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Abstract

:

The composite agglomeration process (CAP) aims at sintering a pelletized feed and a matrix feed together to produce a high-quality burden for a blast furnace. The pelletized feed is balled from fine iron concentrate or refractory iron-bearing resources, while the matrix feed is granulated from iron ore fines, fuels, fluxes and so on. Through mathematical calculation, heat accumulation regularity and heat-homogenizing of the sinter bed are acquired in CAP when pelletized feed is uniformly distributed. Then they are studied in the composite agglomeration process with optimized pelletized feed distribution, which is a novel and perfect sinter bed structure. Results show that large heat input gaps exist in the sinter bed under condition of even sinter mixture distribution, and it is very difficult to realize bed heat-homogenization by directly varying the solid fuel dosage among each layer. An optimized pelletized feed distribution realizes more heat in the upper layer together with heat-homogenization of the middle-lower layer when the proportions of pellets increase first in the middle-upper layer and then decrease in the middle-lower layer of the sinter bed. Under these circumstances, the sinter bed has much better available accumulation ratios with a maximum value of 78.29%, and possesses a greater total heat input of 6754.27 MJ when the coke breeze remains at the original dosage. To make full use of the available heat accumulation and adjust the pellet distribution, a good energy saving effect is obtained because the coke breeze mass declines by 13.91 kg/t-sinter. The current gross heat inputs of each unit are reduced remarkably, leading to a total heat input decrease of 25.95%. In pot tests of CAP, the differences of thermal parameters in whole bed are obviously reduced with the optimized pelletized feed distribution, which contributes to sinter homogeneity and energy savings.
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1. Introduction


In China, crude steel output already ranks in the first place in the world. High-quality sinter and pellet are needed for blast furnaces. Therefore, continuous improvements of the sintering process is very important for the iron and steel industry in order to provide more and better sinter. For example, the sinter bed heights are typically increased from 500 mm to 1000 mm. High bed sintering can reduce energy consumption and FeO content, and improve the yield, quality and reducibility of sinter. However, consequent problems arise, such as a significant deterioration of bed permeability, the increase of air leakage rates, and too much melting of sinter mixture caused by excessive heat in the lower bed due to automatic heat accumulation. These issues hinder the full implementation of the energy saving advantages of high-bed sintering, and reduce sinter quality and sintering productivity [1,2,3,4]. The automatic heat accumulation is a specific phenomenon of iron ore sintering, that is, part of all the heat from the upper layer would be transferred to the lower layer by the hot flue gas and by mixture conduction and radiation, which leads to a upward tendency of the combustion zone peak temperature in the lower layer [5,6]. The reasonable utilization of heat accumulation becomes a crucial way to perfect the sintering process.



In order to cope with the property changes of iron-bearing resources for domestic steel plants, the composite agglomeration process, as an innovative process for preparing iron-making loads, has been proposed and systematically studied based on the existing sintering and pelletizing processes. CAP improves the agglomerate yield and quality, reduces solid fuel consumption and saves energy compared with the conventional sintering process [7,8,9,10]. When CAP is adopted in high bed sintering (700–1000 mm), the unique bed structure of pelletized feed added into the matrix feed significantly improves bed permeability to avert permeability deterioration, but for the issue of heat accumulation enhancement, it may be alleviated slightly by the segregation distribution of green pellets on sintering pellet, which relies on distributing device adjustment in the sintering plant [11,12,13]. It is expected that pelletized feed is distributed in upper layer to the least extent, and distributed in the middle and lower layers to the largest extent. Under this condition, fuel consumption decreases and sinter quality improvements are realized to some extent. However, there is a lack of detailed theoretical analysis and research on pelletized feed distribution patterns in order to better utilize the heat accumulation and further achieve bed heat-homogenization.



Sinter bed heat-homogenization is an ultimate pursuit, which ensures the uniform yield and quality of sinter cake from top to bottom. Effective practical methods for uniform heat distribution realization consist of fuel segregation distribution, changes of fuel granulation and combustion patterns, external heating mode transforming and so on [14,15,16,17,18,19,20,21,22]. Theoretical studies of heat accumulation and transfer mainly adopt the methods of heat balance calculation [5,23,24], modelling and simulation [25,26,27,28,29].



The composite agglomeration process combined with bed heat-homogenization is a significant trend, which leverages the strengths of superior quality, energy saving and high efficiency. In this study, a theoretical calculation analysis of the composite agglomeration process heat accumulation in different sinter bed structures was carried out in order to better utilize the heat. Both the bed heat pattern and product quality were investigated to verify the superiority of optimized pelletized feed distributions.




2. Experimental


2.1. Materials and Equipment


Raw materials included coarse-grained iron ore fines, fine concentrates, bentonite, limestone, burnt lime, coke breeze (fine particle size coke) and return fines, and their mass proportions were 52.19%, 34.28%, 0.51%, 5.00%, 3.52%, 4.50% and 25.00%, respectively. The mass balance and heat balance of the raw materials were calculated according to the thesis [23]. The mass of total material inputs producing 1 ton of finished sinter was 3280.75 kg/t, which involves raw materials, mixture moisture, natural gas and air. The total heat inputs and expenditures were 2206.94 MJ/t. Three fixed heat input items in each unit are the sensible heat of sinter mixture, chemical heat of the coke breeze and the heat release of the chemical reactions. The most important heat expenditure was the sensible heat of the sinter cakes.




2.2. Methods


2.2.1. Heat Balance Calculation


Some parameters or assumptions in the present paper are set and simplified as follows based on the characteristics of raw materials, the residual heat of sinter, and convective heat transfer and absorption in sinter layers [5,23,24]:



(1) Sinter mixture is loaded into an imaginary cube box of 1 m × 1 m × 1 m shown in Figure 1. The density of the sinter mixture is 1.7 t/m3, so the sinter mass in the box is 1.7 t, and it would produce a finished sinter of 1.16 t. Therefore, material and heat balance changes accordingly.



(2) The sinter bed in the box is equally divided into the upper layer (1–3 units), the middle layer (4–7 units) and the lower layer (8–10 units) along the axis direction.



(3) When sintering reaches the end point, sinter cake temperatures of all units are verified in sequence and shown in Table 1. The heat of sinter cake greatly rises because of the temperature increase.



(4) The heat loss of the first unit is considered to be 15% of its heat inputs, and the heat loss of each unit is 8% in the 2–10 units.



(5) The heat of flue gas is absorbed completely by the next two units where heat absorption of the first unit accounts for 70% and that of the second unit accounts for 30%. For the i unit, the gross heat inputs (   Q i ′   ,    Q i    ), heat expenditure (   Q i  h e ′    ,    Q i  h e    ), the available heat accumulation (   Q  h a  ′   ) and the available heat accumulation ratio (   R  h a  ′   ), the total heat accumulation (   Q  h a     ) and the total heat accumulation ratio (   R  h a     ) and sinter cake heat (   Q i  s c    ) are calculated as:


    Q i  f g ′    =   Q i ′    −  Q i  h e ′     −  Q i  s c     
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    R  h a     =   Q  h a     /   Q i   × 100 %   
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where:    Q  i − 1   f g ′    ,    Q  i − 2   f g ′     are the heat of flue gas with subtracting sensible heat of sinter cake in the i − 1 unit and the i − 2 unit, respectively;    Q  i − 1   f g    ,    Q  i − 2   f g     are the heat of flue gas without subtracting sensible heat of sinter cake in the i-1 unit and the i-2 unit, respectively.




2.2.2. Sinter Pot Trials


The trials were investigated using a self-designed slightly tapered cylindrical sinter pot. Figure 2 illustrates a schematic diagram of the experimental apparatus. The sinter pot consists of a couple of half hollow cylinders, which were clamped tightly with several fasteners and sealed with asbestos tape to prevent leakage. It was 200 mm in diameter and 900 mm in height. Thermocouples, which were packaged with protective casing, were individually or collectively inserted into holes at the different locations along the axial direction of the bed.



Fine concentrates added with bentonite were pelletized, of which the particle size was 8–10 mm (as pelletized feed). Other raw materials were blended according to the proportions, during which water was added to meet the prescribed level of 7.0%, and then the mixture was charged into a drum granulator with length of 1400 mm and diameter of 600 mm for granulation (as matrix feed). Subsequently, the pellets and granules were manually loaded into the sinter pot and one S-type thermocouple was inserted into the hole when the sinter layer arrived at the specific location where the temperature could be measured. The locations were the distances from bed surface of 50, 250, 450, 650 mm (TC 1, TC 2, TC 3, TC 4). Then we make sure that the temperatures are displayed well on the data board. Finally, temperatures were recorded as sintering proceeds under a suction pressure after ignition. As described in [30], three parameters were introduced for the description and analysis of thermal status, including highest temperature (HT), duration time of melting temperature (DTMT) and melt quantity index (MQI). HT is the maximum value of temperature detected by the S-type thermocouple in each location. DTMT is the holding time of temperature higher than 1100 °C, which is the initial temperature of melt generation. MQI is the integral numerical of enclosed area above 1100 °C, which is expressed as Equation (5):


  M Q I =    ∫  t 1   t 2    ( T − 1100 ) ⋅ d t     



(5)




where: t1 is the starting time of the temperature rise to 1100 °C; t2 is the ending time of the temperature drop to 1100 °C; T is the temperature value.






3. Results and Discussion


3.1. Uniform Distribution of Pelletized Feed in Sinter Bed


Pelletized feed uniform distribution means that the sinter mixtures in each layer are the same, involving pelletized feed proportion, coke breeze dosage, sinter basicity, mixture moisture and so on.



3.1.1. Heat Accumulation Regularity


Automatic heat accumulation is analyzed when the pelletized feed is distributed evenly incomposite agglomeration process. Coke breeze dosage is 4.50% in each unit. The calculation results are shown in Table 2. The heat of flue gas increases to 538.29 MJ and then decreases to 381.64 MJ. The available heat accumulation ratio rises unit-by-unit to 69.38%, but declines slightly as it approaches the bottom. The total heat accumulation ratio constantly goes up to 77.17%. The available heat accumulation increases making the gross heat inputs rise. Large heat inputs gaps are generated, rising from 425.72 MJ in the 1st unit to 773.46 MJ in the 8th unit. Large heat inputs cause too much melt phase production in the lower layer, resulting in uneven sinter structure and quality deterioration.




3.1.2. Sinter Bed Heat-Homogenizing


When the pelletized feed is still distributed uniformly, both the gross heat inputs reduction and the available heat accumulation utilization are taken into account to implement heat-homogenization. On the one hand, the gross heat inputs is 425.72 MJ in the first unit, but in fact it is considered to meet the demands for good sintering, so the gross heat inputs of all units are respectively set as 425.72 MJ, constituting formed bed heat-homogenization. On the other hand, the available flue gas heat from the upper layers is regarded as a form of heat resource and calculated into the gross heat inputs, which is used effectively to reduce the coke breeze dosage. The calculation results are shown in Table 3. The coke breeze distribution in the sinter bed is plotted in Figure 3.



As seen in Table 3, the available flue gas heat gradually decreases from the second to the tenth unit because of the equal gross heat inputs but the increased sensible heat of sinter cakes (Table 2). The available heat accumulation ratio increases first to 70.65% and then decreases to 40.75%. At this moment, coke breeze mass in the sinter mixture reduced to 41.08 kg/t, and the new dosage became 3.24%. Figure 3 shows that coke breeze dosage needed in each unit changes a great deal compared with that of 4.50%, which requires a ratio reduction in the upper-middle layer and a ratio increase in the lower-middle layer. For example, it decreases to a minimum value of 1.88% in the fourth unit, which is a reduction by 58.22%. However, coke breeze distribution is too irregular under this situation, which is difficult for sinter plants to accomplish with the existing segregation fabric methods and equipment.





3.2. Optimized Distribution of Pelletized Feed Under the Condition of Bed Heat-Homogenization


In the composite agglomeration process, carbon-free pelletized feed has larger particle size and distributes separately among the sinter mixture, while coke breeze contacts closely with iron ore particles, so it is relatively convenient to control the distribution of pellets into the sinter machine by using a sintering feed system. Under the precondition of achieving bed heat-homogenization, a new thought is presented where the distribution of pelletized feed, as the major objective, is adjusted optimally in order to indirectly change the coke breeze dosage in all units thereby resolving the irregular coke breeze distribution problem.



3.2.1. Heat Accumulation Regularity


When the coke breeze dosage is still 4.50% and the available heat accumulation is not utilized, the calculation results are shown in Table 4. The pelletized feed ratio and corresponding coke breeze dosage of each unit are plotted in Figure 4.



In Table 4, the gross heat inputs of the 1st and 2nd units are 526.51 MJ and 573.07 MJ, respectively. Then it becomes the same value of 706.84 MJ as pellets are added to the units according to the calculated ratio from the third unit to the end, presenting that eight units have realized the heat-homogenization. The available flue gas heat increases first and then decreases. The maximum values of the available and total heat accumulation ratios are 78.29% and 79.85% in the sixth unit.



As seen in Figure 4, the 1st and 2nd units are not charged with pellets resulting in a 6.90% increase of the coke breeze dosage, which increases by 53.33%. In the whole sinter bed, the pelletized feed ratio increases first and then decreases, while on the contrary, the coke breeze dosage declines first and then rises, which is much lower than that of the 1st and 2nd units. It is worth pointing out that the pelletized feed ratio in the middle layer accounts for 66.43%, indicating that it will be inaccurate to assume that the largest proportion of pellets is distributed in the lower layer of the sinter bed by using the current sintering feed system.




3.2.2. Coke Breeze Dosage Reduction


Based on the pelletized feed optimized distribution, the available heat accumulation utilization should be considered at the same time that coke breeze dosage reduction is completed. The goal is set that the gross heat inputs of each unit is minimized to a large extent and equalized in the middle-lower units. After a series of calculations, that is achieved that when the coke breeze dosage of sinter mixture is 3.40% and its mass is 43.02 kg/t. The calculation results are shown in Table 5. The distributions of pelletized feed and coke breeze in sinter bed are plotted in Figure 5.



It can be seen from Table 5 that both the available and total heat accumulation ratio increase rapidly from the third unit to the fourth unit and then decrease from the fourth unit to the tenth unit. The gross heat inputs of the 1st, 2nd and 3rd units are not heat-uniform. As shown in Figure 5, coke breeze dosages in these units without carbon-free pellets decrease to 5.22%, still higher than 4.5%. In the fourth, fifth and sixth unit, the heat of flue gas are the maximum values of 399.03 MJ, 359.49 MJ, and 346.10 MJ, which produce sufficient available heat accumulation. Pelletized feed ratios account for 22.28%, 22.24% and 19.44%, and the corresponding coke breeze proportions are 1.17%, 1.18% and 1.69%, which decrease dramatically. From the seventh unit to the tenth unit, the pelletized feed ratio steadily decreases from 19.44% to 0.81%, coke breeze dosage always rises from 2.13% to 5.07%, and the heat of flue gas is obviously reduced. Finally, the gross heat inputs are all the same at 468.56 MJ from the fourth unit to tenth unit contributing to ensuring bed heat-homogenization.



As shown in the two calculated results, the sinter bed should be charged with no pellets or a bit of pellets but more coke breeze to ensure sufficient heat in the upper layer. This increases the pelletized feed ratio and decreases the coke breeze dosage in the middle layer, because of the abundant heat consisting of the available heat accumulation from the upper layer, the coke breeze combustion heat and the magnetite pellet oxidization heat. This reduces the pellet ratio again due to the available heat accumulation reduction in the lower layer, which results from the reduced available heat accumulation heat provided by the middle layer but the more remnant heat of the sinter cake. In short, the composite agglomeration process achieves more heat in the upper layer and the heat-homogenization of the middle and lower layers with an optimized pelletized feed distribution in the bed.





3.3. Comprehensive Comparison of Heat Accumulation in Two Methods


The coke breeze masses and total heat inputs of sinter bed with uniform pelletized feed and optimized distribution are given in Table 6. When the coke breeze mass is 56.93 kg/t, the total heat input is generally 6422.93 MJ with a pelletized feed uniform distribution, while it increases to 6754.27 MJ and increases by 5.16% with the pellets distributed reasonably. While utilizing the available heat accumulation produced in sinter bed, the coke breeze mass declines to 43.02 kg/t and is reduced by 24.43%, the total heat input decreases to 4756.30 MJ and is reduced by 25.95%, which is higher than the minimum heat requirement of 4257.23 MJ.



The gross heat inputs and available heat accumulation of each unit are plotted in Figure 6. When the coke breeze masses are 56.93 kg/t, the optimized pelletized feed distribution makes them higher in the middle-upper layers (the 1–5 units) and lower in the middle-lower layers (the 6–10 units).



When the coke breeze masses decrease to 41.08 kg/t and 43.02 kg/t, the gross heat inputs of each unit decrease evidently, but equally to each other, and the available heat accumulation has a downward trend indicating that it is used effectively.




3.4. Effects of Two Methods on Thermal Behavior


Under experimental conditions of sintering basicity 2.0, the same coke breeze dosage 4.0%, pellets size 8–10 mm and 40% pellet ratio, tests of CAP with pelletized feed uniform distribution (PFUD) and optimized distribution (PFOD) are conducted. Effects of two methods on sinter bed thermal profiles, highest temperature, duration time of melting temperature and melting quantity index are plotted in Figure 7.



As indicated in Figure 7, the temperature variation rules at different positions are all the same. During the time of moisture evaporation and heating, the local temperature of sinter bed remains at a low level. It starts to increase and exceeds 1100 °C rapidly due to coke breeze combustion, rises to the peak value where the melt phases are generated, then drops at a relatively slow speed due to the convective cooling between the hot sinter and cold air. It is noted that both temperature profiles became wider with the distance increase due to sinter bed heat accumulation.



The highest temperature is vital for melt phase generation and fluidity, and it should be lower than 1400 °C to improve sinter reducibility. In Figure 7, the maximum temperatures of the two tests respectively increase from 1294 °C to 1413 °C and from 1324 °C to 1400 °C. Compared to the PFUD test, the maximum temperature of the top layer in the PFOD test increases by 30 °C, chiefly due to the relatively high chemical heat release of coke breeze, but that of the lower layer reduces by 13 °C on account of the gross heat input decrease, which is equal to the temperature required to enhance sinter reducibility. In the middle layer, the maximum temperature difference of the two processes is small.



The duration of the melting temperature (1100 °C) highly affects the amount of melt phase generated, and melt quantity index accounts for sinter strength to some extent. As shown in Figure 7, both of DTMT and MQI rise with distance increase. Compared to PFUD test, the numerical difference of PFOD test decreases remarkably because pelletized feed distributes reasonably adjusting the gross heat inputs in each layer of sinter bed, that is, the gross heat inputs rise in the top part but drop in the lower part. This phenomenon ensures the homogeneity of melt phase generation and sinter strength in the whole bed.





4. Conclusions


This paper analyzes heat accumulation regularity and bed heat-homogenization of the composite agglomeration process with pelletized feed uniform distribution (PFUD) and optimized distribution (PFOD), and then proposes a novel method to achieve bed heat-homogenization by optimized distribution of the pelletized feed to save the energy consumption of CAP. The main conclusions are as follows:



(1) When both pelletized feed and coke breeze are distributed evenly in the bed, great gaps of the gross heat inputs are generated from upstream to downstream. When the pelletized feed is distributed uniformly, the available heat accumulation is utilized to obtain bed heat-homogenization with the smallest gross heat inputs, but the solid fuel is distributed too irregularly.



(2) As for CAP with pelletized feed optimized distribution, more heat of the upper layer together with heat-homogenization of the middle-lower layer is accomplished. The pelletized feed optimized distribution model requires that the sinter bed should be charged with no pellets or a bit of pellets in the upper layer, the majority of pelletized feed ratio in the middle layer and less again in the bottom layer. Meanwhile, the content distribution of solid fuel has the opposite tendency.



(3) For the two composite agglomeration process methods, the total heat input of PFOD rises by 5.16% when the coke breeze dosage is the same. As the available heat accumulation is utilized in PFOD, the solid fuel mass reduced by 13.91 kg/t. For the trial of CAP with pelletized feed optimized distribution, HT, DTMT and MQI of the upper layer are all enhanced, while those of the lower layer are all reduced because the sinter bed almost achieves heat-homogenization.
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Figure 1. Schematic diagrams of divided sinter bed. 
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Figure 2. Schematic diagram of the self-designed sintering pot. 
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Figure 3. New dosage of coke breeze in each unit of the sinter bed. 
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Figure 4. The pelletized feed optimized distribution model. 
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Figure 5. Pelletized feed ratio and coke breeze dosage in each unit. 
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Figure 6. The comparisons in each unit: (a) The gross heat inputs; (b) The available heat accumulation. (Pelletized feed uniform distribution with coke breeze mass: 1–56.93 kg/t, 2–41.08 kg/t; Pelletized feed optimized distribution with coke breeze mass: 3–56.93 kg/t, 4–43.02 kg/t). 
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Figure 7. Influence of two methods on different parameters: (a) Temperature-time profiles of PFUD; (b) Temperature-time profiles of PFOD; (c,d) Change rules of HT, DTMT and MQI. 
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Table 1. Temperature and sensible heat of sinter cake in the different units.
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	Unit
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10





	Temperature/°C
	25
	50
	100
	200
	300
	400
	650
	850
	1000
	1300



	Sensible heat/MJ
	2.55
	5.25
	10.82
	22.87
	36.16
	49.45
	86.38
	119.53
	143.71
	198.88
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Table 2. Heat accumulation calculation results with coke breeze dosage of 4.5%.
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	Unit
	     Q i ′  / MJ    
	     Q  i − 1   f g ′   / MJ    
	     R  h a  ′  / %    
	     R  h a    / %    





	1
	425.72
	277.57
	-
	-



	2
	431.15
	309.66
	45.06
	45.29



	3
	536.89
	401.38
	55.88
	56.34



	4
	610.72
	457.25
	61.22
	62.04



	5
	677.34
	505.25
	65.03
	66.48



	6
	727.70
	538.29
	67.45
	69.73



	7
	765.23
	535.89
	69.05
	72.27



	8
	773.46
	510.31
	69.38
	74.28



	9
	754.84
	468.99
	68.62
	75.93



	10
	719.86
	381.64
	66.87
	77.17
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Table 3. Calculation results for the gross heat inputs of 425.72 MJ in each unit.
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	Unit
	     Q  i − 1   f g ′   / MJ    
	     R  h a  ′  / %    
	     R  h a    / %    





	1
	277.57
	-
	-



	2
	304.67
	45.64
	45.87



	3
	299.10
	69.65
	70.05



	4
	287.05
	70.65
	71.54



	5
	273.76
	68.28
	70.32



	6
	260.47
	65.24
	69.20



	7
	223.54
	62.12
	68.66



	8
	190.39
	55.11
	66.67



	9
	166.21
	47.06
	65.58



	10
	111.04
	40.75
	66.39
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Table 4. Calculation results with coke breeze dosage of 4.50%.
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	Unit
	     Q i ′  / MJ    
	     Q  i − 1   f g ′   / MJ    
	     R  h a  ′  / %    
	     R  h a    / %    





	1
	526.51
	336.33
	––
	––



	2
	573.07
	413.32
	41.08
	41.27



	3
	706.84
	536.44
	55.21
	55.56



	4
	706.84
	553.55
	70.67
	71.21



	5
	706.84
	553.32
	77.59
	78.48



	6
	706.84
	541.36
	78.29
	79.85



	7
	706.84
	502.17
	77.10
	79.65



	8
	706.84
	460.75
	72.71
	77.42



	9
	706.84
	425.68
	66.94
	75.04



	10
	706.84
	361.08
	61.71
	73.77
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Table 5. Calculation results with coke breeze dosage of 3.40%.
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	Unit
	     Q i ′  / MJ    
	     Q  i − 1   f g ′   / MJ    
	     R  h a  ′  / %    
	     R  h a    / %    





	1
	454.52
	275.15
	––
	––



	2
	458.26
	307.70
	42.03
	42.25



	3
	563.59
	399.03
	52.86
	53.33



	4
	468.56
	359.49
	79.31
	79.88



	5
	468.56
	346.10
	79.25
	80.48



	6
	468.56
	325.27
	74.72
	77.36



	7
	468.56
	281.73
	70.75
	75.41



	8
	468.56
	235.54
	62.91
	71.80



	9
	468.56
	195.23
	53.23
	68.59



	10
	468.56
	125.69
	44.25
	67.07
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Table 6. The total heat inputs and coke breeze masses in sinter bed.
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Pelletized Feed Distribution with Coke Breeze Mass/kg/t

	
Uniform Distribution

	
Optimized Distribution




	
56.93

	
41.08

	
56.93

	
43.02






	
Total heat inputs/MJ

	
6422.93

	
4257.23

	
6754.27

	
4756.30




	
Percentage variation of heat inputs/%

	
0

	
−33.72

	
5.16

	
−25.95
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