the four tuyeres at the same time, that is, the average temperature of the tuyere of the blast furnace per hour corresponds to the average temperature of the four tuyeres per minute shown in Figure 7 for that hour. Blast temperature, PCI rate, and blast volume are the three main operational concerns in the lower part adjustment of the blast furnace. As the blast volume and PCI rate increase during the blast furnace temperature rise stage, the tuyere combustion flame temperature also rises. However, a dependence on the blast temperature appears due to the blast temperature variation being maintained within a specific range, indicating that the influence on the combustion flame temperature of the blast furnace tuyere is limited.



The reaction mechanism of the blast furnace raceway zone is very complex, and many international theoretical studies have shown that there is a hysteresis effect in the raceway zone. Specifically, when the lower part of the blast furnace is operating in the direction of the temperature rise in the raceway zone of the tuyere, the temperature of the gyroscope increases more gradually than expected, exhibiting a certain degree of hysteresis. Similarly, when operating in the direction of the temperature decrease in the raceway zone, the temperature of the gyroscope will remain near the original temperature for a period of time before decreasing. It can be observed that the tuyere combustion flame temperature only begins to decline after the hot blast volume, blast temperature, and PCI rate all have all been sustained for a while, from 16 h to 21 h, as depicted in Figure 8. It is possible to deduced that there is a significant hysteresis in the blast furnace’s tuyere combustion flame temperature variation process. This observation is consistent with both the actual behavior of blast furnaces and current theoretical research [24].





4. Conclusions


The operation requirements for temperature control in the vanadium-titanium blast furnace is dramatically different compared with the traditional ones due to the low fluidity of vanadium-titanium slag, which requires the hot metal temperature be maintained within a narrow range, with smaller fluctuations. In this study, an online detection system was applied to detect the four different directions of the tuyere combustion flame temperature in the vanadium and titanium smelting blast furnace. Then, the tuyere combustion flame temperature was calculated using the colorimetric temperature measuring technique and calibration procedure at various times at four different locations. After the calibration analyses, the imaging parameters, including the minimum aperture size and the maximum exposure duration were chosen to be F16 and 70 μs, while the R-channel and the G-channel were then employed as colorimetric temperature measuring wavelengths. The temperature development trend of the furnace is the same, even though the average temperature of the blast furnace tuyere at various times of the blast furnace is not the same. The temperature differential between two tuyere is around 100 °C, despite the fact that the temperature tendency of each tuyere’s various directions remains constant. Moreover, the presence of significant hysteresis in the variation process of the blast furnace’s tuyere combustion flame temperature has been verified by experimental results in this paper. This demonstrates that investigating the temperature tendencies from different directions within the blast furnace is extremely important for ensuring the longevity and maintaining the quality of molten iron in vanadium and titanium smelting blast furnaces.
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Figure 1. Online detection system of tuyere combustion flame temperature of blast furnace. The circle represent the soft melt zone of blast furnace. 
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Figure 2. Calibration images under different temperatures. 
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Figure 3. Calibration results of gray levels and calibration coefficients of the calculation model under different temperatures. 
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Figure 4. Flowchart of tuyere combustion flame temperature calculations. 
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Figure 5. The images of tuyere flame and temperature distribution. 
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Figure 6. The average estimated flame temperature during one minute in the tuyeres. 
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Figure 7. The average temperature at different times within a 24 h period. 
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Figure 8. The average tuyere combustion flame temperature variation with blast furnace lower-part operational parameters within a 24 h period. 
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Table 1. The main operation parameters of 500 m3 blast furnace under test condition.
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	Volume (m3)
	Daily

Production (t)
	Coke Rate (kg/t)
	PCI Rate (kg/t)
	Tuyere Number
	Tuyere Diameter (m)
	Blast Volume (m3/min)
	Raw Iron Content (%)
	Blast

Temperature (°C)
	Oxygen

Enrichment (%)





	500
	2150
	420
	138
	14
	0.12
	1600
	57
	981
	5.83



	Coke
	Fixed Carbon (%)
	Ash (%)
	Volatile (%)
	M40 (%)
	M10 (%)
	Diameter (mm)
	
	
	



	Coke Constituents
	2.32
	18.37
	47.77
	25.94
	5.60
	47.94
	
	
	



	Hot metal
	Si (%)
	S (%)
	Mn (%)
	P (%)
	Ti (%)
	V (%)
	Temperature (°C)
	
	



	Hot metal Constituents
	0.32
	0.038
	0.23
	0.098
	0.26
	0.303
	1425.9
	
	



	Slag
	SiO2 (%)
	CaO (%)
	MgO (%)
	S (%)
	Al2O3 (%)
	MnO (%)
	TiO2 (%)
	V2O5 (%)
	R2 (-)



	Slag

Constituents
	28.22
	34.32
	9.3
	0.816
	13
	0.63
	9.55
	0.227
	1.22







PCI rate: pulverized coal injection rate; M40: metallurgical coke crushing strength, that is, the ability of coke to resist crushing; M10: metallurgical coke wear strength, that is, the ability of coke to resist wear; R2: alkalinity means the ratio of basic oxides to acidic oxides in the slag, R2 = CaO/SiO2.













 





Table 2. The maximum and average grayscale value in the calibration images under different temperatures.
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R-Channel Image

	
G-Channel Image

	
B-Channel Image




	
MGV

	
AGV

	
MGV

	
AGV

	
MGV

	
AGV






	
1500 °C

	
14

	
11.8

	
7

	
5.39

	
1

	
0.089




	
1600 °C

	
27

	
23.04

	
15

	
12.58

	
2

	
0.65




	
1700 °C

	
51

	
46.17

	
30

	
26.72

	
4

	
2.14




	
1800 °C

	
86

	
78.07

	
55

	
49.63

	
7

	
4.84




	
1900 °C

	
142

	
131.85

	
97

	
90.27

	
14

	
10.95




	
2000 °C

	
214

	
203.1

	
158

	
148.03

	
27

	
21.94




	
2100 °C

	
-

	
-

	
255

	
243.6

	
56

	
48.85








MGV: maximum grayscale value, AGV: average grayscale value.













 





Table 3. The maximum and average grayscale values in the tuyere images at different exposure times.
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Exposure Time/μs

	
1st Tuyere

	
2nd Tuyere

	
3rd Tuyere

	
4th Tuyere




	
MGV

	
AGV

	
MGV

	
AGV

	
MGV

	
AGV

	
MGV

	
AGV






	
10

	
116

	
18.89

	
111

	
21.80

	
154

	
36.06

	
103

	
15.11




	
30

	
142

	
19.11

	
166

	
30.25

	
183

	
49.07

	
139

	
17.43




	
50

	
201

	
28.73

	
205

	
38.07

	
209

	
55.72

	
194

	
26.45




	
70

	
226

	
33.29

	
243

	
54.08

	
242

	
59.08

	
183

	
33.39




	
90

	
255

	
42.74

	
255

	
55.55

	
255

	
62.08

	
255

	
40.46




	
110

	
255

	
46.66

	
255

	
68.87

	
255

	
82.71

	
255

	
48.25











 





Table 4. The average blast volume and PCI rate of blast furnace at different times within a 24 h period.
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	Hours/h
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12





	Average Blast Volume/(m3/min)
	1363
	1456
	1467
	1479
	1541
	1489
	1521
	1532
	1536
	1525
	1313
	1501



	Average PCI

Rate/(kg/t)
	116
	121
	135
	135
	141
	161
	136
	142
	151
	144
	155
	138



	Hours/h
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24



	Average Blast Volume/(m3/min)
	1521
	1531
	1525
	1530
	1541
	1492
	1518
	1518
	1573
	1576
	1468
	1397



	Average PCI

Rate/(kg/t)
	142
	158
	152
	153
	149
	149
	140
	137
	146
	144
	137
	137
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