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Abstract

:

Coal beneficiation processes are often based on gravitational enrichment techniques. Therefore, various types of jigs are often used in this area. A number of factors determine the quality of the final product. Therefore, proper and systematic monitoring of such a process is necessary. The present work examined the effect of the hutch water amount and the amount of processed coal (system capacity) on the yield and ash grade in individual density–size fractions. A statistical method in the form of the Kruskal–Wallis test and the Friedman test was used to evaluate the process. These tests were proposed as universal and reliable alternatives to classical analysis of variance (ANOVA) analysis. The performed analysis allowed for the determination of what process conditions should be selected in order to obtain certain effects. Therefore, it allowed us to apply certain combinations of hutch water amount, system capacity and particle characteristics to maximize the expected effects. The application of statistical analysis methods in the form of Kruskal–Wallis and Friedman tests to evaluate process efficiency creates new possibilities to monitor and optimize the jigging process in both context of amount and quality of final product and is very important not only for mining enterprise but also from an environmental point of view.
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1. Introduction


Quantitative and qualitative characteristics of the basic coal components and their physicochemical properties are important elements in the selection of optimal methods for processing purposes. At the same time, in the era of the development of modern and highly efficient combustion technologies of solid fuel and the deterioration in the quality of deposits, it is necessary to thoroughly analyze the properties of coal particle size fractions, especially fine ranges, which are predominant ones in the market.



In the case of coal, these features consist of ash grade, sulfur grade, combustion heat, volatile component grade and analytic moisture. The features mentioned above determine coal quality and as a result, its economic value. Because of this, the utmost care has to be taken in determining coal quality.



The knowledge about the features describing coal quality can also serve for evaluating beneficiation processes [1,2,3,4,5,6,7,8]. The ash grade, sulfur grade and volatile parts grade were examined depending on particle size and particle density, also by means of the kriging method [4] or non-parametric statistical methods [9].



A typical factor analysis was conducted by Niedoba et al. recently [10]. Multidimensional methods can also be used to assess the effectiveness of beneficiation processes. In this regard, the following methods were applied for a number of research works: observational tunnels method [11], principal component analysis [12,13], relevance maps [14], self-organizing Kohonen maps [15], multidimensional scaling [16] and autoassociative neural networks [17]. A comparison of these methods and their effectiveness was presented in detail elsewhere [18].



To control the quality of a beneficiation process and the raw material itself, it is necessary to properly monitor and systematically adjust the coal quality parameters. This can be executed according to various criteria adopted by the analyst. Such criteria can be the yield of a useful component [19], the type of device, and/or the principal goal of the process. Many studies have dealt with various approaches to this end. Radiometric density measurements have been used to model the process in many studies [20,21,22]. Numerical studies in multiphase flow have been presented in several research works [23,24]. For instance, the jig frequency was examined by Tripathy et al. [25]. Classical statistical methods were used in this respect [26], as well as “black box” methods based on neural networks [27]. The application of coupled fuzzy logic and experimental design can be found in [28]. Modeling of the influence of mechanical parameters of the device on the hydrodynamic behavior has been presented in [29]. More advanced approaches using 3D response methodology [30] or computational fluid dynamic (CFD) simulations [31,32] have also been employed successfully. Modeling with the use of “artificial intelligence” has also performed [33]. In addition, many different types of jigs have been tested for the efficiency of the beneficiation process. Dry jigging has been discussed in many papers [34,35,36]. The use of the altair jig has been presented in another investigation [37]. In turn, the Kelsey jig has been reported by Richards et al. [38]. Another approach was fluid motion modeling, adopted in other works [39,40], or the testing of the shape of the material particles [41,42]. Other than these, the trends and potential development of jig applications in the processing industry have been discussed elsewhere [43,44,45,46].



The pulsation cycle involving the amount of so-called hutch water is an important hydrodynamic factor affecting the beneficiation process in the jig. Its influence on the process itself has been discussed in-depth previously [8,47,48,49,50,51,52,53]. The pulsating motion of the water should be selected to ensure that the particles settle as the water is directed down the unit. The pulsation cycle can be symmetrical or asymmetrical. In the first case, the times of rising and falling particles are the same, while in the second treatment, these times are different. Thus, the pulsation characteristics of the water greatly influence the achievement of the best possible results of the beneficiation process. This in turn is affected by the appropriate amount and time of air supply as well as the frequency of pulsation [54].



As the material is directed down the device, some of the fine particles are somehow “trapped” by the coarser ones and thus are also directed to the settling product. This obviously affects the efficiency of the process. Therefore, hutch water is included in the feed process, which allows the fine particles to be carried back to the overhead product. Thus, hutch water helps to reduce the negative impact of the phenomenon discussed above. The amount of water is also important so that it can effectively influence the “release” of fine particles from the falling product. This phenomenon has been discussed and presented separately in work performed by Blaschke [55]. The present study analyzes the effects of coal beneficiation in a jig. The aim of the article is to demonstrate the effect of the amount of hutch water and the processed coal on the yield and ash grade in individual density–size fractions of the obtained coal concentrates. In order to achieve the set aim of this work, in the first stage, an experiment was carried out by testing an industrial jig and changing the technological and hydrodynamic operating conditions. The second stage of the experiments involved the laboratory analysis of the beneficiation products in terms of the quantity and quality of separated concentrates in narrow density–size fractions. The results were evaluated using the Kruskal–Wallis and the Friedman tests, which can be used universally, regardless of the type of distribution of random variables. Thus, they can be presented as alternatives to traditional ANOVA analysis, which is not always possible due to not meeting certain conditions, which are mainly [56,57]:




	-

	
Each population has to represent a normal distribution;




	-

	
The samples must be independent;




	-

	
Samples collected from each population must be random and simple;




	-

	
Variances in populations must be equal.









This methodology has been used in many fields of science and is still under development. It has been applied in many scientific works, not only in mathematics and statistics [58,59]. It has also been directly combined with classical ANOVA [60,61,62], as well as the Monte Carlo method [63]. It has also been used in image analysis [64], but more frequently in medical as well as educational and sociological analyses [65,66]. In particular, it has also been applied to the analysis of data concerning the COVID-19 pandemic [67]. Therefore, it can be efficiently considered in several areas. In this work, the presented approach was applied to evaluate the influence of hutch water amount and system capacity during jigging on selected coal parameters (yield and ash grade). Through this, it was possible to optimize the process conditions for the given responses. The analysis of the results of industrial jig work presented in a statistical way with the application of not-common methods can be used as a way to expand the knowledge of the analysis and the description of beneficiation processes.




2. Materials and Methods


2.1. Experiments


The experiments of coal beneficiation and analyses of jig work were conducted in two stages. The first one was based on the sampling of an industrial jig and the second one was performed through chemical laboratory research works. The sampling of industrial jig was implemented in one of the mechanical coal processing plants located in Poland in which coals of particle size < 20 mm were enriched. This was the matter for the steam coal, type 31.1, according to Polish classification. The cycle of performed experiments was based on the sampling of separation products, i.e., concentrate, middlings and tailings (every 3 min, one sample was taken for each stream). This was undertaken after stabilization of the process, meaning after obtaining certain feed stream flows and amount of added hutch water. Under such a condition, 120 kg of the material in total was sampled from one experiment, so by one position of capacity and amount of hutch water. The working surface of the bed was equal to 17 m2, with an amplitude of 110 mm.



The experiments were carried out while maintaining a constant number of pulsations of the working bed, which was 26 cycles per minute. A total of 9 experiments were carried out, with the capacity and the amount of hutch water being changed in the jig each time. The capacity of the system, i.e., the flow rate of the feed in the experiments, was 200, 300 and 400 t/h, respectively, and the settings for the amount of hutch water for the set jig capacities were 35, 50 and 70 m3/h. Industrial experiments were performed at the set operation parameters and representative samples were obtained for further analyses. Then, each of the separation products was subjected to laboratory float–sink and size analyses. The float–sink analysis was performed in zinc chloride solutions with densities of 1.3, 1.4, 1.5, 1.6, 1.7, 1.8 and 2.0 t/m3. The separated density fractions of all samples were screened using sieves with the mesh sizes of 2.0, 3.15, 5.0, 6.3, 8.0, 10.0, 12.5, 16.0 and 20.0 mm. As a result, size–density fractions were obtained and classified according to the particle size and density of the material simultaneously.



In all size–density fractions obtained through float–sink and size analysis, mass yields of products and ash grade were determined. The size–density fractions of concentrates obtained from all industrial experiments were subjected to a detailed statistical analysis.



The industrial experiment was carried out with the following jig settings:




	
v—system capacity: 200, 300 and 400 t/h;



	
u—amount of hutch water: 35, 50 and 70 m3/h.








The model of the factorial experiment is presented in Figure 1.




2.2. Methodology


Mathematical analysis of the results was performed for the obtained size–density fractions of concentrates from each experiment in order to determine the influence of process parameters, i.e., yield and hydrodynamic parameters and the amount of hutch water on beneficiation of commercial products. Therefore, for each particle size fraction, the following formula was considered:


   Ψ (   y i  , u , v  )  =  (   x  i 1   ,  x  i 2   , … ,  x  i 8    )   



(1)




where:



Ψ—the mapping which assigns to each middle of particle size fraction, yi, by a certain amount of hatch water, u, and system capacity, v, a vector which coordinates mean yield of the material originating from i-th particle size fraction in individual particle density fraction;




	
yi—center of i-th particle size fraction (according to particle size);



	
xij—share percentage of yield in i-th particle size fraction and j-th density fraction;



	
u—amount of hutch water (u∈{35, 50, 70});



	
v—capacity (v∈{200, 300, 400});



	
i = 1, 2,…, 9; j = 1, 2,…, 8.








The Kruskal–Wallis and the Friedman tests were used to examine the dependence of the yield distribution in a given particle size fraction on the amount of used hutch water and system capacity. The conditions to perform ANOVA analysis were not fulfilled (normality of distributions, and equality of variances).



The Kruskal–Wallis test is the non-parametric equivalent of the one-way ANOVA. It can be used when the goal is to compare three or more groups on some quantitative variable. Compared to classical ANOVA, however, there are several fundamental differences. It is a non-parametric test, meaning it can be utilized when assumptions about parametric tests are not met. This makes it a universal tool. The Kruskal–Wallis test compares each observation against the median, which means that it compares sums of ranks, not means or variances. Therefore, when reporting its results, it is worth paying attention to the value of the median in all groups and drawing conclusions on this basis, and not by comparing the means [68,69,70].



Another non-parametric test used to compare means in several dependent groups was the Friedman test. It is typically applied when the variables do not meet the assumptions of the analysis of variance in a repeated measures design. Its calculation scheme is based on ranking measurements, i.e., assigning weights to them in ascending order. The method uses an approximation applying the χ2 distribution [71].



First, the dependencies of the yield distribution in individual particle size fractions were examined at a fixed value of the variable u (i.e., the amount of hutch water) for successive values of the variable v (system capacity) and then the same calculations were repeated by setting the values of the variable v and changing the values of the variable u. They were denoted by Fij(x) distribution functions of random variables, which assumed the values of the output volume (in %) in a given density fraction at fixed values of u and v, where i = 1, 2, 3; and j = 1, 2, 3. The H0 hypothesis was checked, represented by


   H 0  :  F  i 1    ( x )  =  F  i 2    ( x )  =  F  i 3    ( x )  ,   i = 1 ,   2 ,   3  



(2)




against the hypothesis H1 that these distributions are not equal.



The Kruskal–Wallis test was used according to Equation (3):


  H =   12   n  (  n + 1  )      ∑   i = 1  k     R i    2     n i    − 3  (  n + 1  )   



(3)







In this case, n1 = n2 = n3 = 8, n = n1 + n2 + n3 = 24; Ri is the sum of the ranks assigned to the scores in the i-th trial. The measurement results for all cases are numbered from the lowest value to the highest.



The second method to check the considered relationship was the Friedman test. For each particle size fraction, we used the results from the same density fractions for different u or v variables. We verified the null hypothesis of the following form:



H0: 

the median is the same for each sample.





against the alternative hypothesis, as given below.



H1: 

not all medians are the same.





The following equation was used as a test:


   χ 2  =   12   nk  (  k + 1  )      ∑   i = 1  k   R i 2  − 3  (  k + 1  )  n  



(4)




where n denotes number of density fractions in individual samples (n = 8); Ri represents sum of ranks in the same particle size fraction and k shows number of samples (k = 3).





3. Results and Discussion


Figure 2 shows the yield of concentrates and the ash grade in the concentrate of products obtained from the experiments for individual particle size fractions. It was observed that the yield of concentrates enhanced by increasing the particle size. A particularly clear boost in the yield of concentrate for fractions above 8 mm was observed for the experiment with the lowest capacity of 200 t/h and the largest amount of hutch water 70 m3/h (Figure 2c). In experiments with the capacity of 200 t/h and the smallest amount of additional water, the yield was improved together with the increase in particle size and reached a value above 60% for the coarsest particles of 16.0–20.0 mm (Figure 2a), while for 50 m3/h of additional water, the yield above 50% could be observed for particles above 10 mm (Figure 2b). For higher yields of concentrate, the highest values were detected in the coarsest fractions of 12.0–16.0 mm (Figure 2a) and 16.0–20.0 mm (Figure 2b). By analyzing the quality of concentrates, an increase in ash in the finest fraction < 2.0 mm (Figure 2e,f) and in the coarsest fraction > 16.0 mm could be seen in the case of the lowest capacity (Figure 2d). In the remaining cases of variable capacity and the amount of additional water, the ash grade in the concentrate remained at a constant level.



3.1. Kruskal–Wallis Test for Yield Depending on the Amount of Hutch Water and System Capacity


First, for each particle size fraction, the Kruskal–Wallis test was performed in relation to the yield depending on the amount of hutch water and the system capacity using Equation (3). The assumptions of the test were met. The test was carried out for each amount of hutch water considered, as well as the yield.



The example of test results is presented in Table 1. The other ones can be found in Appendix A (Table A1, Table A2, Table A3, Table A4 and Table A5).



The H statistics had a distribution of    χ 2    with (k − 1) degrees of freedom (k = 3). The critical value for the significance level = 0.05 was    χ 2    = 5.991. Since in each case H <    χ 2    there were no grounds for rejecting the H0 hypothesis, it could be assumed that the yield in individual particle size fractions, regardless of the amount of hutch water added and the system capacity, was subjected to the same distributions.




3.2. Friedman’s Test for the Yield Depending on the Hutch Water Amount and Capacity


Similarly, as described in Section 3.2, an analysis was carried out for the yield depending on the added hutch water and system capacity using the Friedman test. Equation (4) was used for this purpose. The example of the test results is shown in Table 2. The rest of the results are positioned in Appendix A (Table A6, Table A7, Table A8, Table A9 and Table A10).



Analyzing the results of the Friedman test showed that in most cases there is no reason to reject the null hypothesis. However, in the case of particle size fraction (16.00–20.00 mm) at u = 35 m3/h, size fraction (8.00–10.00 mm) at u = 70 m3/h and fractions (8.00–10.00 mm) at v = 200 ton/h, the test values exceeded the critical value χ2, which indicated that in these cases the H0 hypothesis should be rejected.




3.3. Friedman Test for Two Subgroups of Coal Density Fractions


When analyzing the height of the ranks assigned to the results obtained in Section 3.2., it can be observed that in fractions with low densities, low ranks had results that corresponded to particles of coarser size. An inverse relationship can be observed for fractions with higher densities. Therefore, to examine this relationship, the Friedman test was carried out separately for the fractions corresponding to the density ranges (1.20–1.70 g/cm3) and (1.50–2.20 g/cm3). The test results are presented in Table 3 and the remaining outcomes are positioned in Appendix A (Table A11, Table A12, Table A13, Table A14 and Table A15).



R11, R12 and R13 are rank sums including density fractions (1.20–1.70 g/cm3) and R21, R22 and R23 are rank sums including density fractions (1.50–2.20 g/cm3);    χ 1 2   —test value for the density range (1.20–1.70 g/cm3),     χ 2 2   —test value for the density range (1.50–2.20 g/cm3).



Analyzing the obtained results of the Friedman test for the two subgroups of density fractions, it can be seen that in a large number of cases, the hypothesis of the same distributions of concentrate output should be rejected. Thus, in these subgroups the distribution of the material depends on both variables, i.e., u (the amount of hutch water) and v (system capacity).



With fixed u values, greater differences occurred in the group with higher densities. If u = 35 m3/h, then in group I only in one case the H0 hypothesis should be rejected. In group II, H0 should be rejected in four cases. If u = 50 m3/h, the hypothesis was rejected in group I in two cases and in group II in six cases. If, on the other hand, u = 70 m3/h, then in group I the H0 hypothesis was not rejected even once, while in group II it was rejected in three cases.



A similar situation can be observed in the case of determining the level of the variable v. If v = 200 t/h, the hypothesis H0 was not rejected in group I in any case, and in group II it was rejected in one case. If v = 300 t/h, then in group I the null hypothesis should be rejected in three cases, and in group II it should also be rejected in three cases. If v = 400 t/h, then in group I the H0 hypothesis was not rejected even once, and in group II it was rejected in two cases.



The above studies and considerations show that both the amount of hutch water and the capacity of the system have an impact on the discharge size distribution, along with the fact that the influence of these factors was smaller in the case of the fraction with a lower density, and greater in the case of the fraction with a higher density.




3.4. The Friedman Test for Ash Grade


The dependence of ash grade in particle size fractions on the values of u and v was also examined using the Friedman test.



The results of the analyses are presented in Table 4 and Table 5.



Analyzing the results of the Friedman test for the relationship between the ash grade in coal concentrate particle size fractions and variables u and v, it can be seen that in no case did the test value exceed the critical value χ2 = 5.991 (for the significance level α = 0.05), so there are no grounds for the rejection of hypothesis H0. It can therefore be concluded that the dependence of the ash grade on both the amount of hutch water and the capacity of the system is low.





4. Conclusions


The criteria determining the usability of the fuel involve creating the possibility of the most perfect purification of raw coal, i.e., complete separation of gangue from the target material and removal of the largest possible amount of free particles of pyritic sulfur. Classic gravitational beneficiation methods are the cheapest way to improve the quality of the produced assortments. However, the degree of removal of ash and sulfur from coal enriched with these methods varies. In the presented article, a new approach was proposed to assess the quality of beneficiation products in a jig. Using the Kruskal–Wallis and Friedman tests, the influence of the amount of hutch water and the capacity of the system on the yield of concentrate was assessed, considering specific density–size fractions. The applied mathematical methods allowed for the reliable assessment of the impact of variable process conditions on the assessment of the quality of the final product. The described methodology can be used in the assessment of any enrichment process for various types of raw materials and various types of process factors, and does not need to fulfill the required assumptions necessary to conduct ANOVA analysis.



The results of the Friedman test indicated that if only low-density fractions were considered, the influences of hutch water amount and system capacity on yield distribution in these fractions were not significant. For higher density fractions, this influence became significant. Therefore, it was possible to select the optimal values of the considered factors which did not matter with regard to ash grade distribution.



The methodology of the elaborate experiments presented in this paper is original and different to traditional approaches used to evaluate the jigging process. It allows one to look more widely at the results of coal separation. The applied tools such as the Kruskal–Wallis and Friedman tests served to evaluate the quantity and quality of the jigging process, which can make it easier to forecast the separation results with regard to the production of commercial products fulfilling certain needs of recipients.
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Table A1. The Kruskal–Wallis test results for yield (u = 50); Ri = sum of ranks for v = 200 t/h (R1), 300 t/h (R2) and 400 t/h (R3).






Table A1. The Kruskal–Wallis test results for yield (u = 50); Ri = sum of ranks for v = 200 t/h (R1), 300 t/h (R2) and 400 t/h (R3).





	
Particle Size Fraction [mm]

	
v

	
H




	
R1

	
R2

	
R3






	
0.00–2.00

	
70.0

	
119.0

	
111.0

	
3.220




	
2.00–3.15

	
71.0

	
125.0

	
104.0

	
3.730




	
3.15–5.00

	
71.0

	
124.0

	
105.0

	
3.600




	
5.00–6.30

	
71.0

	
124.0

	
105.0

	
3.600




	
6.30–8.00

	
70.0

	
122.0

	
108.0

	
3.620




	
8.00–10.00

	
75.0

	
110.0

	
115.0

	
2.375




	
10.00–12.00

	
79.0

	
103.0

	
118.0

	
1.935




	
12.00–16.00

	
85.0

	
97.0

	
118.0

	
1.395




	
16.00–20.00

	
78.0

	
99.0

	
123.0

	
2.535
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Table A2. The Kruskal–Wallis test results for yield (u = 70); Ri = sum of ranks for v = 200 t/h (R1), 300 t/h (R2) and 400 t/h (R3).






Table A2. The Kruskal–Wallis test results for yield (u = 70); Ri = sum of ranks for v = 200 t/h (R1), 300 t/h (R2) and 400 t/h (R3).





	
Particle Size Fraction [mm]

	
v

	
H




	
R1

	
R2

	
R3






	
0.00–2.00

	
112.0

	
85.0

	
103.0

	
0.945




	
2.00–3.15

	
92.0

	
98.0

	
110.0

	
0.420




	
3.15–5.00

	
92.5

	
95.0

	
112.5

	
0.593




	
5.00–6.30

	
84.0

	
108.0

	
108.0

	
0.960




	
6.30–8.00

	
90.0

	
94.0

	
116.0

	
0.980




	
8.00–10.00

	
80.0

	
100.0

	
120.0

	
2.000




	
10.00–12.00

	
85.5

	
93.0

	
121.5

	
1.803




	
12.00–16.00

	
88.0

	
102.0

	
110.0

	
0.620




	
16.00–20.00

	
84.0

	
104.5

	
111.5

	
1.020
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Table A3. The Kruskal–Wallis test results for yield (v = 200); Ri = sum of ranks for u = 35 m3/h (R1), 50 m3/h (R2) and 70 m3/h (R3).






Table A3. The Kruskal–Wallis test results for yield (v = 200); Ri = sum of ranks for u = 35 m3/h (R1), 50 m3/h (R2) and 70 m3/h (R3).





	
Particle Size Fraction [mm]

	
u

	
H




	
R1

	
R2

	
R3






	
0.00–2.00

	
108.0

	
78.0

	
114.0

	
1.860




	
2.00–3.15

	
112.0

	
84.0

	
104.0

	
3.000




	
3.15–5.00

	
117.0

	
83.0

	
100.0

	
1.445




	
5.00–6.30

	
119.5

	
79.5

	
101.0

	
2.005




	
6.30–8.00

	
122.0

	
82.0

	
96.0

	
2.060




	
8.00–10.00

	
124.0

	
95.0

	
81.0

	
2.405




	
10.00–12.00

	
116.0

	
88.0

	
95.0

	
0.560




	
12.00–16.00

	
126.0

	
86.0

	
88.0

	
2.540




	
16.00–20.00

	
115.0

	
90.0

	
95.0

	
0.875
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Table A4. The Kruskal–Wallis test results for yield (v = 300); Ri = sum of ranks for u = 35 m3/h (R1), 50 m3/h (R2) and 70 m3/h (R3).






Table A4. The Kruskal–Wallis test results for yield (v = 300); Ri = sum of ranks for u = 35 m3/h (R1), 50 m3/h (R2) and 70 m3/h (R3).





	
Particle Size Fraction [mm]

	
u

	
H




	
R1

	
R2

	
R3






	
0.00–2.00

	
101.0

	
128.0

	
71.0

	
4.065




	
2.00–3.15

	
101.0

	
127.0

	
72.0

	
3.785




	
3.15–5.00

	
102.0

	
124.0

	
74.0

	
3.140




	
5.00–6.30

	
103.0

	
118.0

	
79.0

	
1.935




	
6.30–8.00

	
113.0

	
113.0

	
74.0

	
2.535




	
8.00–10.00

	
116.0

	
106.0

	
78.0

	
1.940




	
10.00–12.00

	
120.0

	
95.0

	
85.0

	
0.625




	
12.00–16.00

	
120.0

	
97.0

	
83.0

	
1.745




	
16.00–20.00

	
120.0

	
96.0

	
84.0

	
1.680
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Table A5. The Kruskal–Wallis test results for yield (v = 400); Ri = sum of ranks for u = 35 m3/h (R1), 50 m3/h (R2) and 70 m3/h (R3).






Table A5. The Kruskal–Wallis test results for yield (v = 400); Ri = sum of ranks for u = 35 m3/h (R1), 50 m3/h (R2) and 70 m3/h (R3).





	
Particle Size Fraction [mm]

	
u

	
H




	
R1

	
R2

	
R3






	
0.00–2.00

	
107.0

	
111.0

	
82.0

	
1.235




	
2.00–3.15

	
104.0

	
112.0

	
84.0

	
1.604




	
3.15–5.00

	
99.0

	
111.0

	
90.0

	
0.555




	
5.00–6.30

	
116.0

	
100.0

	
84.0

	
1.280




	
6.30–8.00

	
103.0

	
96.0

	
101.0

	
0.065




	
8.00–10.00

	
109.0

	
104.0

	
87.0

	
0.665




	
10.00–12.00

	
101.0

	
102.0

	
97.0

	
0.035




	
12.00–16.00

	
123.0

	
97.0

	
80.0

	
2.345




	
16.00–20.00

	
103.0

	
115.0

	
82.0

	
1.395
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Table A6. The Friedman test results, u = 50 m3/h.






Table A6. The Friedman test results, u = 50 m3/h.





	
Particle Size Fraction [mm]

	
v

	
χ2




	
R1

	
R2

	
R3






	
0.00–2.00

	
13.0

	
17.0

	
18.0

	
1.750




	
2.00–3.15

	
12.0

	
17.0

	
19.0

	
3.250




	
3.15–5.00

	
13.0

	
17.0

	
18.0

	
1.750




	
5.00–6.30

	
12.0

	
17.0

	
19.0

	
3.250




	
6.30–8.00

	
12.0

	
17.0

	
19.0

	
3.250




	
8.00–10.00

	
12.0

	
16.0

	
20.0

	
4.000




	
10.00–12.00

	
15.0

	
13.0

	
20.0

	
3.250




	
12.00–16.00

	
13.0

	
14.0

	
21.0

	
4.750




	
16.00–20.00

	
14.0

	
14.0

	
20.0

	
4.000
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Table A7. The Friedman test results, u = 70 m3/h.






Table A7. The Friedman test results, u = 70 m3/h.





	
Particle Size Fraction [mm]

	
v

	
χ2




	
R1

	
R2

	
R3






	
0.00–2.00

	
20.0

	
13.0

	
15.0

	
3.250




	
2.00–3.15

	
14.0

	
15.0

	
19.0

	
1.750




	
3.15–5.00

	
13.5

	
14.0

	
20.0

	
3.060




	
5.00–6.30

	
14.0

	
14.0

	
20.0

	
3.000




	
6.30–8.00

	
11.0

	
16.0

	
21.0

	
3.000




	
8.00–10.00

	
12.0

	
15.0

	
21.0

	
6.250




	
10.00–12.00

	
11.0

	
18.0

	
19.0

	
5.250




	
12.00–16.00

	
11.5

	
16.5

	
19.0

	
4.750




	
16.00–20.00

	
11.5

	
16.5

	
20.0

	
4.560











[image: Table] 





Table A8. The Friedman test results, v = 200 t/h.






Table A8. The Friedman test results, v = 200 t/h.





	
Particle Size Fraction [mm]

	
u

	
χ2




	
R1

	
R2

	
R3






	
0.00–2.00

	
18.0

	
11.0

	
19.0

	
4.750




	
2.00–3.15

	
18.0

	
12.0

	
18.0

	
3.000




	
3.15–5.00

	
19.0

	
13.0

	
16.0

	
2.250




	
5.00–6.30

	
20.0

	
11.0

	
17.0

	
5.250




	
6.30–8.00

	
20.0

	
12.0

	
16.0

	
4.000




	
8.00–10.00

	
22.0

	
15.0

	
11.0

	
7.750




	
10.00–12.00

	
35.0

	
20.0

	
12.0

	
4.000




	
12.00–16.00

	
21.0

	
13.0

	
14.0

	
4.750




	
16.00–20.00

	
19.0

	
14.0

	
15.0

	
1.750
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Table A9. The Friedman test results, v = 300 t/h.
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Particle Size Fraction [mm]

	
u

	
χ2




	
R1

	
R2

	
R3






	
0.00–2.00

	
19.0

	
17.0

	
12.0

	
3.250




	
2.00–3.15

	
18.0

	
18.0

	
12.0

	
3.000




	
3.15–5.00

	
18.0

	
17.0

	
13.0

	
1.750




	
5.00–6.30

	
17.0

	
16.0

	
15.0

	
0.250




	
6.30–8.00

	
19.0

	
16.0

	
13.0

	
2.250




	
8.00–10.00

	
19.0

	
15.0

	
14.0

	
1.750




	
10.00–12.00

	
21.0

	
13.0

	
14.0

	
4.750




	
12.00–16.00

	
20.0

	
12.0

	
16.0

	
4.000




	
16.00–20.00

	
20.0

	
12.0

	
16.0

	
4.000
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Table A10. The Friedman test results, v = 400 t/h.
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Particle Size Fraction [mm]

	
u

	
χ2




	
R1

	
R2

	
R3






	
0.00–2.00

	
13.0

	
20.0

	
15.0

	
3.250




	
2.00–3.15

	
16.0

	
18.0

	
14.0

	
1.000




	
3.15–5.00

	
14.0

	
18.0

	
16.0

	
1.000




	
5.00–6.30

	
18.0

	
16.0

	
14.0

	
1.000




	
6.30–8.00

	
16.0

	
13.0

	
19.0

	
2.250




	
8.00–10.00

	
17.0

	
15.0

	
16.0

	
0.250




	
10.00–12.00

	
15.0

	
17.0

	
16.0

	
0.250




	
12.00–16.00

	
20.0

	
15.0

	
13.0

	
3.250




	
16.00–20.00

	
16.0

	
19.0

	
13.0

	
2.250
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Table A11. The Friedman test results, u = 50 m3/h, divided into two subgroups.






Table A11. The Friedman test results, u = 50 m3/h, divided into two subgroups.





	
Particle Size Fraction [mm]

	
V

	
v

	
      χ  1 2     

	
      χ  2 2     




	
R11

	
R12

	
R13

	
R21

	
R22

	
R23






	
0.00–2.00

	
10.0

	
8.0

	
12.0

	
5.0

	
14.0

	
11.0

	
1.600

	
8.400




	
2.00–3.15

	
9.0

	
8.0

	
13.0

	
5.0

	
14.0

	
11.0

	
2.800

	
8.400




	
3.15–5.00

	
10.0

	
8.0

	
12.0

	
5.0

	
14.0

	
11.0

	
1.600

	
8.400




	
5.00–6.30

	
9.0

	
8.0

	
13.0

	
5.0

	
14.0

	
11.0

	
2.800

	
8.400




	
6.30–8.00

	
9.0

	
8.0

	
13.0

	
5.0

	
14.0

	
11.0

	
2.800

	
8.400




	
8.00–10.00

	
9.0

	
7.0

	
14.0

	
5.0

	
13.0

	
12.0

	
5.200

	
7.600




	
10.00–12.00

	
12.0

	
5.0

	
13.0

	
7.0

	
10.0

	
13.0

	
7.600

	
3.600




	
12.00–16.00

	
10.0

	
6.0

	
14.0

	
6.0

	
11.0

	
13.0

	
6.400

	
3.600




	
16.00–20.00

	
10.0

	
7.0

	
13.0

	
6.0

	
11.0

	
13.0

	
3.600

	
5.200
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Table A12. The Friedman test results, u = 70 m3/h, divided into two subgroups.






Table A12. The Friedman test results, u = 70 m3/h, divided into two subgroups.





	
Particle Size Fraction [mm]

	
v

	
v

	
      χ  1 2     

	
      χ  2 2     




	
R11

	
R12

	
R13

	
R21

	
R22

	
R23






	
0.00–2.00

	
12.0

	
10.0

	
8.0

	
14.0

	
7.0

	
9.0

	
1.600

	
5.200




	
2.00–3.15

	
11.0

	
19.0

	
10.0

	
7.0

	
9.0

	
14.0

	
0.400

	
5.200




	
3.15–5.00

	
10.0

	
9.0

	
11.0

	
7.5

	
8.5

	
14.0

	
0.400

	
4.900




	
5.00–6.30

	
10.0

	
9.0

	
11.0

	
7.0

	
8.0

	
15.0

	
0.400

	
7.600




	
6.30–8.00

	
10.0

	
9.0

	
11.0

	
8.0

	
8.0

	
14.0

	
0.400

	
4.800




	
8.00–10.00

	
7.0

	
10.0

	
13.0

	
6.0

	
10.0

	
14.0

	
3.600

	
6.400




	
10.00–12.00

	
8.0

	
10.0

	
12.0

	
6.0

	
10.0

	
14.0

	
1.600

	
6.400




	
12.00–16.00

	
7.5

	
11.5

	
11.0

	
6.0

	
11.0

	
13.0

	
1.900

	
5.200




	
16.00–20.00

	
7.0

	
12.0

	
11.0

	
6.5

	
9.5

	
14.0

	
5.200

	
5.700
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Table A13. The Friedman test results, v = 200 t/h, divided into two subgroups.






Table A13. The Friedman test results, v = 200 t/h, divided into two subgroups.





	
Particle Size Fraction [mm]

	
u

	
u

	
      χ  1 2     

	
      χ  2 2     




	
R11

	
R12

	
R13

	
R21

	
R22

	
R23






	
0.00–2.00

	
11.0

	
7.0

	
12.0

	
12.0

	
6.0

	
12.0

	
2.800

	
4.800




	
2.00–3.15

	
10.0

	
8.0

	
12.0

	
12.0

	
7.0

	
11.0

	
1.600

	
2.800




	
3.15–5.00

	
10.0

	
8.0

	
12.0

	
14.0

	
7.0

	
9.0

	
1.600

	
5.200




	
5.00–6.30

	
12.0

	
7.0

	
11.0

	
14.0

	
6.0

	
10.0

	
2.800

	
6.400




	
6.30–8.00

	
11.0

	
8.0

	
11.0

	
15.0

	
6.0

	
9.0

	
1.200

	
8.400




	
8.00–10.00

	
13.0

	
9.0

	
8.0

	
15.0

	
9.0

	
6.0

	
2.800

	
8.400




	
10.00–12.00

	
12.0

	
7.0

	
11.0

	
14.0

	
8.0

	
9.0

	
2.800

	
8.400




	
12.00–16.00

	
12.0

	
8.0

	
10.0

	
15.0

	
7.0

	
8.0

	
1.600

	
7.600




	
16.00–20.00

	
12.0

	
8.0

	
10.0

	
13.0

	
9.0

	
8.0

	
1.600

	
2.800









R11, R21 mean the sum of ranks in individual subgroups for u = 35 m3/h; R12, R22 are the sum of ranks in individual subgroups for u = 50 m3/h and R13, R23 mean the sum of ranks in individual subgroups for u = 70 m3/h.
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Table A14. The Friedman test results, v = 300 t/h, divided into two subgroups.






Table A14. The Friedman test results, v = 300 t/h, divided into two subgroups.





	
Particle size Fraction [mm]

	
u

	
u

	
      χ  1 2     

	
      χ  2 2     




	
R11

	
R12

	
R13

	
R21

	
R22

	
R23






	
0.00–2.00

	
13.0

	
8.0

	
9.0

	
11.0

	
14.0

	
5.0

	
2.800

	
8.400




	
2.00–3.15

	
12.0

	
9.0

	
9.0

	
11.0

	
14.0

	
5.0

	
1.200

	
8.400




	
3.15–5.00

	
12.0

	
8.0

	
10.0

	
5.0

	
12.0

	
13.0

	
1.600

	
7.600




	
5.00–6.30

	
11.0

	
7.0

	
12.0

	
10.0

	
13.0

	
7.0

	
2.800

	
3.600




	
6.30–8.00

	
13.0

	
7.0

	
10.0

	
11.0

	
13.0

	
6.0

	
3.600

	
5.200




	
8.00–10.00

	
13.0

	
6.0

	
11.0

	
12.0

	
12.0

	
6.0

	
5.200

	
4.800




	
10.00–12.00

	
14.0

	
5.0

	
11.0

	
13.0

	
10.0

	
7.0

	
8.400

	
3.600




	
12.00–16.00

	
13.0

	
5.0

	
12.0

	
13.0

	
9.0

	
8.0

	
7.600

	
2.800




	
16.00–20.00

	
13.0

	
5.0

	
12.0

	
13.0

	
9.0

	
8.0

	
7.600

	
4.400
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Table A15. The Friedman test results, v = 400 t/h, divided into two subgroups.






Table A15. The Friedman test results, v = 400 t/h, divided into two subgroups.





	
Particle Size Fraction [mm]

	
u

	
u

	
      χ  1 2     

	
      χ  2 2     




	
R11

	
R12

	
R13

	
R21

	
R22

	
R23






	
0.00–2.00

	
6.0

	
12.0

	
12.0

	
10.0

	
14.0

	
6.0

	
4.800

	
6.400




	
2.00–3.15

	
8.0

	
11.0

	
11.0

	
12.0

	
12.0

	
6.0

	
1.200

	
4.800




	
3.15–5.00

	
8.0

	
10.0

	
12.0

	
9.0

	
12.0

	
9.0

	
1.600

	
1.600




	
5.00–6.30

	
9.0

	
11.0

	
10.0

	
13.0

	
9.0

	
8.0

	
0.400

	
1.400




	
6.30–8.00

	
8.0

	
9.0

	
13.0

	
11.0

	
7.0

	
12.0

	
2.800

	
2.800




	
8.00–10.00

	
10.0

	
10.0

	
10.0

	
13.0

	
9.0

	
8.0

	
0.000

	
2.800




	
10.00–12.00

	
7.0

	
11.0

	
12.0

	
11.0

	
10.0

	
9.0

	
2.800

	
0.400




	
12.00–16.00

	
11.0

	
10.0

	
9.0

	
15.0

	
9.0

	
6.0

	
0.400

	
8.400




	
16.00–20.00

	
9.0

	
12.0

	
9.0

	
11.0

	
12.0

	
7.0

	
1.200

	
2.800
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Figure 1. The model of the factorial experiment. 
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Figure 2. Yield of concentrate and ash grade in the concentrate according to the size fraction: (a) yield of concentrate - hutch water 35 m3/h, (b) yield of concentrate - hutch water 50 m3/h, (c) yield of concentrate - hutch water 70 m3/h, (d) ash grade - hutch water 35 m3/h, (e) ash grade - hutch water 50 m3/h, (f) ash grade - hutch water 70 m3/h. 
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Table 1. The Kruskal–Wallis test results for yield (u = 35); Ri = sum of ranks for v = 200 t/h (R1), 300 t/h (R2) and 400 t/h (R3).
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Particle Size Fraction [mm]

	
v

	
H




	
R1

	
R2

	
R3






	
0.00–2.00

	
120.0

	
92.0

	
97.0

	
1.145




	
2.00–3.15

	
88.0

	
112.0

	
100.0

	
0.720




	
3.15–5.00

	
102.0

	
114.0

	
84.0

	
1.140




	
5.00–6.30

	
87.0

	
111.0

	
102.0

	
0.735




	
6.30–8.00

	
86.0

	
120.0

	
94.0

	
1.580




	
8.00–10.00

	
78.0

	
120.0

	
102.0

	
2.220




	
10.00–12.00

	
88.0

	
114.5

	
97.5

	
0.900




	
12.00–16.00

	
77.0

	
112.0

	
111.0

	
0.985




	
16.00–20.00

	
79.0

	
129.0

	
92.0

	
3.365











[image: Table] 





Table 2. The Friedman test results, u = 35 m3/h.
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Particle Size Fraction [mm]

	
v

	
χ2




	
R1

	
R2

	
R3






	
0.00–2.00

	
12.0

	
18.0

	
18.0

	
3.000




	
2.00–3.15

	
17.0

	
18.0

	
13.0

	
1.750




	
3.15–5.00

	
14.0

	
21.0

	
13.0

	
4.750




	
5.00–6.30

	
16.0

	
17.0

	
15.0

	
0.250




	
6.30–8.00

	
14.0

	
17.0

	
17.0

	
0.750




	
8.00–10.00

	
12.0

	
21.0

	
15.0

	
5.250




	
10.00–12.00

	
14.0

	
19.0

	
15.0

	
1.780




	
12.00–16.00

	
12.0

	
19.0

	
17.0

	
3.250




	
16.00–20.00

	
13.0

	
22.0

	
13.0

	
6.750
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Table 3. The Friedman test results, u = 35 m3/h, divided into two subgroups.
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Particle Size Fraction [mm]

	
v

	
v

	
      χ  1 2     

	
      χ  2 2     




	
R11

	
R12

	
R13

	
R21

	
R22

	
R23






	
0.00–2.00

	
9.0

	
12.0

	
9.0

	
6.0

	
11.0

	
13.0

	
1.200

	
5.200




	
2.00–3.15

	
12.0

	
12.0

	
6.0

	
10.0

	
11.0

	
9.0

	
4.800

	
0.400




	
3.15–5.00

	
11.0

	
13.0

	
6.0

	
7.0

	
14.0

	
9.0

	
5.200

	
5.200




	
5.00–6.30

	
13.0

	
9.0

	
8.0

	
8.0

	
12.0

	
10.0

	
2.800

	
1.600




	
6.30–8.00

	
11.0

	
8.0

	
11.0

	
5.0

	
14.0

	
11.0

	
1.200

	
8.400




	
8.00–10.00

	
9.00

	
12.0

	
9.0

	
5.0

	
15.0

	
10.0

	
1.200

	
10.000




	
10.00–12.00

	
11.0

	
12.0

	
7.0

	
5.0

	
13.0

	
12.0

	
2.800

	
7.600




	
12.00–16.00

	
9.0

	
12.0

	
9.0

	
8.0

	
15.0

	
7.0

	
2.800

	
7.600




	
16.00–20.00

	
8.0

	
13.0

	
9.0

	
8.0

	
15.0

	
7.0

	
2.800

	
7.600
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Table 4. The Friedman test results for the ash grade at a fixed u value (the amount of hutch water).
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Particle Size Fraction [mm]

	
u = 35 m3/h

	
u = 50 m3/h

	
u = 70 m3/h




	
χ2

	
χ2

	
χ2






	
0.00–2.00

	
1.160

	
1.500

	
2.670




	
2.00–3.15

	
0.500

	
2.170

	
0.500




	
3.15–5.00

	
2.170

	
2.670

	
1.170




	
5.00–6.30

	
3.170

	
0.170

	
1.500




	
6.30–8.00

	
2.050

	
5.500

	
2.170




	
8.00–10.00

	
0.670

	
0.170

	
1.500




	
10.00–12.00

	
0.670

	
0.670

	
0.670




	
12.00–16.00

	
0.670

	
0.500

	
2.000




	
16.00–20.00

	
1.500

	
4.500

	
2.000
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Table 5. The Friedman test results for ash grade at a fixed value of v (system capacity).
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Particle Size Fraction [mm]

	
v = 200 t/h

	
v = 300 t/h

	
v = 400 t/h




	
χ2

	
χ2

	
χ2






	
0.00–2.00

	
2.670

	
0.670

	
1.500




	
2.00–3.15

	
0.500

	
2.670

	
0.670




	
3.15–5.00

	
0.670

	
2.000

	
4.670




	
5.00–6.30

	
1.500

	
2.000

	
1.170




	
6.30–8.00

	
2.170

	
2.000

	
0.670




	
8.00–10.00

	
1.500

	
2.000

	
0.670




	
10.00–12.00

	
0.670

	
0.670

	
0.670




	
12.00–16.00

	
2.000

	
0.670

	
2.670




	
16.00–20.00

	
0.125

	
0.670

	
4.670
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