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Abstract:



The paper presents a study on the effectiveness of the grinding process in an electromagnetic mill devoted to ultrafine grinding, and the influence of processing parameters on the mill’s performance. The research was focused on the optimization of the duration of the grinding process and selection of the grinding media type in order to obtain the highest relative increase of the selected particle size fraction. Copper ore with a particle size between 0–1 mm was used in the experiments. A model was created that determines the relationship between the processing time and efficiency of the grinding, and can be used for the optimization of the process. A comparison of the relative growth of particle size fractions in milling products was performed. The obtained milling efficiency results measured by the growth of the analyzed particle size fraction in the milling product confirmed that the best grinding media set includes a grinding medium with a diameter of 1 mm and a length of 10 mm.
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1. Introduction


Various industries, such as mining, construction, ceramics, and pharmaceuticals, require fine, microfine, and ultrafine particles in some stages of the production process. Obtaining such particle size distribution often requires the introduction of modern mills into technological systems. The high-energy consumption of the comminution process demands a reduction of the processing time in order to minimize the cost of the production of fine-grained materials [1]. Achieving the expected properties of the grinding product along with the high economic efficiency of the production process requires also careful analysis of all of the factors influencing the process’s effectiveness, including the operating throughput of all of the devices and grinding media parameters. Conventional grinding devices (ball mills, rod mills, cylindrope mills) are characterized by high-energy consumption. The reduction of process costs can be achieved by introducing electromagnetic mills that are characterized by reduced energy consumption, which is their undeniable advantage and has been a subject of other papers [2,3,4].



There are studies that have focused on the optimization of grinding effectiveness and energy consumption for traditional mills. Among others, an interesting example is the work of Delboni and Morrell, whose research has developed a new autogenous and semiautogenous (AG/SAG) mill model that is based on charge dynamics. The model relates charge motion and composition to power draw and size reduction. Size reduction is described by considering impact and attrition/abrasion as separate processes. These are linked to the energy available in the mill, the charge size distribution, and the relative motion of the grinding media [5]. An example of research focused on ball mills is the work of Katubilwa and Moys regarding the effect of ball size distribution on the million rate. Their research is based on alumina powder wet-milled by zirconia balls with varying diameters at varying rotation speeds, in which they analyzed the resultant particle size of the milled powder. At a given rotation speed, there exists an optimum ball size to yield the minimum particle size of alumina. The optimum ball diameter decreases as the rotation speed increases. This result has been interpreted in light of the competition between the reduced kinetic energy of the smaller balls (a negative source for milling efficiency) and the increased number of contact points of the smaller balls (a positive source), which yields the optimum ball diameter at an intermediate size [6]. An interesting case of optimization based on modeling is the work of Petrakis and Komnitsas, which describes the improvement of the grinding process through the combined use of matrix and population balance models. In their study, the matrix model and the selection function, namely the probability of breakage of the population balance model, were combined through a MATLAB (9.4, MathCode, Natick, MA, USA, 2018) code to predict the size distribution of the grinding products of quartz, marble, quartzite, and metasandstone. The modeling results were in very good agreement with the particle size distributions that were obtained after grinding the feeds in a ball mill [7].



Modeling is convenient and sometimes the only possible form of analysis of technological processes. It is a set of activities related to constructing models of real processes and consists of replacing them with simplified systems (models) reflecting the relationships between selected features of the process (independent variables) and the studied end effect (dependent variable) [8]. However, defining functional dependencies between selected factors is not a simple and obvious matter due to the existence of numerous dependencies between parameters and variability that we are not able to predict.



Mathematical modeling methods and modern simulation software allow examining various variants of technical implementation of the process with a high level of accuracy in order to determine the optimal model structure and parameters and find the possibilities of improving the process itself.



In mineral processing, statistical methods are used to analyze the effects of experimental work, whose main objectives are to assess the resource’s beneficiation and its improvement, as well as obtain information on the processes to determine the best results for a given beneficiation method [9]. Statistical methods are also used in the study of the mechanism of phenomena occurring in the processing to find the optimal process conditions. Through applying appropriate statistical methods, one can develop the results of either an active or a passive experiment.



Process modeling allows designing and executing algorithms that are used in the electromagnetic mill control system. Such algorithms enable to control the real-time analysis of particle size distribution, the operating status of the mill, and recycle flow. With a layer of algorithms, properly designed measurement equipment defines the parameters of the final product quality and energy consumption. Models also allow the next step in the development program based on simulation studies, which involves assessing the industrial impact of the scaling of physical parameters on the individual parameters regarding quality and efficiency.



In the processing of mineral raw materials, the modeling of phenomena and processes is particularly problematic due to the multitude of variables, the occurring interactions between them, and the variability of the parameters of the material being processed, between which the non-linear nature of connections often occurs [8]. The general parameters ensuring the specific final effects of the process can be divided into three basic groups: feed characteristics, device characteristics, and material distribution conditions. Therefore, there is no single-patterned modeling scheme, since the processing has various natures and runs according to different physical and physicochemical principles in different configurations (schemes) depending on the type of processed raw material [8].



In particular, these problems occur during the beneficiation of sulfide copper ores. The specificity of the feed and the way it is processed is not a simple task, and the models characterizing individual processes have been sought for years. Flotation is the main process of copper ore beneficiation. It requires fine particles with a size of 0.02–0.1 mm [10,11,12,13]. Therefore, the selection of appropriate process parameters, such as grinding media characteristics and grinding time, is a key issue [10,14]. At the same time, attention should be paid to too small particles deteriorating the quality of flotation concentrates. Polish copper ores are characterized by a complex structure and diversified mineralization, which translates into difficulties during beneficiation [15,16]. The size of the copper-bearing minerals in the feed is estimated at 0.03–1.5 mm; therefore, it is important to obtain the appropriate characteristics of the grinding products that are loaded to the flotation nodes. In the paper [15], it has been shown that mineralization in some cases even forces the need to obtain feed with a particle size below 0.01 mm. However, the processing systems are based on the flotation of a material with 70–75% of 0–0.041 mm particle size fraction. In such a case, the optimization of the grinding is a key issue.



The electromagnetic mill (EMM) is an innovative grinding device in which the rotating electromagnetic field is generated and then used for moving ferromagnetic grinding media in the working chamber. The innovative concept assumes a vertical position of the working chamber. Feed is delivered from the top, and the stream of transport air is delivered from the bottom. The system preliminary classifier is integrated above the working chamber, and forms the internal recycling flow [2,17].



The material is collected from the top part of the working chamber and goes to the pre-classifier. The coarse particles return and merge with the feed. Particles with an appropriate size are tied up toward the exact classifier.



To deliver adequate air flow speed for transport and classification, there is a regulated additional air flow intake in the system between the pre-classifier and the fine classifier. The exact classifier separates the material stream into the final product and the recycle stream [18,19]. The final product coming out of the exact classifier is separated from the transport air in the cyclone and goes to the final product tank. In addition, the system is equipped with a working chamber cooling system in the form of a set of fans with adjustable capacity [18]. The structure of the grinding and classification circuit makes the whole system non-linear with strong cross-couplings, and unstable in an open loop. Thus, it requires a dedicated hierarchical control system [4,20,21]. Several important process parameters are also difficult to measure with traditional, direct methods, and require more sophisticated, indirect measurements [21]. A unit of energy consumption for an electromagnetic mill equals 4 kWh/Mg of grounded product.



The main objective of the paper is to determine the approximation of the distribution curves of the particle size fraction increments during the grinding in a laboratory size electromagnetic mill based on the distribution function of a single parameter of exponential distribution. The derived models would allow determining the relative increment of the selected particle size fractions in the comminution product for the investigated grinding media characteristics, which will further allow describing and optimizing the efficiency of the grinding in the electromagnetic mill.




2. Materials and Methods


Electromagnetic mill equipped with a working chamber diameter of 200 mm (EMM D200) is presented in Figure 1. The design of the system assumes that the working chamber made of a non-ferromagnetic material is surrounded by six solenoids. Those solenoids are a part of induction coil (Figure 1b) and induct electromagnetic field. To enable milling, working chamber is filled with grinding media in approximately 20% of its volume. Physical parameters of the grinding media depend on the mill diameter and the feed particle size distribution. The most common size is 1–3 mm diameter and 10–15 mm length. The shape and size for particular application are being developed by simulations using finite element analysis in order to get the optimum effectiveness of electromagnetic field usage. The grinding media are made of steel (1H18N9), and are provided by Goodsteel, Nowe Załubice, Poland.


Figure 1. Electromagnetic mill system photos (a) housing; (b) electromagnetic field conductors; (c) final product manual classification.
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Grinding media are moved by a rotating electromagnetic field. Forces acting between rods and feed create grinding effect. There are also additional chaotic movements introduced because of collisions between feed and rods which magnify the effect. The rotating electromagnetic field keeps the grinding media inside the working chamber.



The specific details of the system have been mentioned in the authors’ previous papers [2,3].



Simplified diagram of the EMM setup is presented in Figure 2.


Figure 2. Grinding and classification simplified diagram in the electromagnetic mill.
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A laboratory set-up for batch grinding was designed by ELTRAF Co., Lubliniec, Poland. A batch working chamber for EMM D200 in the form of a non-ferromagnetic capsule was built with a cylinder shape with one removable base that allows inserting the material and grinding the media batch. The base cover is then firmly closed, and the capsule is inserted into the mill inside the EM field inductor. The second base of the capsule has a small opening that is connected to the pressure release valve for safety reasons. The mill itself is equipped with a supply and supervisory cabinet that allows for the monitoring and control of process parameters. A laboratory is also equipped with a scale and moisture analyzer that allows for the precise preparation of dry batches [10,13,15]. For the purpose of the experiments, material batches of a limited size range were prepared.



A precise batch of grinding media can be prepared with certainty that they will not leave the working chamber during experiments.



As a result of the experiments, information regarding the product particle size after the grinding of copper ore in an electromagnetic mill was collected. Copper ore with particle sizes between 0–1 mm was obtained from the deposits exploited by KGHM Polska Miedź S.A Co., Lubin, Poland in the Legnica-Głogów Copper Region (LGOM). Material lithological composition included sandstone −49.5%, slate −16.0%, and dolomite −34.4%.



A riffler was used to divide the material into 24 test samples. The material was subdivided and poured into the top of a feeder; then, samples were divided longitudinally and emerged as two equal portions. The procedure of dividing was repeated, discarding the portions from alternate slots until a portion of suitable size was obtained for analysis. The material, which was divided into representative samples, was first subjected to a pre-drying process to remove the transient moisture. The temperature was adapted to the properties of the copper ore. Thermal drying in an electric dryer took place at 105 degrees Celsius.



The chemical composition analysis of a representative copper ore sample that was used in the research before the grinding process in an electromagnetic mill is presented in Table 1. The chemical composition of the test sample was determined after dissolving the test sample using a microwave mineralizer in a mixture of hydrochloric, nitric, and hydrofluoric acids. The solutions obtained in this way were analyzed on the inductively coupled plasma atomic emission spectroscopy ICP-OES spectrometer in order to understand the concentration level of the elements studied.


Table 1. The chemical composition of the representative of the copper ore sample used in the research.





	
Element

	
Content




	
Corg

	
1.996%




	
Cn-org

	
1.280%




	
Metals (ppm)




	
As

	
275.18




	
Cd

	
6.42




	
Cr

	
14.10




	
Cu

	
6234.14




	
Hg

	
1.16




	
Ni

	
39.54




	
Pb

	
2299.65




	
Zn

	
695.68










First, 24 samples with a mass of 500 g each were dry milled during the experiments. Grinding was carried out in six grinding times: 5 s, 10 s, 15 s, 20 s, 25 s, and 30 s. The weight of the grinding media used in the experiments was constant and equal to 1.5 kg. Grinding media characteristics is presented in Table 2. The mill was operated at the same 50 Hz frequency in all of the experiments. The results of other experiments from this series were also described in Ogonowski, S.; Wołosiewicz-Głąb, M.; Ogonowski, Z.; Foszcz, D. and Pawełczyk, M. [13] to present energy consumption problems and grinding efficiency comparison for wet and dry grinding.


Table 2. Grinding media characteristics, a total weight of each set: 1.5 kg.





	
Designation

	
Grinding Media Characteristics (mm)






	
1

	
12 × 2




	
2

	
12 × 1.5




	
3

	
composition of the mixture:




	
0.75 kg of 1.5 × 12




	
0.45 kg of 1 × 10




	
0.30 kg of 2 × 12




	
4

	
10 × 1










All of the samples were subjected to dry mechanical granulometric analysis. The goal of the particle size test was to determine particle size distribution. The sieve analysis was carried out on sieves that were 0.2 mm, 0.1 mm, 0.071 mm, 0.045 mm, and 0.02 mm. The material was shaken for 5 min. After shaking, the residual content on each sieve was screened by hand for at least one minute over a blank sheet of white paper.



The relative increase of the studied particle size fractions during the process was determined by Formula 1. The possibility of obtaining the following fractions: 0–0.02 mm, 0–0.045 mm, 0–0.071 mm, 0–0.1 mm, and 0–0.2 mm is important information for the design process and the requirements set by various industries where material with a particle size below 0.02 mm is being used. In Table 3, the empirical results of the relative increment of i-th particle size fractions in comminution products are listed. It is important to examine the effect of those factors on the increase in the desired particle size fractions and determine models describing the investigated cases.
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(1)




where:

	
api—a mass of the i-th particle size fraction in the milling product,



	
ani—a mass of the i-th fraction in the feed.









3. Results and Discussion


The main goal of the analysis was to determine the increments of selected narrow particle size fractions within the grinding using four types of stainless steel g rinding media (Table 2).



The approximation of the presented distribution curves of the particle size fractions during the grinding in an electromagnetic mill was based on the distribution function of a single parameter exponential distribution which gives the best match, the highest R2 value, and the lowest estimation error value. It is possible to use other single-parameter distribution functions to create models, but in the considered case, the application of logarithmic, power, and other distributions did not give such good results in comparison with exponential distribution [21,22,23,24,25].
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(2)




where:

	
λ—a parameter of the exponential function,



	
t—a time of comminution.








Experimental data that compare the relative growth of the particle size fractions in the milling products are presented in Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7.


Figure 3. The curves of the relative increment of the 0–0.02 mm particle size fraction in the comminution product for the investigated grinding media characteristics.
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Figure 4. Curves of the relative increment of the 0–0.04 mm particle size fraction in the comminution product for the investigated grinding media characteristics.
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Figure 5. Curves of the relative increment of the 0–0.071 mm particle size fraction in the comminution product for the investigated grinding media characteristics.
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Figure 6. Curves of the relative increment of the 0–0.1 mm particle size fraction in the comminution product for the investigated grinding media characteristics.
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Figure 7. Curves of the relative increment of the 0–0.2 mm particle size fraction in the comminution product for the investigated grinding media characteristics.
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The exponential distribution is used to model the time intervals of the object’s state change from X to Y. The main area of its application is the modeling of device operation measurements at a certain time. In the analyzed cases, it was used to illustrate the increase in the content of the listed particle size fractions in final products obtained by the comminution of copper ore in an electromagnetic mill [26,27,28]. The λ parameter in exponential distribution is responsible for the shape of the increment curves, which results from the properties of the exponential function. For the analyzed cases, its value ranges from 0.0299–0.3824. It is not directly related to the process, but rather only serves as a factor enabling a more detailed description of the milling effects.



Models are characterized by a very high degree of matching to the experimental data for all of the empirical curves of increments of the studied particle size fractions. The coefficient of determination reached a value above 95%, but in most cases, it was closer to 100%. To illustrate the high accuracy of the description of empirical data by the calculated models, see Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7.



The relative increment of the selected particle size fraction for grinding in the electromagnetic mill has the best characteristic for 10/1 mm grinding media, as marked on Figure 4. When using this grinding media set, the grinding proceeded with the greatest efficiency. As a result of the experiments, it was noted that after 15 s of grinding, the material with a particle size smaller than 0.071 mm was obtained. Extending the process time by another 10 s made it possible to obtain a product that was entirely characterized by particle sizes between 0–0.045 mm. However, by grinding copper ore for 30 s, a product characterized by a fraction of 0–0.02 mm in an amount of more than 77% was obtained.



Table 3 presents the energy consumption problem with respect to grinding time. It can be seen that the specific energy changes with a longer processing time.


Table 3. Specific energy consumption in comparison with grinding time.





	Grinding Time (s)
	Energy Consumption (kWh)
	Specific Energy (kWh/t)





	5
	0.025
	50



	10
	0.05
	100



	15
	0.075
	150



	20
	0.1
	200



	25
	0.125
	250



	30
	0.15
	300









Analysis of the relative increments of individual particle size fractions for the set of grinding media number 3, being a mixture of 12/2, 12/1.5, 10/1, confirmed that the grinding efficiency is lower than in the case of set number 4, which mainly reveals fractions between 0–0.02 mm and 0–0.45 mm during the analysis of particle yield.



Grinding media sets number 1 and 2 were characterized by the largest size, which contributed to reducing the fineness of the final product. The use of these grinding media enabled obtaining a product with a particle size between 0–0.071 mm after 30 s of grinding. In the case of a relative increment in the 0–0.045 mm fraction, the results were about 10% worse than for the other two sets. On the other hand, the increase in the 0–0.02 mm fraction using the 12/2 and 12/1.5 set-ups differed significantly from the results obtained with the use of smaller grinding media.



The repeatability of results obtained under the same conditions determined by the standard deviation ranged between 3.95–15.20% in relation to the increments of individual particle size fractions. Each measurement was repeated five times.



Only a few outliers appeared during the calculations, which were burdened with a measurement error related to the damage of the screen surface. In these three situations, it was found that it is necessary to interpolate the values using the ordinary kriging method based on the remaining experimental data, which clearly translated into an increase in the accuracy of the models’ creation.




4. Conclusions


The optimum particle size distribution should contain the smallest possible number of very fine and very coarse particles. Very fine and very coarse particles are considered as non-flotating, since they do not create stable particle–bubble aggregates (“elephant curve”). In the case of very fine particles (with the size below 0.005 mm), this is due to the low probability of collision and adhesion, while the coarse particles (ca. 0.3 mm for sulfides and ca. 1.0 mm for coal) are too big and heavy.



Grinding and classification should ensure the optimum particle size for flotation while minimizing energy and grinding media consumption. This optimum particle size changes, and is dependent on the size and liberation of the copper-bearing minerals.



In this situation, the optimization of the grinding process is a key issue. Flotation is going to be a subject of further studies, since many surface characteristics of the ore have changed after grinding.



It requires maintaining certain conditions that guarantee obtaining high-quality flotation concentrates. The appropriate particle size distribution of the feed is achieved thanks to the use of mills in classification and fragmentation nodes.



The results of laboratory tests on examined copper ore have shown that an electromagnetic mill enables obtaining the expected particle size of the feed directed to the flotation beneficiation nodes in processing plants. This factor forces comminuting the feed to the grain size below 45 μm, although in some cases, this limit decreases even to 10 μm. Tests of grinding media dedicated to electromagnetic mills showed that the best results were achieved for 10 × 1 mm stainless steel grinding media. Obtaining copper ore with a granulation between 0–0.045 mm was possible after almost 25 s of the grinding process. Upon extending the time of material grinding to 30 s in an electromagnetic mill, it was possible to obtain a relative increase in the 0–0.02 mm fraction of c.a. 80%. It can be concluded that the use of smaller size grinding media provided faster growth of the studied particle size fractions in grinding products.



The relative increase makes it possible to assess the limits of the mill’s potential in terms of the further growth of the analyzed particle size fraction. A comparison of the work of a mill loaded with specific grinding media through relative growth makes it easier to evaluate the efficiency of grinding; achieving 100% of the increment of the analyzed particle size fraction indicates the high efficiency of the mill in the grinding of a given particle size. An important element of the analysis is also the time at which the high increment values are achieved. It is also important to observe the state of saturation (no increment), which indicates the limit of the mill’s ability to further comminute the material in the case of increments with values lower than 100%.



On the basis of the research, models based on the distribution of one-parameter exponential distribution were also prepared. The degree of their adjustment to the experimental data in most cases exceeded 90%, which is a solid basis for conducting project processes and further analysis of the phenomenon.
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