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Abstract

:

Both the wear and the geometry of the rotor determine the efficiency of the process of aluminum refining. The paper presents wear tests of two different rotors: I (pump type) and II (propeller type). The operation of both rotors in industrial conditions was compared and their service life was examined. It was found that rotor I is more durable than the tested rotor II, and at the same time it provides a good level of hydrogen removal throughout the operation period, i.e., 1112 refining cycles. Rotor wear after refining was calculated by 3D scanning. The study also investigated the impact of rotor geometry on the efficiency of the refining process. The degassing efficiency was determined during refining in a foundry using the Dichte Index (DI). The alloy density and the volume of hydrogen removed were also tested for five stages of rotor wear: 0%, 25%, 50%, 75% and 100%. Both new rotors performed worse in removing hydrogen from the liquid alloy than the worn rotors due to their humidity which cannot be eliminated in the initial stage of their operation. A Dross Test was also performed to determine non-metallic impurities and compare size and number of cavities for rotor I and II. The best results of removing non-metallic inclusions by flotation were obtained for rotor I at the end of its operation.
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1. Introduction


Currently, the production of metals, including aluminum, is focused on ensuring high metallurgical purity of alloys. This is related to the use of a two-stage production technology. In the first stage, a metal bath is produced from raw materials, and in the second stage, the required metallurgical purity of the alloys is obtained [1,2]. In the case of aluminum, refining takes place in a crucible or ladle using gas-permeable fittings or a rotor through which fine refining gas bubbles are introduced into the liquid metal in order to remove harmful impurities such as hydrogen or sodium, calcium, oxides, borides, and carbides [3,4].



The process of blowing inert gases into liquid metal is characterized by an extraordinary complexity of hydrodynamic conditions. The speed and efficiency of the process is determined by the appropriate comminution and dispersion of gas bubbles in the liquid metal [5,6,7].



Two types of rotors are used in the industry: a propeller, in which gas flows through small holes in the impeller axis, and a pump type, in which gas is introduced into the metal in an open head chamber [8,9,10]. The latter type of rotor can introduce more refining gas into the liquid metal and thus provide a more efficient process. The rotor design itself is of great importance for the distribution of gas bubbles throughout the volume of the liquid metal in the crucible or ladle. It was found that 60% of the energy supplied by the rotor in the stirred reactor is dissipated in the area of the rotor [11,12]. The trajectory of gas bubble flow in the areas between the rotor and the refining reactor wall was investigated [13,14,15,16,17,18]. Experimental studies of the gas dispersion behavior and properties of various refining reactors have shown that the local bubble size distribution can vary significantly in different areas of the reactor [14]. Smaller bubbles are located in the area of high turbulence near the rotor, while the larger bubbles, due to bubble coalescence and incomplete gas dispersion, are concentrated in the area of the mass above the rotor [15,16]. It was also observed that the highest kinetic energy is observed on the metal surface, which indicates the formation of small metal geysers on the surface, which is not favorable from the point of view of the process due to the risk of reintroducing hydrogen into aluminum [17,18].



Physical modelling and numerical simulations have been used in many scientific articles related to the optimization of the refining process, i.e., the selection of process parameters, such as gas flow rate and rotor speed, in order to ensure the best possible degassing efficiency, i.e., hydrogen removal [19,20,21,22,23,24,25]. In the case of the rotor design, the simulation results take into account the influence of the angle of rotation of the rotor blades on the nature of the flow [19] or the structure of the vortices formed in liquid aluminum [26]. In the work [19], based on the results of the averaged time pressure on the rotor surface, it was found that increasing the torsion angle reduces the efficiency of dispersion. Moreover, it was found that the obtained vortex structure influences the control of gas bubble dispersion in a liquid and consequently improves the efficiency of metal refining [20,21].



One of the most frequently studied issues is the influence of gas flow on the degree of dispersion [27,28,29,30,31,32,33,34]. The tests are performed with different rotors for different process parameters and with various methods using water models [35,36,37,38] or numerical simulations [39,40,41,42]. The model predicts the spatial distribution of gas holdup, the average local bubble size and the flow structure [41,42]. In the case of numerical studies, the behavior of gas mixing and dispersion in reaction chambers was investigated, where the authors used one bubble number distribution equation to predict the bubble size distribution in a cell, which was also not confirmed experimentally, and thus may lead to inaccurate prediction of flow phenomena [14,39]. The use of the computational fluid dynamics (CFD)—a population balance model (PBM) to simulate the bubble size distribution in the reaction chamber showed that the bubble size distribution had a significant effect on the predicted flotation rate constant. The authors noticed that higher values of the flotation rate constants are observed taking into account the full range of the bubble size distribution than assuming that the bubbles are one size [42]. The optimal flotation rate constant is necessary not only to maximize the effectiveness of encountering bubble-particles but also to minimize detachment of bubble-particles. Moreover, the cell turbulence leads to a slight increase in the flotation rate constant of fine and intermediate sizes of dense particles, and hence to an increase in particle–bubble collision frequency and production of smaller bubbles by breakup.



Based on experimental studies carried out on physical water models, it is possible to assign a specific type of dispersion for specific process parameters (gas flow and rotor speed, column flow or no dispersion, minimum dispersion, fine dispersion, intimate dispersion, chain flow) [32,33,34]. It should be noted, however, that practically for each new rotor design, separate model tests should be carried out, because the degree of dispersion may differ significantly from the degree of dispersion given for other rotors, e.g., Alpur [13]. The design of some rotors, especially the pump type, requires a high rotor speed (above 500 rpm), while propeller type rotors do not require such high rotational speeds, usually in the range of 300–500 rpm [20]. That is why it is so important to conduct model tests in order to select the optimal operating range of the rotor, and only in this respect to test it in industrial conditions, which saves both time and material.



One of the most interesting issues is rotor lifetime, but there is little scientific research on this. Usually, foundries try to select the rotors’ material themselves, which usually means choosing a different type of graphite. Therefore, we decided to take a closer look at the problem of rotor wear in relation to various rotor designs and correlate it with the effectiveness of removing hydrogen and other impurities from aluminum.




2. Materials and Methodology


The refining process was carried out on the AlSi9Cu3(Fe) alloy with the use of a foundry degassing unit (FDU). This device consists of a crucible for the aluminum melt and a drive with a shaft ending with an impeller, i.e., a rotor. The refining process takes 180 s. The study investigated the impact of the impeller geometry on its wear and the efficiency of the aluminum refining process. Figure 1 shows the impellers used in the tests with their basic dimensions.



The refining process was carried out with variable process parameters, such as gas flow rate, rotary impeller speed and working height (rotor height from the bottom of the crucible). Table 1 presents the process parameters of tests carried out in industrial conditions for two types of impellers. Both impellers were made of graphite.



In order to determine impeller wear, the maximum number of refining cycles for each impeller was determined (based on consultation with the foundry). The number of cycles for the I impeller was 1112 and for the II impeller 1103 refining cycles. This number of refining cycles was assumed to be 100% of the impeller wear and the number of cycles was converted to 25%, 50%, 75% of the impeller wear to compare the rotor wear rate and its effect on the refining process. The number of cycles depending on the degree of impeller wear is shown in Table 2. The tests were carried out for five cases of rotor wear: 0%, 25%, 50%, 75%, and 100%. Several samples were taken for each variant to determine the efficiency of the refining process.



The research also included a 3D scan of the worn components using the ROMER Absolute Arm 7525SI measuring arm. The worn components were then compared with the original geometries of impellers I and II. Based on this comparison, the material loss at the end of impellers life was estimated.



To determine the efficiency of refining, the double-weighting method was used to calculate the Dichte Index (DI). The method consists in comparing the density of an alloy sample which solidifies under atmospheric pressure with a sample which solidifies under reduced pressure:


  D I =      r  s , a t m   −  r  s , v a c     /  r  s , a t m     100  



(1)




where: DI—Dichte Index, %; rs,atm—density of the sample solidified under atmospheric pressure, kg·m−3; rs,vac—density of the sample solidified in a vacuum, kg·m−3.



The measuring device consists of a vacuum chamber with precise pressure regulation (usually works at a pressure of 8 kPa) and a balance (accuracy of 0.01 g required), with a water container and a hinge for the sample.



A sample of the alloy is taken from the melting furnace and poured into two test crucibles of approximately 40–80 mL. One sample solidifies at atmospheric pressure, and the other one solidifies under a defined vacuum in a vacuum chamber. The sample density is calculated from the formula:


   r s  =  m s  /  V s  =      m s     m  s ,  H 2  O       /  r   H 2  O    



(2)




where: rs—sample density, kg/m3; Vs—sample volume, m3; ms,H2O—weight of the sample immersed in water, kg; ms—sample weight in the air, kg; rH2O—water density, kg·m−3.



Additionally, visual tests were performed in accordance with the Dross Test. A sample of the melt weighing 250–300 g is poured into a metal or ceramic crucible and allowed to solidify at a pressure lower than 0.5 kPa. The amount of hydrogen released in a vacuum is much greater than solidification at atmospheric pressure, so the test is much more sensitive. A constant vacuum and a comparable solidification time (with approximately a constant amount of metal) are required to compare the results. Therefore, with the same hydrogen content in pure metal, fewer bubbles are formed. The result obtained from this type of test is therefore a comprehensive assessment of gasification and the content of inclusions. Semi-quantitative evaluation of the vacuum solidification tests can be performed by visually comparing the upper surfaces of the samples.




3. Results of the Research


Figure 2 shows the degree of wear of the rotors for a different number of refining cycles. It can be seen that for impeller I, after 25% wear, metal remains begin to appear on the impeller. The edges of the impeller are no longer sharp but rounded. No major losses of graphite were observed. At 50% wear, the lower edge of the impeller is slightly thinned, there are deposits of metal on the impeller, but it is still fully operational. After 75% wear, significant metal deposits are visible on the impeller, and the lower edge of the impeller is much smaller than at the beginning of the process. After 1112 refining cycles, the impeller has significant metal deposits, and the lower edge of the impeller is smaller than the new impeller, which can cause it to break at any time. In the case of the rotor shaft, an increasing amount of silver metal infiltration is observed after successive refining cycles.



In the case of rotor II, with 25% rotor wear, it can be seen that the condition of the impeller has not deteriorated significantly. It is covered with silver metal drips, but shows no loss of graphite and no signs of wear. After 623 refining cycles (50% rotor wear) the shape of the impeller has slightly changed, and significant metal infiltration is also visible. At 75% rotor wear, the metal drips on the impeller are significant, but visually the impeller looks no worse than for the 623 refining cycles. After 1103 refining cycles, significant metal infiltration on the impeller can be observed, the impeller edges have become irregular, and it can be seen that the impeller needs to be replaced. For the rotor shaft, slight metal dripping can be observed during all refining cycles, but compared to rotor II, the condition of the shaft is much better.



Figure 3 shows the data obtained from 3D scanning. It is clear from the figure that the wear of the impellers concerned mainly their underside. There were also maximum deviations from the original shape at this point. In the case of impeller I, the maximum deviation was about 10 mm, and about 13 mm in the case of impeller II.



Table 3 shows the rotor wear parameters read after the 3D scan. It can be seen that higher material consumption was observed for rotor II (51.3%), despite the lower number of cycles. The difference in the consumption of rotor materials I and II is not large and amounts to 3%.



Table 4 and Table 5 show the Dichte Index results for the rotor variants tested at the beginning of the refining process (FDUstart) and the end of the refining process (FDUend) after 180 s. The tests took into account the degree of rotor wear. In each case, a different number of samples is taken for testing, due to the specifications of the tests conducted in industrial conditions.



The average values for the samples taken at the beginning and at the end of the aluminum alloy refining process for rotors I and II are compared in Figure 4.



It can be seen that for the beginning of the refining for both rotor I and II, the lowest Dichte Index (DI) was recorded for the number of refining cycles corresponding to 100% rotor wear. After refining, the average values of the Dichte Index for rotor I for the new rotor (0% wear) indicate quite high DI results (DI0 = 4.25%). This may be because the new rotor contains a certain amount of moisture which is only removed during operation. After 25% wear and subsequently 50% and 75% wear, much better results of hydrogen removal can be observed (DI25 = 1.15%, DI50 = 1.36% and DI75 = 1.69%, respectively). The best DI values, i.e., the best removal of hydrogen from the aluminum alloy, were obtained for rotor I with 100% wear (DI100 = 0.67%). After the refining process, the average DI values for the new rotor II were relatively high compared to those obtained for this rotor at other stages of wear, as was rotor I. However, these values were lower than that of rotor I and amounted to DI0 = 3.08%. DI values for the subsequent refining cycles corresponding to 25%, 50% and 75% wear were at a similar level (DI25 = 0.62%, DI50 = 0.91% and DI75 = 0.59, respectively). On the other hand, a significant increase in the DI index can be seen at 100% wear of rotor II (DI100 = 1.52%), which means that the hydrogen removal properties of rotor II have deteriorated significantly. This indicates that the rotor should be operated up to approximately 950 refining cycles without degrading the hydrogen removal efficiency of the liquid alloy (melt).



Based on the Dichte Index, the density values for rotors I and II were also calculated and summarized for the beginning (FDUstart) and end (FDUend) of the refining process for individual stages of rotor wear. Table 6 and Table 7 show the density values for individual melts for the beginning and end of the refining process for rotors I and II. Figure 5 shows the averaged results of the melts for each stage of rotor wear. The largest changes in densities were recorded for the new rotors, both I and II, just at the beginning of refining for the new rotor (0% wear). In other cases, the differences in the densities for rotor I were not significant: from 2.3866 to 2.395 g·cm−3 at the start of refining for the rotor wear stages from 25% to 100% (standard deviation lower than 0.05) and from 2.5858 to 2.6726 g·cm−3 at the end of the refining process (standard deviation lower than 0.06). For rotor II, the melt density was 2.3675 to 2.4141 g·cm −3 at the start of refining for the rotor wear stages from 25% to 100%—standard deviation was lower than 0.05. After the refining process, for the same wear cases, the average value of the alloy density was 2.6045 g·cm−3 for 25% rotor wear (standard deviation—0.11) and 2.6557 g·cm−3 for 100% rotor wear (standard deviation—0.03).



Figure 6 shows the cross-sections of samples taken during the Dross Test to determine non-metallic impurities and a comparison of the size and number of cavities for rotor I and cases of rotor wear 0% and 100%. At the beginning of the refining process, the surface of the sample is porous and uneven, especially in the case of a 100% wear rotor. After refining, it can be seen that the surface of the sample is uniform and has a metallic sheen. Before the refining process, a large number of holes and porosity are visible in the cross-section of the sample, while after refining the number of cavities is much smaller. In some cases, they have practically disappeared.



Figure 6 also shows the cross-sections of samples taken during the Dross Test to determine non-metallic impurities for rotor II in the same cases as rotor I (rotor wear 0% and 100%). Similar results were obtained for rotor I refining. After refining, the samples show fewer cavities and non-metallic inclusions. The surface of the sample is also shinier and more uniform than the sample taken before refining.




4. Summary and Conclusions


Due to the fact that the aluminum refining process is a necessary technological step, and most solutions in this process are based on the process of blowing the refining gas through rotating rotors, the operation of the rotor becomes an important element of the device due to the high efficiency of the process. Many patented solutions still require wear tests; unfortunately, these tests are not widely used because they require time-consuming tests on an industrial stand. Such studies were carried out for this article. Based on the wear tests of graphite rotors with different geometries it was stated that the rotor used in the aluminum alloy refining process has a specific lifetime, which is influenced by both the material from which it is made and the geometry of the rotor itself. It was found that rotor I is more durable than the tested rotor II, and at the same time provides a good level of hydrogen removal throughout the entire service life, i.e., 1112 refining cycles. In the same time, rotor II withstood a certain life cycle of 1103 refining cycles, but after 934 refining cycles its efficiency began to decline and the results were worse than for rotor I.



Both new rotors (with 0% consumption) gave worse results in removing hydrogen from the liquid alloy than the worn rotors (e.g., after 75% consumption) due to their moisture content, which cannot be eliminated at the initial stage of their operation. The best results of the removal of non-metallic inclusions, which are removed by flotation in the refining process, were obtained for rotor I at the end of its life. It was concluded that the largest changes in density were recorded for new rotors, both for rotors I and II, just at the beginning of refining for the new rotor (0% wear); in other cases the differences in densities for rotors I and II were not significant.
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Figure 1. 3D view of the impellers with their main dimensions in mm: (a) impeller I, (b) impeller II. 
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Figure 2. Comparison of the wear profiles of type I and II rotors after different numbers of aluminum refining cycles. 
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Figure 3. Comparison of 3D scan with the original shape of impeller I and impeller II and visualization of dimensional deviations. 
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Figure 4. Average Dichte Index value estimated for rotor no: (a) I and (b) II for the beginning of the refining process (FDUstart) and the end of the refining process (FDUend). 
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Figure 5. The average results of the density for the obtained melts for each stage of rotor wear for rotor: (a) I and (b) II at the beginning of refining (FDUstart) and at the end of refining (FDUend). 
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Figure 6. Samples taken to determine non-metallic impurities; comparison of size and number of cavities for rotors I and II, rotor wear 0% and 100%). 
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Table 1. Parameters of the refining process.
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Parameter of Refining Process

	
Impeller Type

	
Unit




	
I

	
II






	
Material

	
Graphite

	
-




	
Working height

	
0.20

	
0.15

	
m




	
Refining time

	
180

	
s




	
Rotary impeller speed

	
350

	
370

	
rpm




	
Gas flow rate

	
17

	
15

	
dm3⋅min−1
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Table 2. The operational tests and rotor wear values (impellers I and II).
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Series

	
Impeller Wear

	
Number of Cycles




	
Impeller I

	
Impeller II






	
1

	
0%

	
0

	
0




	
2

	
25%

	
287

	
309




	
3

	
50%

	
500

	
623




	
4

	
75%

	
798

	
934




	
5

	
100%

	
1112

	
1103
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Table 3. Rotor wear parameters read from 3D scans.
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Parameter

	
Impeller I

	
Impeller II






	
Wear impeller, %

	
0

	
48.3

	
0

	
51.3




	
Volume, m3

	
0.00177

	
0.00091

	
0.00122

	
0.00059




	
Characteristic dimension (diameter), m

	
0.19

	
0.168

	
0.192

	
0.16




	
Number of cycles

	
0

	
1112

	
0

	
1103
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Table 4. Results of Dichte Index measurement under industrial conditions with different degrees of rotor wear—rotor I.
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Designation of the Sample

	
Dichte Index (%)




	
FDUstart

	
FDUend




	
0%

	
25%

	
50%

	
75%

	
100%

	
0%

	
25%

	
50%

	
75%

	
100%






	
1

	
11.42

	
12.99

	
7.34

	
10.50

	
8.32

	
4.31

	
2.12

	
0.80

	
3.28

	
1.14




	
2

	
10.92

	
12.56

	
9.42

	
11.47

	
10.60

	
3.20

	
2.25

	
0.23

	
1.43

	
0.55




	
3

	
10.90

	
11.84

	
10.72

	
12.57

	
10.14

	
2.47

	
1.67

	
1.49

	
1.21

	
0.78




	
4

	
10.07

	
11.89

	
11.82

	
10.99

	
11.33

	
3.65

	
1.14

	
2.92

	
2.37

	
0.52




	
5

	
11.41

	
10.79

	
11.74

	
12.25

	
9.78

	
5.28

	
0.26

	
1.72

	
2.60

	
0.53




	
6

	
11.81

	
11.00

	
11.80

	
11.36

	
11.22

	
3.44

	
0.72

	
2.08

	
1.36

	
0.86




	
7

	
10.32

	
11.79

	
11.76

	
12.25

	
10.65

	
1.11

	
1.19

	
1.26

	
2.13

	
0.59




	
8

	
10.82

	
-

	
12.55

	
9.60

	
10.66

	
3.21

	
1.03

	
1.18

	
1.03

	
0.87




	
9

	
10.21

	
12.43

	
11.54

	
10.25

	
9.16

	
8.59

	
0.33

	
1.48

	
1.58

	
0.33




	
10

	
11.03

	
12.02

	
10.80

	
10.60

	
9.71

	
6.78

	
0.84

	
0.99

	
1.05

	
0.53




	
11

	
8.60

	
10.88

	
10.81

	
10.14

	
-

	
4.70

	
0.79

	
1.40

	
0.59

	
-




	
12

	
-

	
10.11

	
8.21

	
-

	
-

	
-

	
1.29

	
0.80

	
-

	
-




	
13

	
-

	
10.57

	
-

	
-

	
-

	
-

	
0.97

	
-

	
-

	
-




	
14

	
-

	
9.84

	
-

	
-

	
-

	
-

	
1.52

	
-

	
-

	
-




	
Mean value

	
10.68

	
11.44

	
10.71

	
11.09

	
10.16

	
4.25

	
1.15

	
1.36

	
1.69

	
0.67




	
Median

	
10.90

	
11.79

	
11.18

	
10.99

	
10.37

	
3.65

	
1.09

	
1.33

	
1.43

	
0.57




	
Minimum

	
8.60

	
9.84

	
7.34

	
9.60

	
8.32

	
1.11

	
0.26

	
0.23

	
0.59

	
0.33




	
Maximum

	
11.81

	
12.99

	
12.55

	
12.57

	
11.33

	
8.59

	
2.25

	
2.92

	
3.28

	
1.14




	
Number of samples

	
11

	
13

	
12

	
11

	
10

	
11

	
14

	
12

	
11

	
10
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Table 5. Results of Dichte Index measurement under industrial conditions with different degrees of rotor wear—rotor II.
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Designation of the Sample

	
Dichte Index (%)




	
FDUstart

	
FDUend




	
0%

	
25%

	
50%

	
75%

	
100%

	
0%

	
25%

	
50%

	
75%

	
100%






	
1

	
13.36

	
10.82

	
9.79

	
10.80

	
-

	
15.52

	
0.82

	
1.21

	
1.08

	
-




	
2

	
13.48

	
9.93

	
11.82

	
9.81

	
-

	
6.86

	
0.78

	
1.79

	
0.91

	
-




	
3

	
11.16

	
8.55

	
11.48

	
9.18

	
-

	
4.13

	
0.88

	
0.76

	
0.44

	
-




	
4

	
12.67

	
11.08

	
10.65

	
10.12

	
7.57

	
3.20

	
0.70

	
1.15

	
1.07

	
0.81




	
5

	
11.75

	
9.67

	
11.18

	
8.99

	
8.11

	
3.67

	
-

	
1.60

	
0.67

	
1.00




	
6

	
11.14

	
10.85

	
10.36

	
10.57

	
8.91

	
2.14

	
0.53

	
1.17

	
0.31

	
0.96




	
7

	
11.26

	
9.42

	
10.56

	
10.94

	
9.19

	
1.51

	
-

	
1.04

	
0.38

	
2.00




	
8

	
10.80

	
9.97

	
7.08

	
10.09

	
6.36

	
1.70

	
0.27

	
1.00

	
0.64

	
0.57




	
9

	
11.21

	
8.93

	
9.43

	
9.36

	
9.18

	
1.08

	
-

	
0.38

	
0.64

	
2.06




	
10

	
10.44

	
7.90

	
10.56

	
-

	
11.45

	
1.45

	
0.35

	
0.72

	
-

	
2.70




	
11

	
10.74

	
-

	
10.35

	
8.26

	
10.12

	
1.14

	
-

	
0.44

	
0.36

	
1.02




	
12

	
8.47

	
-

	
10.22

	
7.73

	
9.52

	
1.14

	
-

	
0.99

	
0.48

	
2.30




	
13

	
9.21

	
-

	
9.44

	
9.46

	
9.43

	
0.82

	
-

	
0.85

	
0.76

	
1.80




	
14

	
10.50

	
-

	
8.61

	
9.79

	
11.42

	
1.17

	
-

	
0.33

	
0.47

	
1.45




	
15

	
7.94

	
-

	
8.53

	
8.22

	
10.22

	
0.68

	
-

	
0.24

	
0.30

	
1.53




	
16

	
-

	
-

	
-

	
9.66

	
-

	
-

	
-

	
-

	
0.19

	
-




	
17

	
-

	
-

	
-

	
8.48

	
-

	
-

	
-

	
-

	
0.67

	
-




	
Mean value

	
10.94

	
9.71

	
10.00

	
9.47

	
9.29

	
3.08

	
0.62

	
0.91

	
0.59

	
1.52




	
Median

	
11.14

	
9.80

	
10.35

	
9.56

	
9.31

	
1.51

	
0.70

	
0.99

	
0.56

	
1.49




	
Minimum

	
7.94

	
7.90

	
7.08

	
7.73

	
6.36

	
0.68

	
0.27

	
0.24

	
0.19

	
0.57




	
Maximum

	
13.48

	
11.08

	
11.82

	
10.94

	
11.45

	
15.52

	
0.88

	
1.79

	
1.08

	
2.70




	
Number of samples

	
15

	
10

	
15

	
16

	
12

	
15

	
7

	
15

	
16

	
12
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Table 6. Results of density values for individual melts for the beginning and the end of the refining process for rotor with different degrees of wear—rotor I.
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Designation of the Sample

	
Density (g/cm3)




	
FDUstart

	
FDUend




	
0%

	
25%

	
50%

	
75%

	
100%

	
0%

	
25%

	
50%

	
75%

	
100%






	
1

	
2.3576

	
2.3179

	
2.4851

	
2.3767

	
2.4415

	
2.5795

	
2.6556

	
2.6683

	
2.6024

	
2.6622




	
2

	
2.3810

	
2.3322

	
2.4185

	
2.3463

	
2.3869

	
2.6146

	
2.6437

	
2.6838

	
2.6647

	
2.6801




	
3

	
2.3844

	
2.3501

	
2.3779

	
2.3365

	
2.3957

	
2.6372

	
2.6531

	
2.6575

	
2.6738

	
2.6725




	
4

	
2.4006

	
2.3468

	
2.3350

	
2.3711

	
2.3658

	
2.6038

	
2.6773

	
2.6215

	
2.6405

	
2.6733




	
5

	
2.3660

	
2.3844

	
2.3453

	
2.3291

	
2.4071

	
2.5658

	
2.6897

	
2.6559

	
2.6277

	
2.6736




	
6

	
2.3525

	
2.3728

	
2.3329

	
2.3586

	
2.3600

	
2.6134

	
2.6760

	
2.6487

	
2.6633

	
2.6720




	
7

	
2.3931

	
2.3455

	
2.3500

	
2.3337

	
2.3839

	
2.6638

	
2.6733

	
2.6654

	
2.6446

	
2.6728




	
8

	
2.3861

	
-

	
2.32

	
2.4193

	
2.3815

	
2.6145

	
2.6654

	
2.6738

	
2.6871

	
2.6645




	
9

	
2.3989

	
2.3386

	
2.3547

	
2.3943

	
2.4188

	
2.4635

	
2.6981

	
2.6527

	
2.6715

	
2.6797




	
10

	
2.3775

	
2.3498

	
2.3715

	
2.3915

	
2.4097

	
2.5127

	
2.6780

	
2.6627

	
2.6840

	
2.6748




	
11

	
2.4547

	
2.3780

	
2.3723

	
2.3975

	
-

	
2.5749

	
2.6802

	
2.6614

	
2.6871

	
-




	
12

	
-

	
2.4038

	
2.4589

	
-

	
-

	
-

	
2.6744

	
2.6793

	
-

	
-




	
13

	
-

	
2.3870

	
-

	
-

	
-

	
-

	
2.6646

	
-

	
-

	
-




	
14

	
-

	
2.4133

	
-

	
-

	
-

	
-

	
2.6650

	
-

	
-

	
-




	
Mean value

	
2.3866

	
2.3631

	
2.3771

	
2.3686

	
2.3951

	
2.5858

	
2.6710

	
2.6609

	
2.6588

	
2.6726




	
Median

	
2.3844

	
2.3501

	
2.3631

	
2.3711

	
2.3913

	
2.6038

	
2.6739

	
2.6621

	
2.6647

	
2.6731




	
Minimum

	
2.3525

	
2.3179

	
2.3236

	
2.3291

	
2.3600

	
2.4635

	
2.6437

	
2.6215

	
2.6024

	
2.6622




	
Maximum

	
2.4547

	
2.4133

	
2.4851

	
2.4193

	
2.4415

	
2.6638

	
2.6981

	
2.6838

	
2.6871

	
2.6801




	
Number of samples

	
11

	
13

	
12

	
11

	
10

	
11

	
14

	
12

	
11

	
10
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Table 7. Results of density values for individual melts for the beginning and the end of the refining process for rotor with different degrees of wear—rotor II.
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Designation of the Sample

	
Density (g/cm3)




	
FDUstart

	
FDUend




	
0%

	
25%

	
50%

	
75%

	
100%

	
0%

	
25%

	
50%

	
75%

	
100%






	
1

	
2.3014

	
2.3754

	
2.4036

	
2.3788

	
-

	
2.2423

	
2.6788

	
2.6649

	
2.6790

	
-




	
2

	
2.2963

	
2.4007

	
2.3673

	
2.4085

	
-

	
2.5118

	
2.6714

	
2.6364

	
2.6847

	
-




	
3

	
2.3591

	
2.4540

	
2.3514

	
2.4174

	
-

	
2.5780

	
2.6703

	
2.6714

	
2.6795

	
-




	
4

	
2.3206

	
2.3671

	
2.3740

	
2.3935

	
2.4588

	
2.5960

	
2.6697

	
2.6759

	
2.6598

	
2.6795




	
5

	
2.3432

	
2.4110

	
2.3640

	
2.4272

	
2.4464

	
2.5893

	
-

	
2.6542

	
2.6863

	
2.6758




	
6

	
2.3548

	
2.3767

	
2.3753

	
2.3789

	
2.4287

	
2.6331

	
2.6766

	
2.6632

	
2.6895

	
2.6727




	
7

	
2.3559

	
2.4143

	
2.3802

	
2.3709

	
2.4128

	
2.6524

	
-

	
2.6790

	
2.6913

	
2.6442




	
8

	
2.3751

	
2.4024

	
2.4414

	
2.3934

	
2.4946

	
2.6466

	
2.6839

	
2.6215

	
2.6854

	
2.6790




	
9

	
2.3554

	
2.4300

	
2.4049

	
2.4139

	
2.4177

	
2.6635

	
-

	
2.6850

	
2.6910

	
2.6322




	
10

	
2.3735

	
2.4688

	
2.3794

	
-

	
2.3505

	
2.6502

	
2.7039

	
2.6771

	
-

	
2.6293




	
11

	
2.3564

	
-

	
2.3877

	
2.4527

	
2.3938

	
2.6525

	
-

	
2.6852

	
2.6974

	
2.6744




	
12

	
2.4437

	
-

	
2.4076

	
2.4637

	
2.4046

	
2.6589

	
-

	
2.6748

	
2.6873

	
2.6341




	
13

	
2.4230

	
-

	
2.4168

	
2.4145

	
2.4149

	
2.6642

	
-

	
2.6778

	
2.6763

	
2.6443




	
14

	
2.3943

	
-

	
2.4394

	
2.4032

	
2.3586

	
2.6559

	
-

	
2.6857

	
2.6918

	
2.6483




	
15

	
2.4605

	
-

	
2.4550

	
2.4573

	
2.3883

	
2.6728

	
-

	
2.6991

	
2.7032

	
2.6548




	
16

	
-

	
-

	
-

	
2.4880

	
-

	
-

	
-

	
-

	
2.6856

	
-




	
17

	
-

	
-

	
-

	
2.4441

	
-

	
-

	
-

	
-

	
2.6895

	
-




	
Mean value

	
2.3675

	
2.4100

	
2.3965

	
2.4191

	
2.4141

	
2.6045

	
2.6792

	
2.6701

	
2.6861

	
2.6557




	
Median

	
2.3564

	
2.4067

	
2.3877

	
2.4142

	
2.4139

	
2.6502

	
2.6766

	
2.6759

	
2.6868

	
2.6516




	
Minimum

	
2.2963

	
2.3671

	
2.3514

	
2.3709

	
2.3505

	
2.2423

	
2.6697

	
2.6215

	
2.6598

	
2.6293




	
Maximum

	
2.4605

	
2.4688

	
2.4550

	
2.4880

	
2.4946

	
2.6728

	
2.7039

	
2.6991

	
2.7032

	
2.6795




	
Number of samples

	
15

	
10

	
15

	
16

	
12

	
15

	
7

	
15

	
16

	
12
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