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Abstract

:

A static model of blast furnace operation of natural gas (NG) injection was developed. The effect of NG injection on the raceway adiabatic flame temperature, the amount and composition of bosh gas, the direct reduction degree and fuel ratio were studied. The results showed that under no thermal compensation, the heat loss of the whole blast furnace increases, which means the heat surplus of the whole furnace is sufficient. However, the heat in the high-temperature zone of the blast furnace is insufficient, showing the characteristics of “cold at bottom and hot at the top”. Based on the comparison of heat loss in the high-temperature zone after NG injection with the reference condition, if the heat loss is consistent with the reference case, the suitable NG injection volumes are 17.3, 34.6, 52 and 69.3 m3/t when the coal ratio is reduced by 20, 40, 60 and 80 kg/t, respectively. With the increase of the suitable NG injection volumes, the adiabatic flame temperature gradually decreases, the amount of bosh gas slightly increases, and the overall fuel ratio reduces gradually. The effect of other thermal compensation operations, such as increasing blast temperature and addition of oxygen on the NG injection, were also investigated. The findings of this work can be used as a theoretical basis to guide plant operations for NG injection in blast furnaces.
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1. Introduction


The “Blast furnace (BF)-LD Converter” process is the dominant steelmaking route in the world. Among this process, the BF occupied 50% of energy consumption and 60% of GHG emission in the iron and steel sector [1,2]. Natural gas (NG) is an excellent resource with high hydrogen and high calorific value [3]. Blast furnace NG injection plays a great advantage in reducing solid fuel consumption, reducing CO2 emissions, and realizing clean production, which has been regarded as an effective means of low carbon ironmaking.



In 1957, Petrovsky Plant in the former Soviet Union implemented NG injection in blast furnace for the first time and achieved good results. During the period of NG injection from 1959 to 1966, the coke rate decreased by 7–14%, while the production increased by 4–7% [4]. By the end of the 1980s, 112 of the 133 blast furnaces in the former Soviet Union had implemented NG injection, with an annual injection volume of 1200 m3, about 70–100 m3/tHM [5]. In the 1980s, due to the massive extraction and efficient delivery of NG in the world, as well as relatively stable prices, NG injection in blast furnaces in North America was rapidly developed, with an injection about 55–139 m3/t, up to 216 m3/t [6,7]. In 2004, Japan’s Kyohama No.2 blast furnace carried out the industrial practice of NG injection. When the blast volume and the raceway adiabatic flame temperature (RAFT) remained unchanged, the oxygen enrichment rate increased from 4.7% to 5.6%, realizing a NG injection volume of 50 kg/t, about 70 m3/t. The overall utilization coefficient of the blast furnace increased from 2.34 t/m3d to 2.52 t/m3d [8].



The data of the blast furnace NG injection were rarely released in China. However, to reduce CO2 emissions and ease the total coal consumption limit, the NG injection in blast furnaces has begun to gain attention. In fact, the earliest practice of blast furnace NG injection in China can be traced back to Chonggang in the 1960s. In 1965, Chongqing Iron and Steel Group Co., Ltd. conducted NG injection on its 3# blast furnace. The blast temperature was 1070 °C, the humidity was 18.6 g/m3, and the natural gas injection volume reached 96 m3/t without oxygen enrichment. During injection, the coke ratio was reduced from 802 kg/t to 667 kg/t by 16.9%, the replacement ratio was about 1.41 kg/m3, and the utilization coefficient of blast furnace is increased from 1.06 t/m3d to 1.24 t/m3d. Due to the subsequent tight supply of NG, the NG injection in Chonggang’s blast furnace was forced to stop [9]. Baosteel completed the practice of injecting NG into a blast furnace in October 2020, replacing traditional solid fuel with clean energy to save coal and reduce CO2 emissions. China is rich in coke oven gas (COG) resources and has a wealth of practical experience in COG injection [10,11]. A series of numerical models were developed to study the influence of blast furnace COG injection on coke ratio, output, heat balance, and other factors [12,13,14,15]. These works are useful for understanding reducing gas injection in blast furnace. However, NG, with more CH4 content, has a stronger cooling effect on the raceway zone, and it is more difficult to realize the thermal compensation measures. Previous study has shown that the RAFT decreases 45 °C with every increase of 10 kg/t NG injection in the blast furnace, which requires that the RAFT should be adjusted by reasonable blast furnace operation to meet the requirements of stable smooth operation of the blast furnace [16]. Although there are some simulation studies about the influence of NG injection on the multiphase transport behavior in raceway and in the whole blast furnace [17,18,19], the information about the effect of thermal compensation measures on the NG injection in blast furnace need further study.



In this work, based on the actual operation data of the Shougang Jingtang 5500 m3 blast furnace, a static model of blast furnace operation of NG injection was developed to theoretical study the NG injection in blast furnace. The influences of NG injection with no thermal compensation on the RAFT, the amount and composition of bosh gas were firstly studied. Then, the appropriate injection volume of NG under different thermal compensation measures was investigated. The findings of this work lay a foundation for the further research of BF operation of NG injection and provide theoretical basis for guiding the actual industrial production and application.




2. Materials and Methods


2.1. Model Calculations


As the unit of computation, the model uses the amount of raw fuel required to produce 1 t of hot metal. The consumption of each material, as well as the income and expenditure of heat, are computed using the material balance and energy balance. This study adopts the international consensus that the quantity of furnace belly gas equals the quantity of gas produced in the combustion zone (usually refer to the raceway in blast furnace). The following is the precise formula for estimating the quantity and composition of the gas in the furnace’s belly.
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where VBG, VCO, VH2, VN2, respectively are the circuiting zone gas volume and each component volume in the furnace belly of the each ton of hot metal, m3∙t−1; VF is the volume of blast in the each ton of hot metal, m3∙t−1; mc is the mass of carbon consumed in the tuyere of each ton of hot metal, kg∙t−1; mf is the mass of pulverized coal injection of each ton of hot metal, kg∙t−1; φ is the humidity of the blast air,%; ω(H2) is the mass fraction of H2 in the pulverized coal,%; ω(H2O) is the mass fraction of H2O in the pulverized coal,%; ω(O2) is the mass fraction of oxygen in the dry air,%; VNG-i is the volume of each component in the NG, m3∙t−1.



The bosh gas has complicated physical and chemical reactions with the furnace charge in the process of upward movement in the blast furnace. Furthermore, the main components are CO2, CO, H2O, H2 and N2 when bosh gas reach the furnace top. The volume of the top gas Vt is the sum of the volume of these five gases, the calculation formula is as follows.


   V t     = V     t - CO       + V       t - CO   2       + V       t - N   2       + V       t - H   2  O      + V       t - H   2     



(5)




where Vt-CO includes CO generated by combustion of carbon in fuel and direct reduction, minus CO consumed by indirect reduction, m3∙t−1; Vt-CO2 includes CO2 generated by indirect reduction and CO2 brought in by the charge, m3∙t−1; Vt-N2 is mainly N2 brought in by the blast, m3∙t−1; Vt-H2 includes H brought by the fuel and consumed by the blast H2 formed by the decomposition of water, minus H2 consumed by indirect reduction, m3∙t−1; Vt-H2O is the indirect reduction of H2 to produce H2O and the physical and crystalline water brought by the charge, m3∙t−1.



After solving the material balance equation, the second whole furnace heat balance is used to calculate the heat trend according to the actual reaction process occurring in the blast furnace, which more closely encompasses the entire smelting process of the blast furnace and thus more accurately reflects the actual situation of the blast furnace smelting energy utilization. The introduction of NG will alter the thermal state of the blast furnace high-temperature zone, affecting the furnace stability and smoothness. High-temperature zone heat balance utilizes calculation method one; heat income primarily consists of carbon combustion heat and blast physical heat; heat points primarily consist of direct reduction heat consumption, gas take-away heat, slag iron take-away heat, NG decomposition heat absorption, desulfurization heat consumption, heat loss, etc. Using the following formula, the RAFT of the tuyeres may be determined
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where Qc is the heat given off by the combustion of carbon in front of the tuyere, kJ∙t−1; QF is the physical heat brought in by the hot air, kJ∙t−1; QNG is the heat given off by the formation of CO and H2 from the CH4 of NG, kJ∙t−1; QG is the sensible heat brought in by the coke entering the raceway region, kJ∙t−1; Qd is the heat of decomposition of pulverized coal, kJ∙t−1; Qx is the heat of decomposition of moisture, kJ∙t−1; Vg is the volume of gas produced by combustion m3∙t−1; Cg is the specific heat capacity of the gas at tf, kJ∙m−3 ∙°C−1.




2.2. Calculation Conditions


Shougang Jingtang 3# blast furnace was used as the research object, with the raw material and fuel compositions used for calculation are shown in Table 1 and Table 2, respectively. The main composition of NG is shown in Table 3. The effective volume of this blast furnace is 5500 m3, the hearth diameter is 15.3 m, the tuyere diameter is 130 mm, the number of tuyeres is 40, the blast pressure is 450 kPa, the blast temperature is 1206 °C, the coal injection volume is 153 kg∙t−1, and the oxygen enrichment rate is 7.15%.





3. Results


3.1. NG Injection with No Thermal Compensation


Under the condition that the raw fuel and operating parameters remain unchanged, the comparison between the base case and after injecting 100 m3/t NG was shown in Figure 1. Two main changes can be found in Figure 1, one is that the RAFT decreases and the other is the volume of H2 increases in furnace. For the characteristic of RAFT, under the constant oxygen volume in the tuyere zone, the heat released by the reaction between per unit oxygen with CH4 is less than that by combustion of C, as demonstrated in Equations (7) and (8). Furthermore, the volume of bosh gas increases in the case with NG injection. The above two reasons lead to the decrease of RAFT. For the volume of H2, it is expected that NG injection will increase H2 content and the reduction potential, which is conducive to promoting the indirect reduction, thus reducing the coke ratio and increasing the H2O content.


    CH  4   g   + 1  /    2 O   2   g   = CO   g     + 2 H   2   g     ∆  H = - 35   . 4   kJ  / mol  



(7)






  C  s   + 1  /    2 O   2   g   = CO   g     ∆  H =     - 110   . 5   kJ  / mol  



(8)







To specify the thermal state of the NG injection in the blast furnace, the heat balance of the whole furnace and high temperature zone (areas of direct reduction, combustion and slag iron melting occur in blast furnace) were analyzed. Table 4 shows the whole furnace heat balance with and without NG injection. As shown in Table 4, the heat in before and after the gas injection are essentially the same, 3908.3 MJ/t and 3916.9 MJ/t, respectively. For the heat out, in the case with 100 m3/t NG injection, the heat out associated with direct reduction of iron is reduced to 766.2 MJ/t compared with the base case of 1238 MJ/t. The main reasons are due to the increase of decomposition heat of NG, and the development of indirect reduction leading to lower heat consumption of direct reduction of Fe. Thus, for the heat loss (also called heat surplus in some literatures) in the base case is 215 MJ/t, while for the case with 100 m3/t NG injection, the heat loss increases to 365.9 MJ/t, indicating that the heat of the whole furnace is sufficient. However, considering the heat balance in the high temperature zone, as shown in Figure 2, the NG injection without thermal compensation will lead to insufficient heat in the high temperature zone.



It can be seen from Figure 2, the heat in of the high temperature zone with and without NG injection are similar, while the heat out changes greatly. Compared with the base case, the heat taken away by the reducing gas after NG injection increases from 1407.1 MJ/t to 1718.1 MJ/t, and the decomposition heat of NG in the high temperature zone also increases the heat expenditure. Although NG injection reduces the direct reduction degree and contributes to a reduction of 373.2 MJ/t in the heat of direct reduction in the high temperature zone, the overall heat loss in the high temperature zone under the base case is 45.4 MJ/t, whereas the heat loss under the gas injection condition is −96.9 MJ/t. This shows that, without thermal compensation measures, the injection of NG will lead to insufficient heat in the high temperature zone of blast furnace, which will easily lead to the hearth being too cold and the blast furnace being damaged. Therefore, in the operation of NG injection in a blast furnace, certain thermal compensation is required.



The influence of NG injection on the RAFT and the amount of bosh gas in the furnace without thermal compensation is shown in Figure 3. The RAFT of the base case is 2306 °C and the bosh gas volume is 1144 m3∙t−1. When no thermal compensation measures are taken, the RAFT gradually decrease while the bosh gas volume increase with the increase of the volume of NG. For every 10 m3·t−1increase in NG injection, the RAFT lowers by 35.8 °C and the volume of bosh gas rises by 19.6 m3∙t−1. Previous work has found that the RAFT decreased by 1.2–1.5 °C for 1 m3 coke oven gas (COG) injected into BF to replace coal [14]. Compared with COG, the RAFT of NG injection decreases by a higher margin, which puts forward higher requirements for thermal compensation measures of NG injection.



Figure 4 shows the effect of NG injection on the heat loss in the high temperature zone of the blast furnace without thermal compensation measures. With the increase of NG injecting volume, the heat loss in the high temperature zone of the blast furnace tends to be negative, and the heat out in the high temperature zone increases by 2.12 MW (127 MJ/min) for every 10 m3 of NG injection. Without thermal compensation measures, the limit gas injecting volume to keep the heat income in the high temperature zone higher than the heat out is 31.9 m3/t. If 80% of the heat loss in the high temperature zone relative to the base case is the lower limit of acceptable heat, the acceptable volume of NG can reach 6.4 m3/t. Therefore, in order to increase the amount of NG injection in Jingtang blast furnace, it is necessary to explore the impact of thermal compensation measures on NG injection.




3.2. NG Injection with Thermal Compensation


To maintain the smooth furnace condition and slag-iron fluidity of the blast furnace, it is necessary to ensure the heat in the high-temperature zone to avoid over-cooling of the furnace hearth and poor slag-iron separation. In this work, the heat loss in the high temperature zone was used as constraint. When the heat loss in the high temperature zone with NG injection is consistent with the base case (this condition is referred to as as Base-100 in the following) or reaches the 80% of base case (called Base-80 in the following), acceptable quantities of NG injection can be obtained. In the actual production process, reducing the coal ratio, increasing blast temperature, and increasing the oxygen enrichment rate can be used as thermal compensation measures.



3.2.1. Reducing Coal Ratio


Figure 5 Effect of NG injection on heat loss in the high temperature zone of the blast furnace at different coal ratios. As can be seen from Figure 5, the heat loss in the high temperature zone gradually increases as the coal ratio decreases, indicating that the heat surplus in the high temperature zone increases. When the heat loss is consistent with the base case, the acceptable quantities of NG injection are 17.3, 34.6, 52, 69.3 m3/t (shown as the red inverted triangle symbols located on the x-axis) for every 20 kg/t of coal injection reduction. When the heat loss reaches 80% of the base case, the acceptable quantities of NG injection increase to 23.7, 41.0, 58.3, 75.7 m3/t (shown as the violet inverted triangle symbols located on the x-axis) for every 20 kg/t of coal injection reduction.



Figure 6 shows the RAFT at different suitable NG injection volumes under different coal ratios. It can be seen that the RAFT gradually decreases with the increase of injection volume for both Base-100 and Base-80. For Base-100, the RAFT decreases to 2277.4, 2256.9, 2234.4, and 2210.1 °C, respectively, relative to the base case 2306 °C for the suitable injection volumes of 17.3, 34.6, 52, and 69.3 m3/t, and the RAFT decreases even more for the Base-80 condition. It can be seen that the RAFTs are lower than that of base case, despite that the heat loss in the high temperature region with NG injection are the same as the base case.



Table 5 shows the variation of volume and composition of bosh gas under different acceptable quantities of NG. It can be seen under Base-100, with the increase of acceptable quantities of NG, the bosh gas volume increases from 1144.4 m3/t to 1167.1, 1189.7, 1212.4 and 1235.1 m3/t relative to the base case, with an increase of 2.0%, 4.0%, 5.9% and 7.9% respectively. For Base-80, the bosh gas volume increases more. Thus, in addition to ensuring sufficient heat in the high temperature zone, it is also necessary to pay attention to the increase of bosh gas volume with the increase of NG injection volume, which will lead to the increase of pressure drop in the blast furnace.



It can also be seen from Table 5, with the increase of the amount of NG injection, the CO concentration gradually decreases, while the H2 concentration gradually increases, and the total amount of reducing gas increases. The main reason is the increase in the amount of reducing gas brought in by the NG, especially the higher H2 content, which results in a lower concentration of CO. As the blast volume is kept constant, the total amount of N2 brought in by the air remains unchanged. Only the hydrogen enrichment effect of NG injection reduces the proportion of N2.



The direct reduction degrees of blast furnace under different suitable gas injection volumes are shown in Figure 7. Under Base-100, the direct reduction degree decreases by 0.021, 0.042, 0.062 and 0.083, respectively, relative to 0.478 under base case. The reduction of direct reduction degree under Base-80 is even greater. The reduction potential in the blast furnace can be strengthened by injecting natural gas. Thus, the indirect reduction can be improved, the direct reduction can be reduced, and the fuel consumption of the blast furnace can be reduced.



Figure 8 shows the coke ratio and fuel ratio of the blast furnace at different suitable gas injection volumes. It can be seen that, under Base-100, the coke ratio increases slightly relative to the base case. This is mainly because the reduction of pulverized coal injection at the tuyere is greater than the increase of natural gas, so that part of the oxygen in the combustion zone reacts directly with coke, which makes the overall coke ratio in the blast furnace slightly increase. For the overall fuel ratio, the saved fuel ratios are 18.1, 36.3, 54.7 and 72.7 kg/t respectively, and the overall replacement ratio is about 1.05 kg/m3. For Base-80, the coke ratio decreases first and then increases, and its overall fuel ratio gradually decreases.



Overall, the NG injection in a blast furnace without thermal compensation measures will face the problem of insufficient heat in the high temperature zone, showing the characteristics of “lower cooling and upper heating”. Reducing the coal ratio as a thermal compensation measure for NG injection, the operations are more convenient, the lower operation system is less changed, and the thermal compensation effect is easy to achieve. However, the outstanding disadvantage is that the proper injection of NG only depends on coal reduction, and the coke saving effect is average. The main reason is that natural gas replaces pulverized coal, and the economy is poor. It should be pointed out that NG injection can make full use of its hydrogen enrichment effect, reduce the CO2 emissions of blast furnaces, and in areas where the total coal consumption is limited, natural gas injection can solve the problem of insufficient coal indicators.




3.2.2. Increasing Blast Furnace Temperature


Figure 9 shows the effect of NG injection on the RAFT under different blast temperatures. As can be seen, due to the increase of air temperature, the direct physical heat brought by hot air increases, and the RAFT increases. Under the same injection amount, the theoretical combustion temperature increases by 5.9 °C for every 10 °C increase in the blast temperature. Under the same blast temperature, the RAFT drops by about 34 °C for every 10 m3/t of natural gas injection.



Figure 10 shows the heat loss in the high temperature zone of the blast furnace after injecting NG under different blast temperatures. It can be seen that, compared with the condition without thermal compensation measures, under the same NG injection volume, the heat loss in the high temperature zone increases by 3.8 MW (228 MJ/min) for every 20 °C increase in the blast temperature, indicating that the heat in the high temperature zone is more sufficient. At the same blast temperature, the heat loss in the high temperature zone will decrease by about 1.89 MW (113.5 MJ/min) for every 10 m3/t of natural gas injection. When 100% of the heat loss in the high temperature zone of the base case is taken as the standard, the acceptable quantities of NG are 17.8, 35.7, 53.7, 71.6 m3/t for each increase of 20 °C wind temperature. For Base-80, the acceptable quantities of NG are 24.2, 42.1, 60.0 and 78.0 m3/t for each 20 °C air temperature increase.



Table 6 shows the variation of the volume and composition of bosh gas under different acceptable quantities of NG. For Base-100, the NG injection volume will increase by about 17 m3/t when the blast temperature is increased by 20 °C, and the gas volume in the bosh will increase by about 35 m3/t. Under the same heat limit standard, the proportion of CO decreases by about 1% and the proportion of H2 increases by about 2.3% every time the blast temperature increases by 20 °C. At the same blast temperature, compared with Base-100, under the condition of Base-80, the proportion of CO decreases by 0.4% and the proportion of H2 increases by 0.8%.



Figure 11 shows the coke ratio of the blast furnace under different suitable gas injection volumes. With the increase of NG injection, the coke ratio decreases gradually. For Base-100, the coke ratio is 310.3, 291.7, 273.2 and 254.6 kg/t, respectively, under the appropriate natural gas injection amount. Compared with Base-100, the acceptable quantities of NG in Case-80 are higher and thus the coke ratios are lower. At the same blast temperature, the coke ratio in Base-80 is 6.6 kg/t less than that of Base-100.




3.2.3. Increasing Oxygen Content


Figure 12 shows the effect of blast furnace injecting gas on the RAFT after raising the oxygen enrichment rate. The oxygen enrichment rate of 7.15% is used as the base, and each time it is raised by 0.2% until 7.95%. At the same NG injecting volume, each 1% increase in oxygen enrichment rate increases the RAFT by about 44.8 °C. When the oxygen enrichment rate was 7.95%, the RAFT was 2264.5 °C, 2190.3 °C, 2119.3 °C, 2051.0 °C and 1985.5 °C for each 20 m3/t NG injecting volume increase.



Figure 13 shows the variation of heat loss in the high temperature zone after injecting NG at different oxygen enrichment rates. With the increase of the oxygen enrichment rate, the heat loss in the high temperature zone increases. At the same injecting volume, the heat loss in the high temperature zone increases by 5.43 MW (325.5 MJ/min) for each 0.2% oxygen enrichment rate increase. At the same oxygen enrichment rate, the heat loss decreases by about 4.23 MW (254 MJ/min) for each 20 m3/t of NG injected. For Base-100, the appropriate injecting volume is 25.6, 51.2, 76.8, 102.5m3/t for each 0.2% increase in oxygen enrichment rate, while for Base-80, the appropriate injecting volume is 31.9, 57.6, 83.2, 108.8m3/t.



Table 7 shows the influence of acceptable quantities of NG on the volume and composition of bosh gas under different oxygen enrichment rates. Both for Base-100 and Base-80, for every 0.2% increase in oxygen enrichment rate, the amount of bosh gas increases by about 55m3/t, and the CO content in the bosh gas will decrease with the increase of oxygen enrichment rate, while the H2 content will increase. At the same oxygen enrichment rate, the CO content of Base-80 decreases by about 0.38% relative to Base-100, and the H2 content increases by about 0.9%.



Figure 14 shows the influence of acceptable quantities of NG on the coke ratio under different oxygen enrichment rates. With the increase of oxygen enrichment rate, the coke ratio decreases continuously. Under the acceptable quantities of NG, the coke ratio will decrease by about 29.2 kg/t when the oxygen enrichment rate is increased by 0.2%. For Base-80, the coke ratio of Base-80 will further decrease by about 6.8 kg/t compared with Base-100 under the same NG injection volume.






4. Conclusions


The characteristics of BF operation of NG were investigated by means of a static model. The effect of thermal compensation measures on the NG injection was studied. The following conclusions could be drawn:




	1.

	
Under no thermal compensation measures, with the increase of NG injection, the RAFT gradually decreases, the volume of bosh gas gradually increases, and the heat loss in the blast furnace’s high temperature zone tends toward negative values. NG injection in blast furnace without thermal compensation measures, the heat loss of the whole furnace increases, which means that the heat surplus of the whole furnace is sufficient. However, the heat in the high-temperature zone of blast furnace is insufficient, showing a characteristic of “low cooling and upper heating”.




	2.

	
Based on the standard of maintaining the heat loss in the high-temperature zone, the acceptable NG injecting volumes are 17.3, 34.6, 52, 69.3 m3/t after the coal ratio is reduced by 20, 40, 60, 80 kg/t relative to the base case. The coke ratio is slightly higher relative to the base case condition, with increases of 1.8, 3.7, 5.5, 7.3 kg/t. While the total fuel ratio is reduced and the fuel ratio savings are 18.1, 36.3, 54.7, and 72.7 kg/t, respectively.




	3.

	
The acceptable NG injecting volumes are 17.8, 35.7, 53.7, and 71.6 m3/t after the blast temperature is increased by 20, 40, 60, and 80 °C, respectively. The coke ratio is reduced by 18.4, 37.0, 55.5, and 74.1 kg/t. The coke saving effect is better when the blast temperature is increased as the thermal compensation measure, but the increase of NG injection is easy to cause the increase of the bosh gas volume in the blast furnace.




	4.

	
After increasing the oxygen enrichment rate by 0.2%, 0.4%, 0.6%, and 0.8%, the acceptable NG injecting volumes are 25.6, 51.2, 76.8, and 102.5m3/t. The coke ratio is decreased by 29, 58, 87.5, 116.7 kg/t. As a thermal adjustment measure, increasing the oxygen enrichment promotes pulverized coal combustion, enhances the reduction capacity of bosh gas, and has good coke saving impact. However, increasing the oxygen enrichment rate necessitates additional supplemental oxygen, and the increase of bosh gas volume caused by the further increase of natural gas injection volume is obvious. It is necessary to combine with other thermal compensation measures and use the method of air reduction and oxygen enrichment to supplement oxygen to alleviate the increase of bosh gas volume.
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Figure 1. Comparison of mass flow for base case (a), and injection of 100 m3/t NG without thermal compensation (b). 
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Figure 2. Heat balance in the high temperature zone for base case (a) and injection of 100 m3/t NG conditions without thermal compensation (b). 
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Figure 3. Effect of NG injection on the RAFT and volume of bosh gas. 
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Figure 4. Effect of NG injection on heat loss in the high temperature zone. 
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Figure 5. Effect of NG injection on heat loss in the high temperature zone of blast furnace under different coal ratios. 
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Figure 6. RAFT under different acceptable quantities of NG. 
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Figure 7. Direct reduction degrees of blast furnace under different suitable gas injection volumes. 
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Figure 8. Coke ratio and fuel ratio of the blast furnace under different suitable gas injection volumes. 
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Figure 9. Effect of NG injection on RAFT under different blast temperatures. 
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Figure 10. Effect of NG injection on heat loss in the high temperature zone of blast furnace under different blast temperatures. 
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Figure 11. Coke ratio of blast furnace under different suitable gas injection volumes. 
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Figure 12. Effect of NG injection on RAFT under different oxygen enrichment rates. 
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Figure 13. Effect of NG injection on heat loss in the high temperature zone of blast furnace under different oxygen enrichment rates. 
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Figure 14. Effect of acceptable quantities of NG on the coke ratio under different oxygen enrichment rates. 
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Table 1. Raw material composition (mass fraction)%.
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	Raw Material
	Proportion, %
	TFe
	FeO
	CaO
	SiO2
	MgO
	Al2O3
	S





	Sinter
	42.6
	56.34
	8.5
	10.91
	5.4
	2.04
	1.81
	0.02



	Pellet
	52.9
	65.78
	0.51
	1.88
	2.58
	0.79
	0.57
	0.024



	Lump ore
	4.5
	64.69
	0.31
	0.09
	3.33
	0.019
	1.21
	0.02
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Table 2. Fuel composition (mass fraction)%.






Table 2. Fuel composition (mass fraction)%.





	
Coke






	
C

	
86.52




	
Volatile

	
∑

	
CO

	
CO2

	
CH4

	
H2

	
N2

	




	
1.24

	
0.42

	
0.44

	
0.06

	
0.11

	
0.21

	




	
Ash

	
∑

	
SiO2

	
CaO

	
MgO

	
Al2O3

	
P2O5

	
Fes




	
12.00

	
6.24

	
0.38

	
0.067

	
3.69

	
0.11

	
0.25




	
Pulverized coal




	
C

	
72.88




	
Volatile

	
∑

	
C

	
H

	
O

	
N




	
17.99

	
7.72

	
4.23

	
5.03

	
1.02




	
Ash

	
∑

	
SiO2

	
CaO

	
Al2O3

	
FeS




	
8.80

	
3.88

	
0.43

	
3.42

	
0.10
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Table 3. Chemical composition of NG%.
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	Composition
	CH4
	CO2
	N2
	O2





	Proportion, %
	97.06
	2.08
	0.79
	0.07
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Table 4. Heat balance of whole furnace for base case and the case with 100 m3/t NG injection under no thermal compensation.
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Base Case






	
Heat in

	
MJ/t

	
%

	
Heat out

	
MJ/t

	
%




	
Combustion in raceway

	
2492.6

	
63.8

	
Iron direct reduction

	
1238

	
33.5




	
Inlet by tuyere

	
1415.7

	
36.2

	
Microelement reduction

	
98.2

	
2.7




	
-

	
-

	
-

	
Hot metal

	
1276

	
34.6




	
-

	
-

	
-

	
Slag

	
432.4

	
11.7




	
-

	
-

	
-

	
Top gas

	
381.9

	
10.3




	
-

	
-

	
-

	
Furnace dust

	
3.1

	
0.09




	
-

	
-

	
-

	
Carbonate decomposition

	
0

	
0




	
-

	
-

	
-

	
Water evaporation

	
2.2

	
0.06




	
-

	
-

	
-

	
Desulphurization

	
12.9

	
0.35




	
-

	
-

	
-

	
Coal powder desorption heat

	
151.2

	
4.1




	
-

	
-

	
-

	
Water decomposition

	
97.8

	
2.6




	
Total income

	
3908.3

	
100

	
Total expense

	
3693.3

	
100




	
Injection of 100 m3/t NG condition without thermal compensation




	
Heat in

	
MJ/t

	
%

	
Heat out

	
MJ/t

	
%




	
Combustion in raceway

	
2494.4

	
63.7

	
Iron direct reduction

	
766.2

	
21.6




	
Inlet by tuyere

	
1422.5

	
36.3

	
Microelement reduction

	
98.2

	
2.8




	
-

	
-

	
-

	
Hot metal

	
1276

	
35.9




	
-

	
-

	
-

	
Slag

	
410.7

	
11.6




	
-

	
-

	
-

	
Top gas

	
410.4

	
11.6




	
-

	
-

	
-

	
Carbonate decomposition

	
0

	
0




	
-

	
-

	
-

	
Water evaporation

	
1.5

	
0.04




	
-

	
-

	
-

	
Desulphurization

	
9.3

	
0.26




	
-

	
-

	
-

	
Coal powder desorption heat

	
151.2

	
4.3




	
-

	
-

	
-

	
NG decomposition

	
326.4

	
9.2




	
-

	
-

	
-

	
Water decomposition

	
97.8

	
2.8




	
Total income

	
3916.9

	
100

	
Total expense

	
3551

	
100
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Table 5. Volume and composition of bosh gas under different acceptable quantities of NG.
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Conditions

	
Coal Ratio

(kg/t)

	
Gas Injection Mass

(m3/t)

	
Bosh Gas Volume

(m3/t)

	
CO (%)

	
H2 (%)

	
CO + H2 (%)






	
Base case

	
153

	
0

	
1144.4

	
41.5

	
7.5

	
49




	
Base-100

	
133

	
17.3

	
1167.1

	
40.4

	
9.6

	
50.0




	
113

	
34.6

	
1189.7

	
39.6

	
11.2

	
50.8




	
93

	
52.0

	
1212.4

	
38.8

	
12.8

	
51.6




	
73

	
69.3

	
1235.1

	
38.0

	
14.6

	
52.5




	
Base-80

	
133

	
23.7

	
1179.6

	
40.1

	
10.4

	
50.5




	
113

	
41.0

	
1202.2

	
39.3

	
11.9

	
51.2




	
93

	
58.3

	
1225.0

	
38.4

	
13.4

	
51.9




	
73

	
75.7

	
1247.6

	
37.6

	
14.9

	
52.5
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Table 6. Influence of acceptable quantities of NG on the volume and composition of bosh gas under different blast temperatures.
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Conditions

	
Blast Temperature (°C)

	
Injection Volume (m3/t)

	
Gas Volume in the Belly of the Furnace (m3/t)

	
CO (%)

	
H2 (%)






	
Base case

	
1206

	
0

	
1144.4

	
41.5

	
7.5




	
Base-100

	
1226

	
17.8

	
1179.4

	
40.2

	
10.4




	
1246

	
35.7

	
1214.6

	
39.1

	
12.7




	
1266

	
53.7

	
1249.8

	
38.1

	
15




	
1286

	
71.6

	
1285.1

	
37

	
17.3




	
Base-80

	
1226

	
24.2

	
1191.9

	
39.8

	
11.2




	
1246

	
42.1

	
1227.1

	
38.7

	
13.5




	
1266

	
60

	
1262.3

	
37.7

	
15.8




	
1286

	
78

	
1297.6

	
36.6

	
18.1
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Table 7. Influence of acceptable quantities of NG on the volume and composition of bosh gas under different oxygen enrichment rates.
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Conditions

	
Oxygen Enrichment Rate

(%)

	
Injection Volume

(m3/t)

	
Gas Volume in the Belly of the Furnace

(m3/t)

	
CO (%)

	
H2 (%)






	
Base case

	
7.15

	
0

	
1144.4

	
41.5

	
7.5




	
Base-100

	
7.35

	
25.6

	
1199.3

	
39.94

	
11.3




	
7.55

	
51.2

	
1254.2

	
38.66

	
14.6




	
7.75

	
76.8

	
1309.1

	
37.37

	
17.8




	
7.95

	
102.5

	
1364

	
36.08

	
20.98




	
Base-80

	
7.35

	
32

	
1211.8

	
39.57

	
12.2




	
7.55

	
57.6

	
1266.7

	
38.29

	
15.38




	
7.75

	
83.2

	
1321.6

	
37

	
18.6




	
7.95

	
108.8

	
1376.6

	
35.7

	
21.8
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