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Abstract

:

In order to investigate the breakage behavior of the feed in industrial secondary ball mills, the breakage characteristics of fine magnetite were analyzed. Magnetite particle breakage produces a bimodal particle size distribution that is consistent with the typical breakage characteristics of abrasion. The secondary ball mill can increase the surface area by reducing the diameter of steel balls to enhance the abrasion. Industrial application results show that after the abrasion of the secondary ball mill for grinding magnetite was enhanced, the circulating load of the grinding-classification system dropped by 29.90% and the specific energy of the secondary ball mill decreased by 39.14%. At the same time, the consumption of steel balls also dropped from 0.17 kg/t to 0.13 kg/t, a decrease of up to 20%. It should be noted that the reduction in the ball diameter should follow certain rules because if the energy of a single collision is lower than the critical breaking energy of the particles, the grinding process will be affected and thus have counterproductive effects.
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1. Introduction


Iron resources are the power source of human life and social progress today and the foundation and pillar industry of the world’s economic development, and they play an irreplaceable role in life production (a large role with respect to our daily travel using airplanes, cars, and other transportation, and a small role with respect to our cell phones in the chip, which cannot be separated from iron resources). In the development of iron resources, mining and the separation of ore raw materials are essential and very important production links, while the iron ore separation operation, which involves crushing and grinding, is the first process of mineral processing. The grinding operation refers to the process of reducing the particle size of the material in the grinding equipment with the help of grinding media, such as steel balls, porcelain balls, steel rods, and gravel, and the ore itself for impact and grinding action. Grinding consumes the most energy in a mineral-processing plant, with energy consumption accounting for 60% of the total [1]. The primary purpose of grinding is to liberate the target minerals from the gangue minerals sufficiently and monolithically. However, due to the difference in fracture properties between target and gauge minerals, the target mineral often experiences underground or overground pressure, which affects the subsequent mineral separation operations [2]. Therefore, the breakage characteristics of minerals are pivotal for their separation [3,4,5]. Because the grinding process of magnetite is usually rough, its grinding products have poor particle size characteristics and a low separation index [6,7,8]. To date, there are a large number of studies on the industrial primary ball mill concerning the grinding characteristic of coarse magnetite [9,10,11], but there are almost no studies on industrial secondary ball mill regarding fine magnetite.



Most of the research on industrial ball mills has been about their particle-size-prediction models. As early as in the 1970s and 1980s, industrial scale-up models [12] were proposed by experts on the basis of laboratory particle-size-prediction models [13,14,15]. In this century, Mulenga, a professor at the University of South Africa, invested a lot of effort [16,17,18] into optimizing Austin’s proposed ball mill scale-up model [19]. Several authors [20,21,22] have recognized that the product of grinding is produced by the combined effort of three basic size-reduction mechanisms. They are impact, characterized by short time and strong force; cleavage, characterized by a long period of time and strong force; and abrasion, characterized by tangential stress, which will be introduced in detail in Section 2.1. For different particle sizes and states of the ball mill, the breakage characteristics that play a major role in grinding are different. In this paper, the secondary ball mill classification system of Zhangzhuang iron in China will be used as an example to illustrate the improvement of grinding effect by the directional enhancement of crushing. In the research on the breakage characteristics of magnetite, we analyze the main fragmentation mode of magnetite in two-stage mills and enhance it, to achieve the purpose of reducing circulating load and energy saving.




2. Theoretical Background


2.1. Breakage Characteristics


Material crushing is carried out under the action of mechanical forces; crushing machinery is not just a force to complete the crushing process. The direction and intensity of the stresses that act on the mineral particles affect the breakage characteristics. The three main breakage mechanisms shown in Figure 1 have been identified in the comminution process [20,21,22]:



Abrasion: When the breakage of minerals is acted on by shear stress, particle breakage produces a bimodal particle size distribution consisting of fine particles flaking out of the initial particle surface and particles close to the initial particle size.



Cleavage: When the breakage of the particles is caused by the slow action of strong stress, the particle size distribution is single-peaked, which produces fragments 50%–80% smaller than the initial particles.



Fracture: When the breakage of the particles is induced by the rapid action of strong stress, the particle size distribution is single-peaked, producing fragments 20%–70% smaller than the initial particles.



For a certain kind of crushing equipment, in most cases, one kind of force application method is the main method; the other two are complementary, and several kinds of force-application methods exist at the same time to help improve the crushing efficiency. For the grinding operation in mineral processing, the general ore is composed of a variety of minerals, and the physical and mechanical properties of each mineral vary greatly. When the ore is crushed, only the directional strengthening of the main crushing effect can effectively enhance the effectiveness and efficiency of crushing.




2.2. Circulating Load


Hydraulic classification is the process of dividing a broad particle size class into a number of narrow-size-class products according to the different settling velocities of the frame in the moving medium under centrifugal and drag forces. Circulating load is an important index of the grinding and classifying system, which can directly reflect the instantaneous processing capacity of ball mills.



Because the ball mill does not have the ability to classify according to the size, the grinding product of the open circuit has more coarse minerals that are not conducive to subsequent separation [23]. To solve this problem, ball mills are often used in conjunction with classifying equipment. The discharge of the ball mill enters the classifier, which returns the coarse particles (underflow) to the ball mill for regrinding, and the fine particles (overflow) are the final product. In practice, the grinding system in which the ball mill cooperates with the classifier and returns the unqualified coarse products to the ball mill for re-crushing is called the closed circuit grinding system. A grinding system in which the crushed product is not classified or returned to the ball mill is called an open-circuit grinding system. Therefore, the circulating load is a crucial parameter to evaluate the running state of the grinding mill. For the secondary ball mill, a common grinding-classification system is shown in Figure 2.



According to its definition, circulating load can be derived as:


  Q + S = Q + C Q = Q ( 1 + C )  



(1)




where C represents the circulating load (%) of the grinding mill, S is the underflow discharge (mass) of the classifier, and Q represents the fresh feed (mass) entering the grinding system. However, the mass of the slurry in industry is difficult to measure, so it is difficult to calculate the circulating load using Equation (1). The calculation of the circulating load is usually combined with the conservation of mass for the whole process and for a specific particle size:


  Q + D = P + S  



(2)






  Q α + D γ = P β + S θ  



(3)




where α, β, θ, and γ represent the proportion of specific size of various products, respectively. The common circulating load calculation formula can be derived by combining Equations (2) and (3):


  C =   β − α   γ − θ    



(4)








2.3. Specific Size Energy


The energy utilization efficiency of ball mills is a very important indicator, which reflects the percentage of useful energy. The amount of energy required to produce a qualified particle size (%−75 μm) per unit mass is called specific size energy (SSE), which is calculated according to the newly generated particles, energy consumption, and throughput [24,25], as shown in the following equations:


  S p e c i f i c   e n e r g y = S E =   P   Q    



(5)






  S p e c i f i c   s i z e   e n e r g y = S S E =   S E   γ − θ    



(6)




where P represents the grinding energy consumption of the mill; Q is the throughput of the grinding mill; and γ and θ represent the percentage of −75 μm in grinding feed and grinding discharge, respectively.





3. Materials and Methods


3.1. Materials


The magnetite used in this study was the fresh feed of the secondary ball mill, which came from Zhangzhuang iron in Huoqiu, Anhui Province, China. The bulk density of the magnetite, measured by the water replacement method, was 2.98 t/m3. The feed size characteristics of the secondary ball mill are shown in Table 1, the main compound composition characteristics are shown in Table 2, and the mineral form and content of Fe are shown in Table 3. The iron content of the fresh feed ore is as high as 82.83%, indicating that the purity of the iron ore is already high. In addition to Fe, the content of silica is 12.98%, indicating that the main veinstone mineral in the fresh feed ore is quartz. The iron physical phase analysis of the fresh feed ore shows that magnetite accounts for 86.18%, followed by hematite, accounting for 3.59%. The feed had already gone through a magnetic separation operation, so its iron content was high, and the magnetite accounted for a relatively large proportion. From the particle size characteristics of the feed ore, it can be seen that the iron grade increases as the particle size decreases, indicating that magnetite is distributed in this iron ore with a fine particle size, which requires a high degree of monomer dissociation to separate and enrich it magnetically.




3.2. Process Flow


Zhangzhuang iron ore mine is a typical magnetite mining unit in China, with an annual processing capacity of 3 million tons. The crushing operation is a typical three-stage, one-closed circuit crushing process, and the product after fine crushing goes to the high-pressure rollers for re-processing; finally, the −3 mm magnetite ore is obtained to enter the grinding and classification operation. As shown in Figure 3, the grinding and classifying system of Zhangzhuang iron is a traditional two-stage with a closed circuit; the primary mill is MQY4060 and the secondary ball mill is MYS4060, whose parameters are shown in Table 4, with the classification equipment of both grinding stages being hydrocyclone. Hydrocyclone is gravity classification equipment; compared with the high-frequency screen, it has larger capacity and does not require frequent screen replacement, so most magnetite-ore-processing plants use hydrocyclone as classification equipment. During the process, the fresh feed went into the primary ball mill, the discharge of which entered the primary hydrocyclone. The overflow of the primary hydrocyclone went into the secondary hydrocyclone, and the underflow returned to the primary ball mill. In the secondary hydrocyclone, its overflow became the final product, and its underflow went back to the secondary ball mill.




3.3. Breakage Characteristics


In order to derive the main breakage characteristic of the fresh feed, narrow-size-batch grinding experiments were carried out in the laboratory. The tests were carried out in an XBM ball mill with a speed of 86 r/min and a cylinder volume of 2.5 L (D × L = 140 mm × 160 mm). The amount of ore fed into the mill for each experiment was 200 g, and the mass concentration of the mill was 67%, both of which were constant parameters. The diameter of the steel balls is 18 mm, and the filling rate is 30%, and all of the products after grinding are sieved using a standard set of screens. The feed was classified using a sieve shaker, and the fractions of feeds for the experiment were −0.600 + 0.425 mm, −0.425 + 0.300 mm, −0.300 + 0.212 mm, −0.212 + 0.150 mm, and −0.150 + 0.106 mm. Figure 4 shows the variation in the yield of daughter fractions for each feed fraction at different grinding times. The breakage characteristics of the Feed fra.1 (−0.600 + 0.425 mm) showed a clear bimodal particle size distribution, and the yields of Daughter fra.1 (the coarsest fraction) and fra.9 (the finest fraction) were significantly higher than those of other subclasses. With the increase in grinding time, the yield of Daughter fra.1 gradually decreased and Daughter fra.9 increased, which was consistent with the abrasion-breakage behavior. The other four feed fractions also showed this phenomenon, indicating that for magnetite of −600 + 0.106 mm, which was the particle size range of the feed of the industrial secondary ball mill, the stress used for breakage was shear stress, conforming to the breakage characteristics of abrasion.



Figure 5 is the SEM result of the discharge grinding for 2 min. Figure 5a shows the image with 100 times magnification; the discharge was mainly divided into two parts: the abraded particles and the abrade-generating particles. In order to identify the fragmentation characteristics instantly, Figure 5b shows the image with 1000 times magnification, and it can be clearly seen that there were obvious abrasion marks on the edge of the particles.



The above results confirm that the main breakage characteristic of the secondary mill for magnetite is abrasion, so it is valuable for the industry to seek a method that can enhance the abrasion. In fact, for the primary grinding operation, the feed size of the ore is larger, the mechanical strength of the individual particles of the ore is greater, and the occurrence of the crushing behavior mainly depends on the collision energy, so for the primary grinding operation to strengthen the impact, crushing can be used to improve the grinding efficiency. For the secondary section grinding operation, the feed size of the ore is small and the ore is easily caught in the gaps between the steel balls and cannot be effectively crushed. The occurrence of crushing behavior mainly depends on the effective collision probability, so for the secondary grinding operation, increasing the specific surface area of the grinding media can improve the grinding efficiency.




3.4. Industrial Solutions


The main breakage method for the feed of the secondary ball mill is abrasion, in which with the grinding surface area increases and the probability of abrasion breakage increases, thus improving the grinding effect (retaining the same amount of the newly generated particles with a size less than 0.075 mm after grinding). As shown in Figure 6, with the same total weight, the total surface area of the grinding media can be increased by reducing the size of the steel balls. In other words, with the same grinding effect, the total weight of the balls can be reduced (from 116.4 tons to 93.1 tons) by reducing the diameter (from 50 mm to 40 mm) of the steel balls, which was the theoretical basis of the secondary ball mill energy-saving project of Zhangzhuang iron. Only the diameter and filling rate of the balls vary in industrial applications, while the rest of the parameters remain largely unchanged. The industrial trial went smoothly, and the second stage grinding and classifying system was in stable operation and reached production in only about a week.





4. Results and Discussion


4.1. Particle Size Characteristics and Circulating Load


The main operating parameters of the grinding and classifying system, such as ball mill speed (rotation speed ratio is 72%), hydrocyclone underflow port diameter (60 mm), cyclone pressure (150 kPa), and grinding mass concentration (75%), were not significantly changed after the adoption of the method of increasing the grinding surface area and thus directionally enhancing the crushing capacity. The improvement of the grinding effect is shown in Figure 7. The newly generated product with a particle size of less than 0.075 mm was 14.38%, which was 4.8 percent higher than before. The fineness of the final product of the grinding and classifying system and the second overflow also increased by 2.14% compared to the previous data. In addition, the Fe occupancy of the fraction overground (−0.023 mm fraction) in discharge was approximately 1% lower than before. The above three points confirmed that the main method of mineral fragmentation in the industrial secondary ball mill is also abrasion, and the grinding effect of ball mills can be enhanced by increasing the surface area of the grinding medium.



Before industrial application, the −75 μm content in the fresh feed, discharge, overflow, and underflow were 41.79%, 56.83%, 88.23%, and 46.83%, respectively, and the slurry mass concentration was 45.4%, 75.2%, 12.5%, and 79.8%, respectively. Based on the particle size characteristics of the two-stage grinding-classification system, the circulating load C1 can be calculated as:


    C   1   =   β − α   γ − θ   =   88.23 % − 41.76 %   56.83 % − 46.53 %   × 100 % = 464.40 %  



(7)







Through industrial applications, the −75 μm content in the fresh feed, discharge, overflow, and bottom streams was 43.56%, 61.14%, 90.37% and 46.76%, respectively; the slurry mass concentration was 45.8%, 75.9%, 12.9% and 79.5%, respectively; and the circulating load C2 can be calculated as:


    C   2   =   β − α   γ − θ   =   90.37 % − 43.56 %   61.14 % − 46.76 %   × 100 % = 325.52 %  



(8)







The circulating load of the grinding and classifying system before industrial application was 464.40%, and the circulating load of the grinding and classifying system after industrial application was 325.52%. Increasing the specific surface area to enhance the abrasion breakage of magnetite in the secondary ball mill can reduce the circulation load of the second stage grinding and classifying system by 138.88 percentage points, a decrease of up to 29.90%. Meanwhile, the increase in the newly generated particles and the decrease in the circulating load also proved that the main breakage characteristic of fine magnetite is abrasion.




4.2. Specific Size Energy


Because the total weight of the media in the secondary ball mill was reduced, the operating current also appeared to drop significantly during the gradual replacement of the steel balls. The variation of the operating current is shown in Figure 8, which was about 80 A at the beginning of the industrial experiment and about 70 A at the later stage of stable production, demonstrating a decrease of 10 A or 12.5%. Combined with the newly generated particles in the previous section, the specific size energy (SSE1) before the industrial application can be derived as:


    S S E   1   =   S E   γ − θ   =   800   220 × ( 56.83 % − 46.53 % )   = 36.36   kWh / t  



(9)







Through industrial applications, the specific size energy (SSE2) can be calculated as:


    S S E   2   =   S E   γ − θ   =   700   220 × ( 61.14 % − 46.76 % )   = 22.13   kWh / t  



(10)







The specific size energy of the grinding and classifying system before industrial application was 36.36 kWh/t, and the specific size energy of the grinding and classifying system after industrial application was 22.13 kWh/t. Increasing the specific surface area to enhance the abrasion breakage of magnetite in the secondary ball mill can reduce the total weight of the loaded balls while improving the operation of the two-stage grinding-classification system, which results in a significant increase in energy utilization efficiency. After industrial application, the specific size energy of the second stage mill decreased by 14.23 percentage points, a decline of up to 39.14%.



According to the energy consumption conversion, the energy-saving optimization of the secondary ball mill of Zhangzhuang iron can save 2 million kWh of electricity per year. Given that 0.32 kg of standard coal is needed to produce one unit of electricity, it can save about 640 tons of standard coal and reduce the release of 170 tons of carbon dioxide per year.



When the ball diameter of the steel ball is reduced, the monolithic mass is then reduced in square steps. The monolithic mass is reduced, and the instantaneous energy of steel ball collision is also sharply reduced, so the theoretical consumption of steel balls is also reduced. The daily processing capacity of the Zhangzhuang iron processing plant is 10,000 t of magnetite ore; 50 t of steel balls need to be replenished in one month before the industrial test, and the ball consumption of steel balls is 0.17 kg/t. After the industrial test, only 40 t of steel balls need to be replenished in one month, and the ball consumption of steel balls is 0.13 kg/t, which is 20% lower than before the industrial test.





5. Conclusions


The breakage characteristics of fine magnetite were analyzed to investigate the breakage behavior of the feed in industrial secondary ball mill. Through the study of the breakage characteristics of the five feed fractions, it was found that particle breakage produces a bimodal particle size distribution consisting of fine particles flaking out of the initial particle surface and particles close to the initial particle size, which is consistent with the typical breakage characteristics of abrasion.



In industrial applications, the secondary ball mill can increase the surface area by reducing the diameter of steel balls to enhance the abrasion, so that it can have a similar grinding effect with lower total media weight, thus achieving the purpose of lower circulating load and higher energy utilization efficiency. The industrial application results show that after the enhanced abrasion of the secondary ball mill was achieved for magnetite, the circulating load of the grinding-classification system fell by 29.90% and the specific energy (SSE) of the secondary ball mill tumbled by 39.14%. At the same time, the reduced ball diameter reduces the collision energy, which in turn strongly reduces the consumption of steel balls by 20% compared to the consumption of steel balls before the industrial test.



For the secondary section grinding operation, the feed size of the ore is small and the ore is easily caught in the gaps between the steel balls and cannot be effectively crushed. The occurrence of crushing behavior mainly depends on the effective collision probability, so for the secondary grinding operation increasing the specific surface area of the grinding media can improve the grinding efficiency. This method is suitable for all conventional secondary ball mills for grinding magnetite. However, given that the grinding process will be influenced and produce counterproductive effects when the energy of a single collision is lower than the critical breaking energy of the particles, the ball diameter should not be reduced at liberty.
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Figure 1. Breakage characteristics of minerals adopted from [22]. 
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Figure 2. Common grinding-classification system of the secondary ball mill. 
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Figure 3. Grinding flow chart of Zhangzhuang iron. 
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Figure 4. The yield of daughter fraction after different grinding time t. 
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Figure 5. The SEM of the discharge after 2 min of grinding time. 
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Figure 6. The industrial application schematic. 
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Figure 7. Improvement of grinding effect in the secondary ball mill. 
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Figure 8. Change in the operating current of the secondary ball mill. 






Figure 8. Change in the operating current of the secondary ball mill.



[image: Minerals 13 00713 g008]







[image: Table] 





Table 1. The feed size characteristics of the secondary ball mill.
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	Fractions/mm
	Yield/%
	Grade (Fe)/%
	Iron Content/%





	−0.3 + 0.212
	3.63
	24.46
	1.43



	−0.212 + 0.15
	5.65
	22.56
	2.05



	−0.15 + 0.106
	10.79
	42.73
	7.42



	−0.106 + 0.075
	23.49
	66.75
	25.23



	−0.075 + 0.045
	41.13
	70.97
	46.97



	−0.045 + 0.038
	5.04
	69.36
	5.63



	−0.038 + 0.023
	5.49
	68.44
	6.05



	−0.023
	4.79
	67.95
	5.24



	Total/%
	100.00
	62.15
	100.00
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Table 2. The main compound composition characteristics of the feed.
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	Compounds
	TFe
	SiO2
	Al2O3
	CaO
	MgO





	Content/%
	82.83
	12.98
	1.06
	0.71
	0.81
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Table 3. The mineral form and content of Fe in the feed.
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	Minerals
	Magnetite
	Hematite
	Magnetic Pyrite
	Pyrite
	Carbonate Iron
	Silicate Iron





	Content/%
	86.18
	3.59
	0.11
	0.80
	2.24
	6.08
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Table 4. The specific parameters of the secondary mill.
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Mill Conditions

	

	
Grinding Media




	
Throughput

	
Type

	
Diameter

	
Length

	
Linear

	
Rotational Speed Ratio

	
Type

	
Diameter

	
Ball Filling






	
220 ± 10

	
Overflow

	
4.0 m

	
6.0 m

	
Magnetic liner

	
72%

	
Steel ball

	
50 mm

	
42% ± 1%
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