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Abstract

:

Coke oven gas (COG) injection from the dome in a COREX melter gasifier is a good method to not only reduce the amount of solid fuel used for gasification, but also to adjust the freeboard temperature that should be maintained within a certain range. In this paper, the characteristics of COG injection used to adjust dome temperature are studied through a static model. The results show that an increase in melting rate causes a decrease in dome temperature and generator gas volume. However, with an increase in coke rate, dome temperature increases, while generator gas volume decreases. For low coke rate conditions, the dome temperature is generally found to be lower than 1050 °C, and COG is blasted for combustion and heat releasing. For high coke rates, the dome temperature is generally higher than 1050 °C. Under the premise that oxygen reduction cannot meet the demand, COG is used for decomposition. After the COG injection, the amount and reduction capacity of the generator gas can meet the needs of reduction in shaft furnace. The findings of this work can be used as a theoretical basis to guide plant operations for COG injection.
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1. Introduction


COREX is the world’s first commercially established and industrially proven smelting-reduction process [1,2]. It is a two-stage process that involves pre-reduction in a shaft furnace, followed by final reduction and separation in a melter gasifier, as shown in Figure 1 [3,4,5]. The second COREX-3000 module in Baosteel was moved from Shanghai to Xinjiang in a bid to utilize local coal resources [6]. Owing to the special properties of coking coal (high reactivity) [7,8], coke consumption in the blast furnace of Basteel is high [9,10]. Therefore, the coke oven gas (COG) is surplus. The COG with high heat value and high H2 percentage is projected to blast into the COREX process for improving reduction efficiency and reducing solid fuel consumption.



Coke oven gas has been successfully injected into blast furnace in industrial practice in China and abroad [11,12,13,14,15]. However, the difference between a blast furnace and a COREX process makes it impossible for the latter to draw experience directly from COG injection in a blast furnace. Wu et al. [16] investigated the characteristics of COG injection from tuyere in a COREX melter gasifier. As normal temperature oxygen is blasted into a COREX melter gasifier, COG injection from tuyere in COREX lacks the thermal compensation measures that are usually used in blast furnaces. The insufficient heat in the melter gasifier caused by COG tuyere injection is the main reason for the quantity of COG being limited. However, it is important to note that the secondary injection systems are installed in the dome zone of melter gasifier to recycle dust and oxygen [17]. The COG can be blasted into the COREX melter gasifier through the burner in the dome zone. This not only reduces the amount of solid fuel used for gasification, but also adjusts the freeboard temperature, which should be maintained within a certain range. However, no detailed descriptions of the characteristics of COG injection from the dome in a COREX melter gasifier are available.



In this study, COG injection from dome in a COREX melter gasifier for adjusting dome temperature is investigated. The effect of COG injection on lowering fuel rate will be discussed elsewhere. The dome zone is a unique characteristic of the COREX process, and dome temperature should be maintained at approximately 1050 °C to meet the thermal demand for an endothermic reaction, as well as to ensure the cracking of coal [18]. The fluctuation of dome temperature is undesirable for maintaining a stable operation. Inadequate dome temperature could lead to the hydrocarbons in the coal not cracking completely and tar concentrations clogging the generator gas nozzle [19], while excessive freeboard temperature may result in the burnout of the refractory and the device in the freeboard, especially the distribution system. In addition, the dust in the generator gas with a higher temperature could soften and bond to block the generator gas nozzle. The key factors affecting dome temperature [20], recycling dust combustion [21,22], and distribution of dome temperature [23] have been sensitively analyzed. However, COG injection from dome to adjust dome temperature has not been fully understood, particularly, the fact that COG could affect dome temperature through combustion or decomposition, without significantly changing the reducing gas composition. Thus, a detailed investigation of the characteristics of COG injection from dome to adjust dome temperature is necessary for obtaining a well-controlled and optimal system performance.



The current paper presents a static model to explore material flow and energy flow in the COREX process. The effect of melting rate and coke rate on the temperature and volume of reducing gas in dome zone was discussed. The amount of COG injection from dome to adjust dome temperature under different melting rates and coke rates was then studied. The effect of COG injection from dome on the composition of reducing gas was also discussed. The findings of this work should be useful to control and optimize the COREX process with COG injection from the dome.




2. Static Model and Computation Method


The core of the static model is the calculation of raw material (iron ore, fuel, and flux) consumption, based on the three balance equations of Fe, C, and binary basicity (R2). The slag amount is calculated on the basis of the slag balance equation. The input items of the static model are the composition of raw materials; distribution ratio of fuel and flux between shaft furnace and melter gasifier; R2 value and FeO mass fraction of slag; C, Si and S contents in hotmetal; CO2, CH4, and H2O mass fractions in top gas of melter gasifier; and other expected parameters such as cyclone dust removal efficiency, and distribution ratio of elements on hot metal, among others. The balance equations of Fe, C, R2, and slag are listed as follows:


∑imi×w Fei=mHM×w[Fe]+mslag×w(FeO)×56/72



(1)






∑imi×w Ci=mHM×w[C]+(VCO+VCO2+VCH4)×12/22.4



(2)






R2=mCaO/mSiO2



(3)






mslag=(mCaO+mSiO2+mAl2O3+mMgO+mCaS+mP2O5+mMnO+mTiO2)/(1−w(FeO))



(4)




where, i denotes the raw materials including iron ore, coal, coke, limestone, dolomite, and quartzite; mi represents the mass of raw materials for producing 1 t hot metal, kg; wFei and wCi, respectively, represent the mass fraction of Fe or C in raw material i; mHM is the mass of hot metal, which is 1 t in this study; mslag is the mass of slag, kg; w[Fe] and w[C] denote the mass fraction of Fe or C in hot metal, %; w(FeO) denotes the mass fraction of FeO in slag, %; VCO, VCO2, VCH4 represents the volume of CO, CO2 and CH4 in export gas for producing 1 t hot metal, respectively, m3/t; mj (j = CaO, SiO2, Al2O3, ···) represents the mass of j in slag, kg.



When the raw material consumption is obtained, the volume and composition of top gas both in shaft furnace and melter gasifier are calculated by solving the balance equations of C, H, O, and N in each furnace. According to the reactions in each furnace, the characteristic parameters are calculated such as direct reduction rate and gas utilization rate.



For heat balance, energy conservation in the pre-reduction shaft furnace and melter gasifier is calculated. The heat balance equations are solved by calculating the “heat in” from input materials and heat from carbon burning. “Heat out” includes the heat taken away by the top gas and the absorption heat of direct reduction. On the other hand, the heat balance of the whole COREX process is investigated.




3. Results and Discussion


3.1. Basic Results


Figure 2 shows an example of a mass flow sheet of the COREX process under a typical condition. The calculation conditions are defined where the metallization degree of iron ore in the shaft furnace is 60%, and the oxygen concentration is 99.5%. The decomposition rate of the flux such as magnesium carbonate and calcium carbonate in the shaft furnace are set to 100% and 50%, respectively. Under this condition, 1448 kg iron ores and 990 kg fuels (197.6 kg coke/semi-coke and 792.4 kg coal) are required for producing 1 t hot metal. Meanwhile, an amount of 1730.74 Nm3 is produced in the melter gasifier. The proportion of CO, CO2, H2, and H2O in the melter gasifier generator gas is 64.74%, 9.47%, 18.54%, and 2.5%, respectively.



In order to validate the reliability of the model, the results of this model were compared with the results from plant data for slag basicity, as shown in Figure 3a. It can be observed that the predicted slag basicity matches well with the actual values. The maximum difference between predicted and actual values is 8% for the slag basicity in the range of 1.18 to 1.38. Figure 3b shows the comparison of calculated and actual export gas volume. The results show the similar tendency and predicted value are essentially consistent with the actual data. These agreements verify the applicability of the present static model for predicting the characteristics of COG injection from dome.




3.2. Effect of Melting Rate and Coke Rate


In order to explore the influence of the melting rate, the relationship between the melting rate and fuel rate should first be solved, followed by clarifying the basic fuel rate under different melting rates. Figure 4 shows the variation trend of fuel rate with the melting rate. The data are collected from practice production values. The relationship is obtained through fitting and can be described as y = 1272.98 − 2.21x, where y denotes the fuel rate and x represents the melting rate. The standard error of the slope and intercept of the equation are 0.2 and 27.6, respectively. Based on this relationship, the fuel structure under different melting rates is shown in Table 1. It should be pointed out that the ratio of coke to the fuel is set as 20%. In the following work, for each melting rate, the effect of coke rate will be discussed under the condition that the coal is replaced by coke without changing the fuel carbon content.



Figure 5a shows the effect of melting rate on dome temperature under different coke rates. When the coke rate is above 200 kg/t, the dome temperatures are higher than 1050 °C, while the dome temperatures with coke rate of 150 kg/t are lower than 1050 °C. In addition, under the same coke rate, the dome temperature decreased when the melting rate increased. The main reason for this is that with the increase of melting rate, the fuel rate is reduced, as shown in Figure 4. The fuel consumption per hot metal decreases and the heat in melter gasifier reduces, leading to a drop of dome temperature. It can be seen from Figure 5a, the dome temperature increases with the increase of coke rate. This is attributable to the moisture and volatile matter amount in coke being lower than coal, demanding less heat and leading to a lower thermal load in dome zone. Figure 5b shows the influence of melting rate on volume of generator gas in dome zone under different coke rates. The generator gas volume is lower for a higher coke rate. This is caused by the volatile matter in coke is much less than that of lump coal, and the gas generated by the decomposition in dome zone is greatly reduced. The volume of generator gas decreases with the increase of melting rate for the lower fuel rate under higher melting rate.




3.3. COG Injection for Adjusting the Dome Temperature


In the actual production process, the means to directly adjust the dome temperature is controlling the oxygen flux of the burners located around the circumference of the dome zone. However, the adjustment is limited, especially for high dome temperature. The COG injection from the dome is an appropriate way to adjust the dome temperature through combustion or decomposition. The proportion of CO, CO2, N2, H2, and CH4 in the COG is 7%, 2%, 5%, 58%, and 28%, respectively.



Figure 6 shows the volume of COG injection from dome for controlling the dome temperature. In Figure 6, the positive values in the y-axis represent the volume of COG used for combustion while the negative values are the amount of COG used for decomposition. For the low coke rate conditions (150 kg/t and 200 kg/t), the dome temperature is generally lower than the appropriate one (1050 °C), so the COG is blasted for combustion and heat releasing. The amount of the injected COG is approximately 3.3–21.1 Nm3/t. For high coke rates, the dome temperature is generally higher than 1050 °C. The COG is used for decomposition under the premise that the oxygen reduction cannot meet the demand. According to the difference between the dome temperature and the volume of the generator gas, the volume of the injected COG is 3.6–66.6 Nm3/t. In addition, there are two kinds of conditions that can adjust the dome temperature by decreasing the flow of oxygen. For example, under the conditions of having a melting rate of 140 t/h and coke rate 200 kg/t, and a melting rate of 170 t/h and coke rate 250 kg/t, the decrement of oxygen are 4.8 Nm3/t and 11.3 Nm3/t, respectively. For the melting rate at 150 t/h and coke rate at 200 kg/t, the dome temperature is close to 1050 °C, there is no COG injecting or oxygen reduction.



The volume of generator gas after COG injection is shown in Figure 7. The amount of the generator gas is higher compared with the volume of generator gas before COG injection such as that shown in Figure 5b. The maximum value of the generator gas can reach 1834.5 Nm3/t, and the lowest value is 1600 Nm3/t. In this work, the metallization degree of iron ore in the shaft furnace is assumed as 60%, denoting that the required amount of reducing gas in shaft furnace should be 1530.54 Nm3/t as calculated in Section 3.1. Therefore, the reducing gas in melter gasifier after COG injection can meet the needs of reduction in shaft furnace.



Figure 8 shows the volume fraction of generator gas after COG injection under the melting rate 160 t/h. When the coke rate increases from 150 kg/t to 300 kg/t, the CO volume fraction decreases from 69.7% to 64.8%, but the H2 volume fraction increases from 18.6% to 21.9%. The main reason for this is that the COG is blasted for combustion under low coke rate and for decomposition under high coke rate. Further, the amount of the injected COG is especially higher in high coke rate condition. Therefore, the H2 volume fraction and CH4 volume fraction are increased with the increase of coke rate. Besides, the reduction capacity of the generator gas after COG injection under different coke rates is somewhat higher than that in the basic case, which is good for reduction in shaft furnace.





4. Conclusions


A static model based on mass and heat balance is developed to investigate the characteristics of COG injection from dome in COREX melter gasifier. The model is validated by comparing the predicted value with actual plant data. With the increase of melting rate, both the dome temperature and volume of generator gas decrease. As the coal is replaced by coke without changing the fuel carbon content, the dome temperature increases while the volume of generator gas decreases with the increase of coke rate. For the low coke rate conditions (150 kg/t and 200 kg/t), the dome temperature is generally lower than 1050 °C, and COG is blasted for combustion and heat releasing. The amount of the injected COG is approximately 3.3–21.1 Nm3/t. For high coke rates, the dome temperature is generally higher than 1050 °C. Under the premise that the oxygen reduction cannot meet the demand, the COG is used for decomposition. After the COG injection, the amount and reduction capacity of the generator gas can meet the needs of reduction in shaft furnace.
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Figure 1. Schematic diagram of the COREX process. 
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Figure 2. Specific mass flow in the COREX process. 
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Figure 3. The comparison of actual and predicted values (a) slag basicity and (b) export gas volume. 
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Figure 4. The variation trend of fuel rate with the melting rate. 
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Figure 5. Effect of melting rate on (a) dome temperature and (b) volume of generator gas under different coke rates. 






Figure 5. Effect of melting rate on (a) dome temperature and (b) volume of generator gas under different coke rates.



[image: Metals 08 00921 g005]







[image: Metals 08 00921 g006 550]





Figure 6. The volume of coke oven gas (COG) injection from dome for adjusting dome temperature. 
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Figure 7. The volume of generator gas after COG injection. 
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Figure 8. Volume fraction of generator gas after COG injection under the melting rate 160 t/h. 
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Table 1. Fuel structure under different melting rates.






Table 1. Fuel structure under different melting rates.





	Melting Rate (t/h)
	Coke Rate (kg/t)
	Coal Rate (kg/t)
	Fuel Rate (kg/t)





	140
	202.02
	810.08
	1012.10



	150
	197.60
	792.40
	990.00



	160
	193.19
	774.71
	967.90



	170
	188.78
	757.02
	945.80











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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