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Abstract

:

Featured Application


The energy efficient and environmentally friendly shaft dryer can be applied for drying green cokes during the needle coke production process.




Abstract


The industry of coal-based green needle coke develops rapidly in recent years. The green coke produced by the delayed coking process usually has a moisture content of 10%–25%, which damages the calcining kiln and needle coke quality. A standing dehydration tank is currently used to reduce the moisture content of green coke. However, this process has several weaknesses such as unstable operation, large land area occupation, and low productivity. To solve this issue, a novel drying system with a shaft dryer proposed in this work is suitable for green coke drying. Moreover, the performances of the green coke are investigated to design the proposed shaft dryer. The experimental result shows that the average vertex angle of the pile of green cokes is 109.2°. The pressure drop of the dryer increases linearly with the green coke bed height, and the green coke with a larger size has a smaller pressure drop. The specific pressure drops are 5714, 5554, 5354, and 5114 Pa/m, with median green coke sizes of 26.85, 29.00, 30.45, and 31.80 mm, respectively. Tooth spacing is another important parameter which influences the mass of green coke leakage. The optimal tooth spacing and rotary speed of the rollers are determined by the required production yield.
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1. Introduction


Needle coke, as an important carbon material, can be classified into two types, i.e., petroleum-based needle coke [1] with heavy oil as the raw materials, and coal-based needle coke [2] with coal tar, coal pitch, or their fractions as the raw materials. Initially, petroleum-based needle coke occupies the dominant position, while the production of coal-based needle coke is greatly accelerated due to the high price and lightening production of petroleum in the recent years.



Green manufacturing and cleaner production [3] have become one prominent feature of sustainable development. Especially in the context of carbon trade and carbon tax [4,5], energy conservation and emissions reduction are definitely the key issues of various industrial processes, such as ceramic production [6], ironmaking [7], sintering [8], and power generation [9]; and the needle coke drying process should be no exception. Coal-based needle coke is a perfect material for the manufacturing of the ultra-high-power electrode used in the compact steelmaking process. Iron and steel are traditionally produced with iron ores as material inputs and coal-based energies as energy inputs [10], which has a high energy consumption and heavy environmental pollution [11]. Contrarily, the compact steelmaking process using scrap as the main material input and electricity as the main energy source attracts more and more attraction [12]. Coal-based needle coke also serves as anode materials of lithium-ion batteries. The use of ultra-high-power electrode made from coal-based needle coke can reduce the smelting time by 10% to 20%, resulting in the electrode consumption and electricity consumption. In addition, with the rapid development of lithium-ion battery [13], the demand for anode materials increases obviously, which results in the mushroom of green coke of coal-based needle coke [14].



The production of coal-based needle coke consists of three main processes: pretreatment of raw materials, delayed coking [15], and calcining [16]. The coke produced by a delayed coking process is called green needle coke, while called calcined needle coke if produced by a calcining process. For the coking process, the size of dust emissions is mainly 3.3 to 9.0 μm, and the main chemical components are C, SiO2, Al2O3, S, CaO, and TFe, with contents of 76.30%–81.30%, 5.36%–5.91%, 3.96%–4.26%, 1.15%–1.34%, 0.52%–1.59%, and 0.81%–1.34%, respectively [17]. Green coke serves as the material input of the calcining process, and its drying degree directly affects the energy consumption and the quality of the final product of the calcining process. The green coke discharged from the delayed coking unit has a moisture content of 10% to 25%. If the green coke with such a high moisture content enters the rotary kiln to be calcined, the following negative aspects will occur from whole system and life cycle perspectives [18]: (i) the temperature of the kiln tail will be lower, and the parameters such as kiln pressure, air amount, and fuel ratio have to be adjusted frequently, which will cause difficulty in operating the rotary kiln; (ii) more thermal energy will be consumed [19] in the calcining process; and (iii) there is a greater possibility of being exploded to scraps, compared with green coke with low moisture content, resulting in small particle size of calcined coke.



To reduce the moisture content of green coke, several standing dehydration tanks are usually used in the real-world production process to maintain the moisture content of green coke below 5% in 5 days. But in winter, the water escapes slower from the coke surface and internal pores [20], then the moisture content may reach 8% due to the low temperature, which results in an unstable operation of the rotary calcining kiln, and further affects the energy consumption and calcined coke quality. In addition, the dehydration tanks, with a height of approximately 10 m and a diameter of 2 to 4 m, and the large inclination belt conveyor occupy a large land area with a resultant capital investment cost. Thus, a new drying system should be developed to accelerate the drying process and stabilize the final moisture content of green cokes.



Several drying methods are widely used in high energy-consuming industrial processes [21], including rotary dryer [22,23], tubular drier [24], airflow dryer [25], fluidized-bed dryer [26], and microwave dryer [27]. Table 1 summarizes the characteristics of the drying methods mentioned in previous studies when they used for drying green coke. It is indicated that the dryers widely used in other industries are not suitable for green coke drying. Given the advantageous material flow and heat transfer of shaft facilities [28,29,30], this work aims at designing a novel efficient drying system with a shaft dryer that is suitable for green coke drying, with sound energy usage [31] and low environmental impact [32,33]. In addition, key characteristics of the green coke, including particle size distribution [34], initial moisture content, vertex angle, pressure drop scheme [35], and the discharge characteristics, are essential to determine the parameters of the designed dryer [36]. However, little information can be found on this topic. This work investigates these characteristics experimentally and provides detailed data that are important to design the proposed shaft dryer for drying green coke.




2. Design of the Novel Drying System and Shaft Dryer


To overcome the shortcomings of currently used dryers for drying green coke, this work proposes a novel drying system, as shown in Figure 1. The proposed drying system consists of 10 main components: primary air blower, secondary air blower, combustion chamber, hot stove, belt conveyor, shaft dryer, helical conveyor, bucket elevator, transfer hopper, and exhaust fan. Fuel gas and the air from primary air blower are mixed and fired in the combustion chamber. The generated high-temperature flue gas at 1300 °C is sent to the hot stove, inside which the high-temperature flue gas is mixed with the low-temperature air from the secondary air blower to get the medium-temperature gas at 450 to 500 °C. The medium gas is then piped into the bottom of the shaft dryer. A constant feeder discharges the wet green cokes to a belt conveyor, through which the wet green cokes are transferred to the top hopper of the shaft dryer at a constant speed. Next, the wet green cokes are fed into the dryer uniformly to exchange heat with the medium-temperature gas in an energy-efficient, direct-contact, and counter-current way [37]. The discharging unit at the bottom of the shaft dryer controls the discharge speed and loosens the green cokes to prevent blocking the dryer. The discharged final green cokes enter a helical conveyor and are then conveyed to a bucket elevator, which connects the inlet of a transfer hopper. When the temperature of the green cokes is lower than 70 °C, the final product is packaged. The waste gas from the shaft dryer is treated via a bag filter before emitted into the atmosphere.



Figure 2 depicts the layout of the shaft dryer. The shaft dryer is principally based on the moving bed technology [38,39]. With medium-temperature gas as the heat source, the refractory material can be totally saved, and the over-burnt and pollution caused by the spalled refractory material can be avoided. The wet green cokes are uniformly placed in the shaft dryer and discharged by gravity. Thus, the mechanical transmission unit can be removed, resulting in the low failure of the system. In addition, because no pneumatic conveying of the green cokes occurs inside the shaft dryer, hence there is no need to crush the green cokes to meet a strict limitation of the particle size.



A 20,000 t/y shaft dryer is selected as a case analysis. The dryer runs 300 d/y and 24 h/d. The initial moisture is 10%, and the final moisture is 1%. The target temperature of dried green cokes is 80 °C, and the flow rate of flue gas is 5000 m3/h. The average specific heat capacities of green cokes and flue gas are 0.808 and 1.4 kJ/(kg·°C), respectively. It can be calculated that the energy efficiency is 80%. Given the influence of heat loss, the estimated that an energy efficiency of 65%–75% could be achieved in practice. The corresponding economic and environmental assessment [40] can also be conduction based on the design parameters. The characteristics of the novel shaft dryer can be summarized as follows:




	
It has a simple structure and no mechanical transmission unit, making it easy to maintain, with low noise while operating and low failure rates.



	
It is a wholly-sealed system, and thus the energy efficiency can be as high as 65%–75% with no leak of environmental pollutants.



	
It can be built by using less metal, less land area, lower capital investment cost, compared with other drying methods.



	
It uses medium-temperature gas as the heat source, which will not cause the over-burnt quality of green cokes.



	
It does not need liner inside the shaft dryer, ensuring that final green cokes have good quality.



	
It has a low breakage rate of green coke because of the low-speed flow of green coke inside the shaft dryer, which further reduces the amount of dust and the cost of environmental assets.



	
It can easily adjust the residence time and the resultant moisture content of green cokes.



	
It has less strict requirement on the particle size of green cokes because of the use of gravity discharging and related units.









3. Materials and Experimental Methods


As a novel dryer, the shaft dryer can be quantitatively designed based on the characteristics of green cokes, which affect the structural and operational parameters of the dryer [36]. Most importantly, the particle size distribution and pressure drop scheme determine the selection of air blowers and the affiliated motors. The initial moisture content determines the residence time of the green cokes and the speed of the discharging unit and the helical conveyor. The vertex angle of pile affects the design of the distributor of the shaft dryer. The discharge characteristics of the toothed roller are determined by the productivity of upstream processes. To provide more detailed data to fill in the gap between concept and application, the following experiments are conducted in this work.



3.1. Materials


The particle size of green cokes discharged from the delayed coking process is less than 70 mm, which can be charged into the shaft dryer directly without any further processing. Thus, in this work, 10-, 30-, and 50-mm meshes were used for the screening of green cokes. The particle size distribution of green cokes used as the raw material in this work are shown in Table 2.




3.2. Experimental Methods


3.2.1. Method to Determine the Initial Moisture Content


A weighing bottle was used to weigh a certain mass of wet green coke. After a 5-min preheating of an oven at 110 °C, the weighing bottle was uncovered and put in the drying oven for 2 h. Then, the weighing bottle was taken out, immediately covered with its lid, and put in a desiccator until it cools to indoor temperature. Finally, a desiccation check was conducted for 30 min. The initial moisture content can be calculated by


ω=m0−m1m0×100%,



(1)




where ω is the initial moisture content, %; m0 and m1 are the mass of green cokes before and after the drying experiment, respectively, measured in g.




3.2.2. Method to Determine the Vertex Angle of Pile of Green Cokes


When green cokes are poured on a surface, they usually form a conical pile. The angle that the surface of the pile of green cokes makes with vertical is referred to as the half-vertex angle. The vertex angle of pile is very important to design the structure of the green coke distributor of the shaft dryer. As shown in Figure 3, the vertical height and hypotenuse can be measured by using a ruler. Then, the vertex angle of the pile can be calculated by


α=2·arccos(h/l).



(2)




where α is the vertex angle of the piles of green cokes, h is the vertical height, and l is the hypotenuse.




3.2.3. Method to Determine the Pressure Drop Characteristics


The air blower is a component of this proposed drying system and its capacity and operating parameters significantly influence the gas flow and heat transfer inside the shaft dryer. A pressure drop experiment was also conducted in this work by using an apparatus shown in Figure 4. The diameter of this apparatus is 800 mm. Wet green cokes were filled in the dryer tank, and the packing height was 1500 mm above the air inlet pipe. The outer and inner diameters of the air inlet pipe are 219 mm and 200 mm, respectively. The pressure drop was measured by using a differential pressure transmitter, and the flow rate of air was measured by a gas flowmeter.




3.2.4. Method to Determine the Discharge Characteristics of the Toothed Roller


The toothed roller is specially designed for discharging the final green cokes. It is used for controlling the discharge speed of green cokes. Thus, in this work, the rational tooth spacing and rotary speed were experimentally investigated as shown in Figure 5.



The green cokes’ leakage can be measured as follows. The minimum tooth spacing was set as 30 mm, and the distance between the rollers and the top of the green coke stock was 1500 mm. The green cokes whose particle size is larger than 30 mm were screened out, and the left ones smaller than 30 mm were hung to 3 m above the experimental apparatus. After discharging, the green coke leakage was weighed. The experiment can be repeated by adjusting the minimum tooth spacing to 10 and 20 mm.






4. Results and Discussions


Figure 6 shows three kinds of green coke with different size at the initial moisture content of 22%. As the moisture content relates to the granulation properties [41], the lump, fine, and mixed green coke particles with the median size of 35.0, 1.0, and 21.4 mm, respectively, were selected in this experiment. For mixed green coke, the lump green coke accounts for 60%. Figure 7 shows the relationship between moisture content and gas temperature. With the increase in gas temperature, the moisture content reduces remarkably. For drying gas at 350 °C, the moisture content of lump green coke was 6.82%, while that of fine and mixed green cokes could be as low as 1.38% and 0.40%, respectively. Though lump green coke can be dried by using this shaft dryer, it may consume more energy. It can be found that the mixed green coke has the lowest moisture content because this plan has the best gas flow and heat transfer effect. Thus, mixed green coke is a good option in the real drying process.



Table 3 lists the measurement data and results of the vertex angle of the pile of green cokes of five reduplicative experiments. The vertex angle of the pile is another key property of coke besides the particle size distribution and strength [42]. It is shown that the average vertex angle of pile of green cokes is 109.2°, which is very important to design the structure of the distributor.



To investigate the pressure drop characteristics of green cokes, a fixed bed experiment was conducted. Four sets of green cokes as shown in Table 2 were used in this experiment. The relationship between the pressure drop and bed height is shown in Figure 8. An approximately linear relationship is shown and the pressure drop increases with the increase in bed height. The pressure characteristics vary with the particle sizes [43]. The green coke with larger size has a less pressure drop, because of its relatively large void ratio and good gas flow behavior. When the bed height is 1250 mm, the total pressure drops of the four test sets with median green coke size of 26.85, 29.00, 30.45, and 31.80 mm are 6104, 5944, 5744, and 5504 Pa, respectively. It can be found from Figure 9 that the specific pressure drops of the four test sets are 5714, 5554, 5354, and 5114 Pa/m, respectively.



Figure 10 shows the relationship between the mass of green coke leakage and tooth spacing based on the results of five repeated experiments. It can be seen that the green coke leakage increases with the increase in tooth spacing. Given that the rolls may experience a horizontal movement because of the axial compression among green cokes when discharging, the initial green coke leakage should be small and adjusted to its reasonable leakage tardily. The optimal tooth spacing can be determined according to the requirement of production yield.



The optimal rotary speed can be determined as follows. The mixed green cokes with the maximum particle size as 70 mm were filled in the drying tank. The rolls horizontally set in the shaft dryer were rotated by 180° at a constantly rotary speed. After discharging, the green coke leakage was weighed. Then, the rotary speed of the rollers can be obtained by the mass of leakage and the required leakage per minute in real production. With the development of Industrial 4.0 [44], the tooth spacing and rotary speed of the rollers can be adjusted according to the present working conditions.




5. Conclusions


(1) A novel drying system and a shaft dryer are proposed for drying the wet coal-based green needle cokes by using medium-temperature gas as a heat source in an energy-efficient, direct-contact, and counter-current way.



(2) The moisture content of green cokes reduces remarkably with the increase in gas temperature. Compared with lump and fine green cokes, mixed green coke has the lowest moisture content and is recommended in the real drying process. The average vertex angle of the pile of green cokes is 109.2°, which is an important parameter for the structure of the shaft dryer distributor.



(3) An approximately linear relationship is gotten between the pressure drop and the green coke bed height. The green coke with larger size has a less pressure drop. The specific pressure drops of the four test sets with median green coke size of 26.85, 29.00, 30.45, and 31.80 mm are 5714, 5554, 5354, and 5114 Pa/m, respectively.



(4) Tooth spacing affects the mass of green coke leakage. The larger the spacing, the more the leakage. In real production, the optimal tooth spacing and rotary speed of the rollers should be determined by the required production yield.
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Figure 1. Scheme of the green coke drying system. 
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Figure 2. Scheme of shaft dryer. 
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Figure 3. Measuring the vertex angle of piles of green cokes. 
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Figure 4. Apparatus for pressure drop experiment: (a) Conceptual scheme; (b) Real apparatus. 
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Figure 5. Apparatus for discharging experiment: (a) Conceptual scheme; (b) Real apparatus. 
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Figure 6. Three different green cokes used in the experiment. 
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Figure 7. Relationship between moisture content and gas temperature. 
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Figure 8. Relationship between pressure drop and bed height. Test no. refers to that listed in Table 2. 
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Figure 9. Relationship between specific pressure drop and green coke size. 
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Figure 10. Relationship between green coke leakage and tooth spacing. 
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Table 1. Comparison of different green coke drying methods.
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	Method
	Advantage
	Disadvantage
	Operation and Maintenance
	Quality of Green Coke
	Energy Efficiency (%)
	Productivity
	Capital Investment Cost





	standing dehydration tank
	simper tank structure; low energy consumption; high safety
	uneven drying effect; low drying efficiency; unstable moisture content; large area occupied; high capital investment cost
	easy
	unstable moisture content
	-
	medium
	high



	rotary dryer
	good drying effect; wide applicability; easy to achieve mechanization and automation; good uniformity of green coke; simple operation
	multiple transmission components of the dryer, which need continual running repairs; large device, large area occupied, high capital investment cost; serious burning loss of green coke
	difficult
	easily polluted and over-burnt
	50–60
	high
	high



	tubular drier
	sound safety; light abrasion of green coke
	crushing is needed to meet the requirement on green coke particle size; poor drying effect; high failure rate of the dryer
	difficult
	serious breakage
	30–40
	low
	medium



	airflow dryer
	short drying time; good drying effect; big drying capacity; simple dryer structure, small area occupied; easy for manufacture; low capital investment cost
	high energy consumption; poor safety; serious dryer wear, short service life; refractory waste gas; crushing is needed to meet the requirement on green coke particle size
	moderate
	serious breakage
	60–75
	high
	low



	fluidized-bed dryer
	big drying capacity; simple dryer structure
	wall accretion and bed blocking easily occur; serious dust entrainment in waste gas; uneven drying of green coke; crushing is needed to meet the requirement on green coke particle size
	easy
	serious breakage
	50–60
	high
	medium



	microwave dryer
	good drying effect
	underdeveloped technology; high electricity consumption; safety concerns
	easy
	good
	25–35
	low
	high
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Table 2. Particle size distribution of green cokes.
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	Test No.
	Percentage of Size (0, 10) mm (%)
	Percentage of Size [10, 30) mm (%)
	Percentage of Size [30, 50) mm (%)
	Percentage of Size [50, 70] mm (%)
	Median Size (mm)





	1
	37
	26
	12
	25
	26.85



	2
	32
	25
	17
	26
	29.00



	3
	33
	23
	11
	33
	30.45



	4
	32
	20
	13
	35
	31.80
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Table 3. Results of vertex angle of the pile of green cokes.
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	No.
	Vertical Height (mm)
	Hypotenuse (mm)
	Vertex Angle (°)





	1
	314
	556
	112



	2
	283
	477
	108



	3
	287
	495
	110



	4
	283
	470
	106



	5
	284
	495
	110
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