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Abstract

:

The technology of submerged carbon powder injection with CO2 and O2 mixed gas (SCPI-COMG) is a new type of powder injection technology. It can increase the molten bath carbon content and improve the molten steel quality by injecting carbon powder directly into the molten steel with CO2 and O2 mixed gas. To optimize the process parameters of this novel technology, the mechanism of this technology and the effect of SCPI-COMG on EAF steelmaking were investigated in this study. Based on an induction furnace experiment, the effects of molten bath carburization and fluid flow on the scrap melting were analyzed. A mathematical model of the axis of gas jets in liquid steel was built to analyze the impact behaviors of gas jets in liquid steel. Based on the results of this theoretical model, for a gas jet in liquid steel, with α ≥ 20°, the horizontal inject distance decreases with α increasing and with 0° ≤ α ≤ 20°, the horizontal inject distance increases with α increasing. Finally, based on the newly built materials and energy balance model of EAF steelmaking with SCPI-COMG, the influences of the gas-solid parameters on the EAF steelmaking technical indexes were also analyzed.is very useful for optimizing the process parameters of EAF steelmaking with SCPI-COMG. The results of this study are very useful to optimize the process parameters of EAF steelmaking with SCPI-COMG of Gas Jet in Liquid Steel.
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1. Introduction


Nowadays, the electric arc furnace (EAF) steelmaking has been widely adopted for steel production on a worldwide scale and demonstrates great potential for development because EAF steelmaking can produce steel products flexibly with lower CO2 emissions, which is very helpful in promoting recycling and utilization of scrap resources [1,2,3]. Recently in China, a large number of EAFs have been newly built, including ordinary AC EAF, Consteel EAF, EAF Quantum and so on. It can be predicted that EAF steelmaking will play a more and more important role in steelmaking and more and more steel grades will be produced by the EAF steelmaking process [4,5,6]. Therefore, the control and promotion of the quality of molten steel will be of great importance for EAF steelmaking.



Compared with converter steelmaking, high-quality steel production is always a key issue and challenge in EAF steelmaking because it is very difficult to produce molten steel with low phosphorous content, low nitrogen content and low oxygen content in an EAF [7,8,9]. In EAF steelmaking, the weakened molten bath reaction kinetics conditions make it hard to remove the phosphorus from the molten steel [10]. Due to the lack of a carbon source by scrap charging, the carbon and oxygen reaction is considerably insufficient in the molten bath, which leads to the lack of CO bubbles. As a result, metallurgical problems occur, such as the great difficulty in nitrogen removal and the serious peroxidation of molten steel [11,12]. Generally, carbonaceous materials are charged into the EAF to increase the carbon content of the molten steel, such as pig iron and coke. However, pig iron is produced by blast furnaces and the process is of high energy consumption, which is bad for green steelmaking [13]. Coke would float up and burn on the surface of the molten bath during the smelting process and its utilization ratio is very low. Therefore, based on the powder injection technology, the technology of submerged carbon powder injection with CO2 and O2 mixed gas (SCPI-COMG) was proposed and developed, which injects carbon powder directly into the molten steel with CO2 and O2 mixed gas (shown in Figure 1) [14,15]. Firstly, the method of delivery of carbon powder directly into the molten steel significantly improves the carbon pick-up of the molten steel. Secondly, the gas flow rate of the submerged injection is about 300 to 600 Nm3/h and the stirring of the EAF molten bath can be noticeably enhanced. In industrial application research, the metallurgical effects have been improved significantly in EAF steelmaking with SCPI-COMG. Wei et al. [16] used water model experiments and numerical simulations performed to investigate the flow field characteristics in the EAF metal bath under combined blowing, considering two merged nodules and two oven wall oxygen lands. However, as a novel method, the mechanism of this technology and the effect of SCPI-COMG on EAF steelmaking process have not been clear, which is very useful to optimize the process parameters of EAF steelmaking with SCPI-COMG.



In this study, some fundamental studies were carried out to understand and analyze the mechanism of EAF steelmaking with SCPI-COMG. An induction furnace experiment was carried out to investigate the mechanism of scrap melting by molten bath carburization and molten bath fluid flow. To analyze the impact behaviors of the gas jet in liquid steel, a mathematical model of the axis of the gas jet in liquid steel was built. The materials and energy balance model of EAF steelmaking with SCPI-COMG was built to study the influence of the gas-solid parameters on the EAF steelmaking technical indexes.




2. Mechanism for Improving Scrap Melting by Molten Bath Carburization


2.1. Experimental Platform


In order to study the mechanism for improving scrap melting by molten bath carburization with the SCPI-COMG technology, the experimental platform was built as Figure 2 shows, which includes a medium frequency induction furnace, a buffer vessel with N2 cylinders, a fixing device, a Pt-Rh-Pt thermocouple, an infrared radiation thermometer and a computer. In this study, the diameter of the steel bar used for the experiment was 20 mm. The C content of the bar was about 0.45%. Melting baths with different C contents and different stirring intensities were used to study the influence of C content and melt flow on the melting of steel scrap. Physical changes such as weight changes and microstructural changes of the steel bar inserted in the bath were monitored and analyzed. The experimental program is shown in Table 1.




2.2. Analysis of Experimental Results


The melting process of scrap consists of three stages: the iron coagulating stage, the carburizing and melting stage, and the full boiling stage [17,18,19]. The iron coagulating stage occurs initially after the steel bar’s immersion into the molten bath. The large temperature gradient between the steel bar and the molten pool causes some of the molten metal to freeze quickly on the surface of the steel bar. The carburizing and melting stage is the controlling unit of the melting of scrap in EAF steelmaking. During this stage, carbon from the molten metal penetrates the surface of the scrap, thus accelerating the scrap melting process. In the full boiling stage, the temperature of the molten bath is larger than the steel melting point and the scrap melting rate is very faster.



Actually, the carburization process of the carburizing and melting stage is the main link. Based on the iron-carbon phase diagram, the iron-carbon alloy melting point is decreased by 78.5 °C with a 1.0% increase in the C content of iron-carbon alloy [20,21]. Thus, when the molten bath temperature is higher than the melting point of the carburized layer, the molten metal flowing around it will melt the carburized layer.



Figure 3a,b show the steel bar weight change with different molten bath carbon content and different molten bath stirring intensity, respectively. As shown in Figure 3a, the lower the C content in the melt bath, the heavier the steel bar weight. The mass melting rates for the low, medium and high C content baths were 1.19 g/s, 0.96 g/s and 0.79 g/s, respectively, for 0 s to 30 s. The mass melting rates were 2.98 g/s, 2.66 g/s and 2.14 g/s for low, medium and high carbon content in the melt pool from 40 s to 55 s, respectively. In addition to this, this phenomenon is also observed in other time periods. In Figure 3b, the weaker the stirring of the bath, the higher the weight of the bars. The mass melting rate is 1.06 g/s, 0.1.05 g/s and 0.96 g/s for strong, medium and weak bath agitation from 0 s to 30 s. The mass melting rate is 3.02 g/s, 2.87 g/s and 2.66 g/s for bottom-blowing gas flow rates of 7.0 L/min, 5.0 L/min and 3.0 L/min from 40 s to 55 s, respectively. The same phenomenon also can be found in other time ranges.



According to the experimental results, the carbon content of the melt bath and the intensity of the melt bath stirring have a significant effect on the melting of the scrap. The lower the melt bath carbon content, the slower the melt bath stirring, then the slower the scrap melting rate. The smaller the carbon concentration gradient, the slower the carburization reaction speed. The lower intensity of bath stirring results in a lower convective heat transfer coefficient, which reduces the heat transfer from molten metal to scrap. For EAF steelmaking with SCPI-COMG, the molten bath carbon content can be effectively increased by the direct carbon injection into the molten steel of high temperature and the molten bath stirring can be noticeably enhanced by submerged injection with CO2 and O2 mixed gas, which is of large gas flow rate. Therefore, the SCPI-COMG technology can shorten tap-to-tap time by accelerating the smelting of scrap. What is more, the quality of molten steel also can be improved by increasing the melting down carbon content. The higher the carbon content of the molten bath, the more CO bubbles in the molten bath and the better the reaction kinetics conditions. Hence, the dephosphorization efficiency can be improved and the peroxidation of molten steel can be reduced. What is more, more CO bubbles can capture more nitrogen from the molten steel.





3. Impact Behaviors of Gas Jet in Liquid Steel


In SCPI-COMG, the carbon powder injection is a dilute phase convey, and therefore, the gas jet plays a main role in impacting and stirring the molten bath. As Figure 4 shows, in order to investigate the impact behaviors of gas jets in liquid steel in EAF steelmaking, the geometric model of gas jets in liquid steel was built on the basis of the water model experiment results and relative research [22]. In this study, a mathematical model was built to predict the formula of the axis of the gas jet in liquid steel.



3.1. Assumptions


	(1)

	
The gas jet in liquid steel is regarded as a stable and incompressible fluid.




	(2)

	
There are only mass and momentum exchanges between the jet and the surrounding liquid.




	(3)

	
The momentum of the gas jet in liquid steel is conserved in the horizontal direction.




	(4)

	
The transient variation of the momentum of the gas jet in liquid steel in the vertical direction is equal to the buoyancy of the jet.








3.2. Theoretical Modeling


As Figure 4 [23] shows, a microelement at the horizontal distance x (h − x) and x + dx was regarded as a computing primitive, which is vertical to the jet axis. Based on the law of conservation of mass, the following equation can be obtained.


   C g   ρ g  A v =  ρ g   A 0   v 0   



(1)




where A and A0 are the jet sectional area at h − x and the exit of the injector, respectively; v and v0 are the jet velocity at h − x and the exit of the injector, respectively; ρg is the gas velocity; due to the entrainment of the jet, the gas jet in liquid steel in the molten bath would become gas-liquid jet, and therefore, Cg + CL = 1, Cg and CL are the gas and liquid volume fraction in the jet at h − x, respectively.



The momentum of the gas jet in liquid steel is conserved in the horizontal direction. The following equation can be obtained.


   ρ m  A  v 2  cos θ =  ρ g   A 0   v 0 2  cos α  



(2)




where α is the angle between the axis of the injector and the horizontal direction; ρm is the gas-liquid jet density calculated from ρg and ρL; θ is the angle between the jet axis and the horizontal direction.



The calculation formula is as follows.


   ρ m  =  C g   ρ g  +  C L   ρ L   



(3)







As a result, the following equation can be obtained by combining Equations (1)–(3).


     ρ L  −  ρ m     ρ m    =    ρ L  −  ρ g     ρ g       v x     v 0  cos θ    



(4)







The momentum of the gas jet in liquid steel is conserved in the vertical direction. The following equation can be obtained.


  d   m  v y    =  F b   



(5)




where m is the mass of the computing primitive at h − x; vy is the velocity component in y direction at h − x and Fb is the buoyancy of the the computing primitive at h − x.


   F b  =    ρ L  −  ρ m    g A d s  



(6)




where ds is the axis length of the computing primitive at h − x and it can be calculated by the following equation.


  d s =   d x   cos α    



(7)







As a result, the following equation can be obtained by combining Equations (5)–(7).


    d  v y    d x   +  v y    d   ln m     d x   −      ρ l  −  ρ m    g    ρ m  v cos α   = 0  



(8)







Then, the following equation can be obtained by combining Equations (4) and (8).


    d  v y    d x   +  v y    d   ln m     d x   −      ρ L  −  ρ g       ρ g     g   v 0  cos θ   = 0  



(9)







For the convenience of analysis, we have assumed the following dimensionless variables.


   x r  =  x   d 0    ,    y r  =  y   d 0    ,    v x    r  =    v x     v 0    ,    v  y r   =    v y     v 0     










   v r  =  v   v 0    ,    m r  =  m   ρ g   A 0   v 0    ,   F  r ′  =    ρ g   v 0 2    (  ρ L  −  ρ g  ) g  d 0     








where d0 is the injector exit diameter and Fr’ is the modified Froude. Hence, the following equations can be obtained.


    d  v  y r     d  x r    +  v  y r     d   ln  m r      d  x r    −  1  F  r ′  cos θ   = 0  



(10)






   m r  =   cos θ    v  x r      



(11)







Based on Equations (10) and (11), the following Equation (12) can be obtained by mathematical transformations.


     d 2   y r    d  x r 2    =  1  F  r ′   v  x r   cos θ    



(12)







According to the previous report, the following equation can be adopted in this study.


   v x    r  =   K cos α    x r  + K    



(13)




where K is a constant.



Therefore, the following equation can be obtained by combining Equations (12) and (13).


     d 2   y r    d  x r 2    =  1  K F  r ′       x r  + K     cos  2  θ    



(14)







According to the boundary conditions of Equation (14), the mathematical model to depict the formula of the axis of the gas jet in liquid steel can be obtained.


   y r  =  1  K F  r ′    cos  2  θ      1 6   x r 3  +  K 2   x r 2  +   sin 2 α  2  K F  r ′   x r     



(15)







Therefore, for a gas jet in liquid steel, the axis of the jet in the molten steel can be calculated by Equation (15) on the basis of the installed angle, the submerged depth and the gas flow rate. For model validation, the theoretical model was also verified by the water model experiment (Figure 5).




3.3. Analysis of Impact Behaviors of Gas Jet in Liquid Steel


In EAF steelmaking with SCPI-COMG, the injector is under the molten steel level in the range of 500 to 700 mm, which depends on the furnace profile and the diameter of the submerged injector exit is about 12 mm. Therefore, the dimensionless quantity of the submerged depth yr is in the range of 40 to 60 approximately.



According to the experimental results, when the vertical impact depth reaches 700 mm, the maximum horizontal impact distance does not exceed 600 mm, which is much smaller than the actual diameter of the electric arc furnace melt pool. Therefore, the actual melt pool diameter will not affect the penetration depth of the jet.



Figure 6a [23] shows the axis trajectory of the gas jet in liquid steel with different installed angles. It can be found that with 0° ≤ α ≤ 20°, the horizontal inject distance increases with α increasing. The change trend is more obvious in the range of 0° to 10°. When α is larger than 20°, the horizontal inject distance decreases with α increasing. Hence, in industrial applications, the installed angle is about 10°. Certainly, the effect of the installed angle on the erosion of the refractory was also taken into account.



Figure 6b [23] shows the axis trajectory of the gas jet in liquid steel with different gas flow rates. It can be found that the inject distance increases with the gas flow rate increasing. With the same installed angle and the same injector exit diameter, the jet velocity at the exit of the injector could be increased by the larger gas flow rate. Therefore, both the horizontal and the vertical inject distance of the submerged are larger.
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Figure 6. Axis trajectory of gas jet in liquid steel [23]. (a) Different installed angles with Q = 500 Nm3/h. (b) Different gas flow rates with α = 10°. 






Figure 6. Axis trajectory of gas jet in liquid steel [23]. (a) Different installed angles with Q = 500 Nm3/h. (b) Different gas flow rates with α = 10°.
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4. Influence of the Gas-Solid Parameters on the EAF Steelmaking Process


Based on the previous studies [24,25,26,27], the materials and energy balance model of EAF steelmaking with SCPI-COMG were built by combining the material balance, the energy balance and the chemical equilibrium (shown in Figure 7). These newly built models were tested in the case of a commercial 50-ton EAF with SCPI-COMG. The results of the theoretical calculation were in accord with the results of the industrial production (listed in Table 2), which could demonstrate that the materials and energy balance model was reasonable. In this study, these two models were employed to investigate the effect of the gas-solid parameters on the key technical parameters of EAF steelmaking.



4.1. Variation Tendency of the Molten Slag and the Off-Gas Volume


Figure 8 shows the effect of the carbon powder quantity on the molten slag in EAF steelmaking with SCPI-COMG. The quantity of the molten slag increases with the carbon powder quantity increasing. The quantity of the molten slag is 82.33 kg/t when the carbon powder quantity is 10 kg/t and that increases to 89.54 kg/t when the carbon powder quantity is 40 kg/t. The main reason is that the ash content in the carbon powder is about 12.4% and almost all of the ash is removed into the molten slag during the steelmaking process. In addition, after the increase in ash content, in order to ensure the alkalinity of the slag, lime and other slag-making materials need to be added to the slag, resulting in an increase in the remaining slag amount.



As for the smelting off-gas, the addition of carbon powder and CO2 influences the off-gas volume. With the carbon powder quantity increasing, the volume of the off-gas increases noticeably (shown in Figure 9). When the carbon powder quantity changed from 10 kg/t to 40 kg/t, the total volume of off-gas increased from 58.87 Nm3/t to 147.50 Nm3/h, the volume of CO2 changed from 22.98 Nm3/t to 61.54 Nm3/t and the volume of CO changes from 10.47 Nm3/t to 28.31 Nm3/t. It can be found that the volume of CO2 increased by a large margin. With the assumed CO post-combustion ratio, a large amount of CO2 was formed due to the CO combustion and meanwhile, the powder carrier gas is also a main source of CO2. The volume and composition change law of the off-gas in EAF steelmaking with SCPI-COMG can offer the reference basis data to optimize the cooperative operation between the smelting system and the dust-removal system in EAF steelmaking.




4.2. Variation Tendency of the Power Consumption


Based on the above analysis, the SCPI-COMG technology can accelerate the melting process of scrap by enhancing the carburization of molten steel. Furthermore, a great deal of heat generated by the carbon and oxygen reaction can also accelerate the smelting rhythm and reduce power consumption. Figure 10 shows the variation tendency of the power consumption with the quantity of carbon powder in EAF steelmaking with SCPI-COMG. On one hand, it can be found that the power consumption decreases with the quantity of carbon powder increasing. Based on the calculation results, a 1 kg/t increase in the quantity of carbon injected into the molten steel by SCPI-COMG would decrease the power consumption by about 3 to 4 kWh/t. On the other hand, the decrease of power consumption is gradually reduced with the quantity of carbon powder increasing. The average decrease speed of the power consumption per ton of steel is about 3.6 kWh per kg carbon powder when the quantity of carbon powder is less than 20 kg/t and that would become 0.7 kWh per kg carbon powder when the quantity of carbon powder in the range of 30 to 40 kg/t. That is, the effective utilization efficiency of carbon powder decreases as the quantity of carbon powder increases. With a large injection rate of the carbon powder, the instantaneous ability to dissolve carbon powder in the molten bath is limited and hence, a part of the carbon powder escapes directly from the molten steel into the furnace tank before they are captured by the molten steel. Furthermore, the more carbon powder is injected, the more carbon escapes into the furnace tank. Hence, the effective utilization efficiency of carbon powder decreases with more carbon powder. Therefore, the injection parameters of the SCPI-COMG technology should be adjusted and optimized according to the actual smelting conditions during the EAF steelmaking process, such as the burden design, the smelting stage and so on.




4.3. Effective Utilization and Burning Loss of Carbon Powder


In this paper, the burning loss of carbon powder is defined as the carbon powder that reacts directly with CO2 and O2 and this part of carbon powder is not captured by the molten steel during the EAF steelmaking process with SCPI-COMG. Figure 11 shows the relationship between the carbon powder burning loss and the quantity of carbon powder. It can be found that when the quantity of carbon powder is less than 20 kg/t; the burning loss rate of carbon powder with O2 is almost invariable and the burning loss rate of carbon powder with CO2 decreases gradually with the increasing quantity of carbon powder. In this range, with the carbon powder quantity increasing, the proportion of carbon powder melting into the molten steel decreases and correspondingly, the power consumption decreases. When the quantity of carbon powder is in the range of 20 kg/t to 40 kg/t, the burning loss rate of carbon powder with O2 increases gradually and the burning loss rate of carbon powder with CO2 decreases slightly with the quantity of carbon powder increasing. It demonstrates that with the quantity of carbon powder increasing, more and more carbon powder ran out from the molten bath into the furnace tank without carburization and this part of carbon powder was burnt by O2 in the furnace tank directly. However, compared with the carbon and oxygen reaction in the molten steel during the steelmaking process, heat generated by the combustion reaction between carbon powder and O2 in the furnace tank can be utilized by the molten bath. Therefore, the speed of the power consumption is gradually reduced.



Assuming the injection mass ratio CO2:O2 = 5.5; CO2 utilization rate of 80%; 98% O2 utilization rate; CO2 purity is 99%.The burning reaction between carbon powder and O2 and CO2 is as follows:


  C +   1   2     O   2   = C O  



(16)






  C + C   O   2   = 2 C O  



(17)







Based on the industrial application research, the melting down of carbon contents with different carbon powder quantities was measured and the corresponding effective utilization ratio of carbon powder melting into the molten steel was also calculated (shown in Figure 12 and Figure 13). When the quantity of carbon powder is less than 20 kg/t, the melting down carbon content of the EAF molten bath is proportional to the quantity of carbon powder and the effective utilization ratio of carbon powder increases stably. When the quantity of carbon powder is in the range of 20 kg/t to 40 kg/t, it can be found that with the quantity of carbon powder increasing, the melting down carbon content increases more and more slowly and the effective utilization ratio of carbon powder decreases correspondingly.




4.4. Effect of CO Post-Combustion on the Power Consumption


In EAF steelmaking, a large amount of CO is generated during the smelting process and these CO gas contains massive chemical latent heat, which is useful to reduce the smelting energy consumption [28,29]. Actually, it is significant to enhance the CO post-combustion and improve the energy utilization rate of CO post-combustion. Figure 14a,b show the relationship between the power consumption and the CO post-combustion ratio and the relationship between the power consumption and the energy utilization rate of CO post-combustion, respectively. In Figure 14a, the energy utilization rate of CO post-combustion is assumed as 42%. With the CO post-combustion ratio increasing, the power consumption decreases. A 1% increase in the CO post-combustion ratio would decrease the power consumption by 0.76 kWh/t. In Figure 14b, the CO post-combustion ratio is assumed as 55%. And with the energy utilization rate of CO post-combustion increasing, the power consumption decreases. A 1% increase in the energy utilization rate of CO post-combustion would decrease the power consumption by 1.6 kWh/t. In EAF steelmaking with SCPI-COMG, the quantity of carbon powder injected into the EAF steelmaking system is far more than that in traditional EAF steelmaking. Hence, the utilization and optimization of CO post-combustion is of greater importance. Generally, the CO post-combustion includes CO post-combustion in foaming slag and CO post-combustion in free space [30,31]. With CO post-combustion in free space, the heat generated by the reaction between O2 and CO above the molten bath is transformed into the molten slag layer by radiation and convection and then the heat is transformed from the molten slag layer to molten steel. In this heat transfer process, the energy utilization rate is only about 20% to 40%. With CO post-combustion in foaming slag, the heat generated is directly transformed into molten steel from the molten slag layer, which improves the efficiency of energy utilization noticeably. Therefore, in EAF steelmaking with SCPI-COMG, it is very important to enhance the CO post-combustion, especially the CO post-combustion in foaming slag, to increase the energy utilization rate and reduce the power consumption.





5. Conclusions


Some fundamental studies were carried out to understand the mechanism of EAF steelmaking with SCPI-COMG. An induction furnace experiment was carried out to investigate the mechanism of scrap melting by molten bath carburization and fluid flow, The mathematical model of the axis of the gas jet in liquid steel was built to analyze the impact characteristics of gas jet in liquid steel, and the materials balance model and energy balance model of EAF steelmaking with SCPI-COMG were built and tested to study the influence of the gas-solid parameters on the EAF steelmaking process.



In the EAF steelmaking process using the SCPI-COMG, the carbon content of the melt bath and the intensity of the melt bath stirring have a significant effect on the melting of the scrap. The lower the melt bath carbon content, the slower the melt bath stirring, then the slower the scrap melting rate. The smaller the carbon concentration gradient, the slower the carburisation reaction speed. The lower intensity of bath stirring results in a lower convective heat transfer coefficient, which reduces the heat transfer from molten metal to scrap.



The mathematical model built to depict the formula of the axis of the gas jet in liquid steel can well predict the axis trajectory of the gas jet in liquid steel. Based on the results of this theoretical model, for a gas jet in liquid steel, with α ≥ 20°, the horizontal penetration distance decreases with α increasing and with 0° ≤ α ≤ 20°, the horizontal penetration distance increases with α increasing. Especially in the range of 0° to 10°, the change trend is more obvious.



The materials and energy balance model of EAF steelmaking with SCPI-COMG was in accord with the industrial application. Based on the results of these two models, it can be found that with the carbon powder quantity increasing, the power consumption decreases, the quantity of the molten slag increases and the off-gas volume increases. When the quantity of carbon powder is more than 20 kg/t, the effective utilization efficiency of carbon powder decreases as the quantity of carbon powder increases. The CO post-combustion is useful to reduce the smelting energy consumption in EAF steelmaking. Hence, with SCPI-COMG, it is very important to enhance the CO post-combustion, especially the CO post-combustion in foaming slag, to increase the energy utilization rate and reduce the power consumption.
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Figure 1. The system of submerged carbon powder injection with CO2-O2 mixed gas in EAF. 
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Figure 2. Experimental platform for scrap melting analysis. 
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Figure 3. Weight change of the steel bar in molten bath with different C content and different stirring intensity: (a) different C content; (b) different stirring intensity. 
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Figure 4. Geometric model of the gas jet in liquid steel [23]. 
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Figure 5. Comparison of the horizontal inject distance between the theoretical model values and the water model experiment results. 
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Figure 7. The materials and energy balance system model of EAF steelmaking; (A) materials balance system model, (B) energy balance system model. 
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Figure 8. The relationship between the quantity of slag and the quantity of carbon powder. 
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Figure 9. The relationship between the power consumption and the off-gas volume and composition. 
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Figure 10. The relationship between the power consumption and the quantity of carbon powder. 
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Figure 11. The relationship between the carbon powder burning loss and the quantity of carbon powder. 
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Figure 12. The melting down carbon content with different carbon powder quantity in the industrial application. 
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Figure 13. The rate of carbon powder melting into the molten steel with different carbon powder quantity in the industrial application. 
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Figure 14. The relationship between the power consumption and the CO post-combustion parameters. (a) CO post-combustion ratio. (b) Energy utilization rate of CO post-combustion. 
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Table 1. The composition of molten bath with different C content.
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	Label
	w (C)%
	w (Si)%
	w (Mn)%
	w (P)%
	w (S)%
	Gas Flow Rate





	High carbon content
	4.030
	0.640
	0.310
	0.036
	0.015
	3.0 L/min



	High carbon content
	3.010
	0.620
	0.320
	0.037
	0.016
	3.0 L/min



	High carbon content
	2.100
	0.630
	0.330
	0.037
	0.015
	3.0 L/min



	Weaker stirring
	3.010
	0.620
	0.320
	0.037
	0.016
	3.0 L/min



	Medium stirring
	3.030
	0.580
	0.360
	0.033
	0.014
	5.0 L/min



	Stronger stirring
	2.980
	0.610
	0.350
	0.034
	0.017
	7.0 L/min










 





Table 2. Comparison between the measured averaged values and the calculated averaged values of theoretical model.
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Label

	
Carbon Powder Consumption (kg/t)

	
Power Consumption

(kWh/t)

	
O2 Consumption

(Nm3/t)






	
001

	
Calculated

	
12.0

	
380.9

	
27.7




	
Measured

	
11.7

	
385.5

	
28.3




	
002

	
Calculated

	
16.0

	
369.1

	
33.1




	
Measured

	
16.3

	
365.3

	
34.2




	
003

	
Calculated

	
20.0

	
358.5

	
36.3




	
Measured

	
20.1

	
356.2

	
35.2




	
004

	
Calculated

	
23.0

	
354.7

	
39.5




	
Measured

	
22.7

	
357.6

	
42.6




	
005

	
Calculated

	
28.0

	
350.8

	
44.9




	
Measured

	
27.6

	
350.2

	
43.6




	
006

	
Calculated

	
32.0

	
348.3

	
49.2




	
Measured

	
32.3

	
343.2

	
47.3
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