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Abstract

:

The present paper describes a comparison of the efficiency of different types of rotors used in the refining of aluminium melt at a foundry degassing unit (FDU). Physical modelling was used to obtain data for six different rotor types under defined experimental conditions. In order to evaluate the data from the physical model, an evaluation method based on the interpolation of degassing curves was developed in such a way that the resulting characteristic can be expressed by a single parameter. Using the new methodology, the datasets were replaced by a single dimensionless parameter, a, which characterizes the rotor performance at a given gas flow rate. Based on the comparison of these performance parameters, it was possible to mutually compare the rotor efficiency depending on the selected conditions. The comparison is also demonstrated on the expected degassing time to a certain required concentration. Based on the physical model results, the study found that rotor D had the highest degassing efficiency, followed by rotors F and A. Rotors B and E had similar efficiency at a flow rate of 17 Nl·min−1. However, rotor B showed better efficiency at higher inert gas flow rates (19 and 21 Nl·min−1), while rotor E showed better efficiency at lower flow rates (13 and 15 Nl·min−1).
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1. Introduction


An ever-increasing use of aluminium alloys can be observed in many industries today. Its low weight combined with good mechanical properties and long service life make aluminium the second most important construction material in various industries. Thanks to its excellent properties, aluminium is widely used, for example, in the building industry, mechanical engineering, aviation, in food processing and automotive industries, etc. This material is popular especially due to its strength-to-weight ratio, corrosion resistance and high durability [1,2,3,4]. The recyclability of aluminium alloys is a great advantage. In accordance with the principles of circular economy, great attention is focused on recycling of aluminium scrap and its reuse as a source material in the production of aluminium alloys [5,6]. Aluminium and its alloys are also suitable as matrices of composite materials. The use of aluminium in composites makes it possible to further improve the properties of composites, such as hardness and the modulus of elasticity, while reducing the density of the material at the same time [7,8].



Although substantial progress has been seen in metallurgy in recent decades, a lot of attention continues to be paid to optimization of metallurgical processes. The technology of aluminium melt refining using an inert gas is no exception, being a pivotal process in maintaining aluminium casting quality. The requirements for high quality of aluminium products stress the importance of a better understanding of the processes that occur throughout the production process. Aluminium castings have complex shapes and limited post-casting processing options such as heat treatment and High Isostatic Pressing (H.I.P) [1]. It is essential to pay attention to both the melt preparation and casting process, as they determine the final properties of the casting, especially internal homogeneity. Various paths can be taken in the research of aluminium melt refining. The first consists in research of the technology under the operational conditions of a given production plant. Another approach is the modelling method, aimed at simulating the behaviour of a real system. Provided that certain requirements are adhered to, the model can then be used to predict the behaviour of a real system after a change in various conditions [9,10]. This method enables us to study phenomena that are difficult to measure under operational conditions because the surrounding setting is more favourable than conditions during operation (e.g., temperature, melt splashes).



There are two variants of the process modelling method. The first one is physical modelling. As described in [9,10], physical modelling is usually done in scale models of operational equipment and under normal ambient conditions. In order to obtain representative results from physical modelling that can be transferred to real conditions, the physical models must be constructed according to exactly defined principles following the theory of similarity [11]. In terms of the construction of models of the studied aggregates, it is necessary to preserve geometric similarity of the model and the real object, and kinetic and dynamic similarity of the model and the real liquid. In accordance with the theory of dimensional analysis, these principles are complied with based on the principle of equality of relevant similarity criteria of the model and the studied object. The following numbers are adequate in terms of flow hydrodynamics and its properties for the construction of models of reactors used to refine aluminium melts using an inert gas: the Euler number (Eu), the Reynolds number (Re), the Froude number (Fr) and the Weber number (We). However, the Euler number is important for flows under pressure, and under conditions of intense turbulence, the Reynolds number reaches the area of self-modelling, and thus they can be neglected under certain conditions [9,10]. Nevertheless, satisfactory modelling results can also be obtained when incomplete dynamic similarity is achieved, which is the case when not all similarity criteria are complied with. In such a case, the results may be semi-quantitative to qualitative. The deviation rate from the exact model is different in each specific case. Adherence to the modified Froude number in the form of Equation (1) is essential to achieve sufficiently accurate results for a multiphase flow, which is the case of aluminium refining using an inert gas [12,13]:


    F r   N   =     ρ   g   ·   v   2       ρ   l   · g · L    



(1)




where ρg—gas density (kg·m−3), ρl—liquid density (kg·m−3), g—acceleration due to gravity (m·s−2), L—liquid height in the model (m), v—gas injection velocity (m·s−1). Provided that the above-described conditions are met, the obtained data can be used to set real equipment in a production plant [9,10].



The second option consists of numerical modelling. Numerical modelling of the aluminium melt refining process with argon using a submersible rotation device is complex. The refining process is composed of multiple processes (a multiphase turbulent flow, transfer of mass and energy, etc.) which are described by their governing differential equations. An effective alternative of mathematical modelling using special software can be used to simulate and predict the aluminium melt refining process. Numerical modelling of flows and other phenomena such as heat and mass transfer, the course of chemical reactions, etc., is generally called computational fluid dynamics (CFD) [14].



Many authors have focused on aluminium melt refining thanks to the prevailing popularity of aluminium as a construction material [15,16,17,18,19,20,21,22,23]. This technology includes various modifications whose history has been described by [24]. Currently, refining by inert gas using a submersible rotation device, called a foundry degassing unit (FDU), is used to refine the aluminium melt and reduce the content of hydrogen and other impurities [9,25,26]. The submersible device is composed of a hollow shaft and a rotor that blows the refining gas into the melt. Refining efficiency can be affected by many parameters, including the shape and position of the refining rotor, the rotational speed, the refining gas flow, etc. In this regard, physical modelling provides more possibilities for studying the processes and laws occurring in the volume of a vessel when aluminium is replaced with a model liquid.



The scientific basis of aluminium melt refining technology using a rotational device has been established in previous studies [27,28]. As determined by the authors of those studies, refining efficiency is largely dependent on the size of the bubbles of the gas being blown in. This size affects the size of the phase interface and thus also the transfer of mass [13,29]. Moreover, smaller bubbles are slower in reaching the surface of the liquid, and thus their residence time in the liquid becomes longer. It has been determined that the required bubble parameters are best achieved using rotational degassing. Using a nozzle or a porous block, columns of large bubbles are obtained, and these bubbles rise to the surface above the blowing point. The rotor converts energy from the propelling device to kinetic energy and transfers this energy to the melt [30]. When rotational degassing is used, the rotor creates fine bubbles of inert gas and mixes these bubbles with the melt. These fine bubbles are homogeneously distributed in the ladle volume without disturbing the surface of the melt, thereby maximizing the phase interface between the gas and the melt. The way in which gas bubbles disintegrate in a mixing vessel with a rotor was investigated in studies [31,32,33]. As determined by the authors of those studies, the mechanism of bubble fragmentation involves several steps: bubble transport to the zone behind the rotor blade due to a pressure gradient; compression and elongation of the bubble due to vortices; and bubble fragmentation through the action of high shear and tension due to the effects of the vortices on the bubble. The shape of the bubbles before disintegration indicates that vortex structures in the vessel are largely involved in this process. The authors also confirmed that the gas flow has an impact on bubble size, which increases with increasing gas flow and decreasing rotor rotational speed [31,34,35]. Bubble dispersion as a function of rotor speed was explored in [36]. As found in that study, the bubble size increases with increasing rotational speed of the rotor. This occurs due to bubble coalescence in the course of their journey through the vessel towards the surface of the liquid [37,38]. As shown by the authors of [39], the bubbles collide at a certain distance from the rotor, and their size increases due to coalescence. On the other hand, the growth rate of the bubble size slows down with rising revolutions of the rotor because the turbulent field prevents bubble coalescence [9,38].



As previously shown in many studies [15,33], the overall efficiency of refining can be influenced by the rotor shape. The kinetics of the aluminium melt refining process in a mixing vessel was studied by the authors of [16,21]. The authors carried out physical and numerical modelling in order to describe the kinetics of degassing and to compare various rotor types. As shown by numerical modelling [16], all tested rotors exhibited certain flow similarities. The fluid is pushed out of the rotor in the radial direction thanks to the momentum transmitted by the rotor and the flow of the gas. Two circulation loops thus form in the ladle—below and above the line of the rotor, while the upper circulation loop creates a weak flow, meaning that poor circulation is achieved in the upper part of the vessel [20,36]. “Dead volumes” thus form near the surface of the metal melt, which do not react with the injected gas [23]. Furthermore, as reported in [21], the efficiency of degassing is derived from the so-called pumping effect, which is created in the form of a pressure drop below the rotor that balances the centrifugal forces. The pumping effect causes the development of a vortex in the lower part of the ladle under the rotor and affects its size. Bubble dispersion depends on the capability of the rotor to push out the liquid in the radial direction and is related precisely to the pumping effect and the capability of the rotor to transmit the momentum to the liquid. The pumping effect and the transmitted momentum also play a role in the development of turbulence in the vessel; this turbulence then supports bubble fragmentation and the transfer of mass [21,31]. As reported in [23], the highest intensity turbulence was situated near the bottom of the ladle, near the vortex below the rotor, i.e., in an area directly affected by the presence of the rotor. This indicates that degassing largely occurs in the area of the rotor where the highest level of turbulence and the highest concentration of the refining gas are found. These variables can be influenced precisely by the shape of the rotor [21]. Furthermore, as shown by the results of the turbulent field calculation, higher refining gas flows are vigorously attenuated by speed fluctuations and by the turbulent flow formed in the vessel [23]. The intensity of refining is also affected by rotor speed. With a constant flow of the gas and higher speed, the bubbles exhibit smaller dimensions compared to a situation with lower speed [36,40]. On the other hand, coalescence becomes easier with higher turbulence and the bubble dimensions increase again [36].



To a certain extent, these findings are confirmed by the results of [41,42,43], where the authors performed physical modelling of the aluminium melt refining process with various flow rates of the refining gas and rotor revolutions. As shown by the results, the oxygen content in the water decreases with increasing gas flow only up to a certain value. Above this limit, an adequate increase of degassing intensity is no longer observed, and the use of higher gas flows in industrial conditions would have an adverse impact on the process economics. Increasing rotor revolutions can be approached in a similar manner.



In the context of physical modelling, the interpretation of measured results can be approached in various ways based on the measurement methods. In the scope of the research presented in this paper, a methodology of evaluating data from physical modelling was developed [44], based on interpolation of concentration curves measured in a physical model. A substitute plane was constructed using a set of concentration curves for a single rotor, constant gas flow and varying rotor rotational speeds. Considering its decreasing nature, the plane could be replaced with an exponential function where the area parameter a was the only unknown quantity. The best fitting parameter a was then found using Matlab. As a consequence, the data for one rotor type were reduced to five values while preserving the predictive performance, which made the evaluation process much simpler. The purpose was to reasonably simplify large datasets of the results in order to evaluate and facilitate the comparison of the efficiency of the rotor under various conditions.



Physical modelling was carried out as part of research focused on optimization of the refining technology used at the foundry MOTOR JIKOV Slévárna a.s. with the aim to improve the aluminium casting quality [12,42,45]. Several rotors of different shapes were studied during the modelling process. This study aims to assess the effectiveness of six different commercially available rotors used in operational conditions for aluminium degassing. A methodology for evaluating data from physical modelling was utilized to compare rotor efficiency and verify the impact of the inert gas flow rate on the degassing process. The results of the evaluation will be crucial when selecting variants for rotor testing in operating conditions.




2. Experimental Procedure


Experimental measurements were made using a self-developed water-based physical model of the FDU, illustrated in Figure 1, which includes a description of the individual components. The dimensions of the physical model of the aluminium refining ladle are shown in Figure 2. The model was constructed in the scale 1:1 while observing dynamic and kinematic similarity as described in detail in [42]. The actual system of aluminium, hydrogen and nitrogen as the refining gas was replaced with water, oxygen and argon. These model media achieve similar values at 20 °C as the actual media at the operating temperature [9]. A comparison of the properties of the media is provided in Table 1. The basic principle of physical modelling of dissolved hydrogen removal from the aluminium melt was thus represented by dissolved oxygen removal from water using argon. InPro6860i/12/120/mA Ex optical probes by METLER-TOLEDO (Greifensee, Switzerland), including their components allowing the measurement of dissolved oxygen content up to 26 mg∙L−1 (26 ppm), were chosen for continuous measurement of the oxygen content. In order to maintain measurement accuracy, we regularly calibrated the probes with the special iLink-RS485/VP8 device by METLER-TOLEDO (Greifensee, Switzerland), which contains ambient pressure and relative humidity sensors. The measurement accuracy of the probes is ±1%. A system had to be developed for the probes, which would comply with the requirements for oxygen concentration measurement including communication via a PC, data archiving and data evaluation. A more detailed description of the model design and the measurement methodology is available in [42]. The measurement methodology consisted of the following steps:




	
Establish the required position of the vessel using a lifting platform in order to ensure the adequate working height of the rotor;



	
Fill the model with water; the water level reaches a height of 720 mm from the upper edge of the vessel;



	
Set the required gas flow according to the requirements of the given experiment variant while keeping a gas pressure of 0.4 bar;



	
Establish saturation with oxygen to the value of 18 ppm with the rotor rotational speed of 350 rpm and gas pressure of 0.4 bar. This is followed by a delay of 120 s; during this time, the oxygen saturation runs down, the oxygen concentration becomes homogenized in the water volume and stabilized at the required value of 22 ppm. The rotor speed is off during this delay period;



	
Set the required rotor speed for the given experiment variant;



	
Start the measurement after the delay period (start argon blowing, rotor speed and recording of data from the optical probes at the same time);



	
Stop the measurement (switch off the rotor and stop the gas feed) as soon as the mean oxygen concentration from the measuring probes reaches 0.5 ppm.
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Figure 1. Description of physical model workspace. 
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Figure 2. Dimensional diagram of the vessel. 
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Table 1. Comparison of the parameters of the media used.
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	Parameters
	Unit
	Industry
	Physical Model





	Temperature
	K
	993
	293



	Inert gas
	-
	Nitrogen
	Oxygen



	Liquid
	-
	Aluminium
	Water



	Density
	kg·m−3
	2.345
	0.998



	Dynamic viscosity
	Pa·s
	1005
	1000



	Surface tension
	N·m−1
	0.868
	0.072



	Froude’s number
	-
	0.121
	0.121








This study evaluated 6 different types of rotors. Each rotor is composed of a shaft and an impeller as illustrated in Figure 3a. The studied impellers are shown in Figure 3b. The rotor is connected to the shaft by a threaded connection, or the rotor and shaft are made as a monoblock, as is the case with rotors D and E. Impellers A, B and E are circular with diameters of 190 mm. The height of rotor A is 115 mm and its upper part is indented. The design of impeller E is very similar; this impeller differs in its height (81 mm) and shaft coupling. Impeller B with a height of 105 mm has circumferential protrusions. Impeller C is star-shaped with a diameter of 192 mm and height of 90 mm. The most complex shape is shown by impeller D with an external diameter of 192 mm and height of 80 mm. A square impeller was also tested—impeller F with a side length of 134 mm and height of 61 mm. The foundry used the manufacturer’s recommended working height for the rotors. To closely simulate operating conditions, physical modelling also adhered to these recommendations. The working height of the rotors is 150 mm from the bottom of the ladle. Impeller A is the only one whose working height is 160 mm.



It can be noted that 2 types of impellers are shown in Figure 3—propeller type and pump type. The propeller type is represented by impellers C, D and F; these impellers have blades along the circumference. The blades transmit the momentum into the liquid and disperse the gas flow from the impeller into small bubbles. The pump type is represented by impellers A, B and E. These impellers have openings along the circumference which serve to distribute the refining gas in the radial direction, into the volume of the model liquid.



Measurements were carried out using the physical model under defined conditions including 35 experiment variants for each rotor. The physical model’s measurement parameters were selected to closely match operating conditions. That is why we chose parameter ranges that are realistic for operating conditions. In collaboration with the technologists at MOTOR JIKOV Slévárna a.s., variants of physical modelling were determined. The variants included 7 different rotational speeds in the range of 275 to 425 rpm and 5 different gas flow rates in the range of 13 to 21 Nl∙min−1 for each rotor. Data from a total of 210 experiments were thus obtained and evaluated. The parameters of the experiment are shown in Table 2.




3. Data Processing


Collection and evaluation of measured data is schematically described in Figure 4. Experimental data in the form of degassing curves were obtained by measurements. These data were further normalized according to Relation (2) and processed in Matlab [18], resulting in the determination of parameter a.


    c o n c . s t a n d . = e   (   t · r p m .   a   )   ,  



(2)




where: t—degassing time (s), conc.stand.—standardized concentration (1), rpm—rotor speed (rpm) and a—parameter of the replacement area, which corresponds to the given rotor and gas flow.



The function according to Relation (2) is a decreasing exponential function of time and rotor revolutions. It provides the advantage that for the time equal to zero (the beginning of degassing), it is guaranteed to be 1, and for the time approaching infinity, it approaches 0. The experimental data used for the results of this study only cover the time to t = 200 s from the beginning of degassing. Although degassing was measured after this time, the data had no essential impact on the summary results, and they are not relevant in terms of operational conditions because normally, no degassing takes place after this time. The parameters a for individual degassing curve groups are generally negative and achieve the dimension of 104 when the above dimensions of the quantities are observed. A lower absolute value of the parameter a means a greater degassing capability of the rotor. Other possibilities of reduction were also tested; according to [44], replacement of the group of the curves with Relation (2) has proven to be most effective provided that a small deviation of experimental data from the replacement function is observed; this deviation mostly reaches single-digit percentage values in the processed data.



Using the corresponding parameter a, the degassing time t for the required concentration can be back-calculated according to Equation (3):


  t =   l n   c o n c . s t a n d .     r p m   a ,  



(3)




where: t—expected degassing time (s), conc.stand.—the required resulting standardized concentration (1), rpm—rotor speed (rpm) and a—the parameter of the replacement area corresponding to the rotor and gas flow rate. For example, a standard concentration value of 0.3 means degassing of 70% of the original gas content.




4. Results and Discussion


The physical model was used to perform the measurements of the six rotor types illustrated in Figure 3. Due to the large number of results, Figure 5 visualizes only the flow and bubble dispersion in the vessel for the case with 350 rpm and gas flow rate of 17 Nl·min−1 as used in operational conditions.



The physical modelling provided concentration curves illustrating oxygen concentration loss from the model liquid. Figure 6 shows the concentration curves measured using the tested rotor types at 350 rpm and with various flow rates of the refining gas. The concentration curves were originally evaluated according to the so-called refining time. In this case, the refining time was understood as the time needed to achieve an oxygen concentration of 0.5 ppm in the water. For better clarity and simplification, the authors of this paper developed a method for evaluating the concentration curves based on a mathematical model [44]. Performance parameters of the rotors were determined for gas flow rates of 13, 15, 17, 19 and 21 Nl∙min−1. An overview of the calculated dimensionless performance parameters a according to Equation (2) is shown in Table 3.



In Figure 5, it can be seen that the gas distribution in the liquid was similar for all rotors. The highest concentration of the gas was found around the impeller from where the gas bubbles spread radially and ascended to the surface of the liquid, while being concentrated predominantly around the shaft. Rotors A, D and F were relatively good at distributing the gas throughout the ladle volume. With these rotors, the gas was dispersed all the way to the walls of the vessel. At the same time, the gas was also distributed to the area below the rotor line. However, this applied predominantly to rotors D and F. With rotors B, C and E, the gas bubbles were not distributed all the way to the wall of the vessel and so-called “dead zones” (which are the volumes in which gas bubbles appear occasionally during the experiment) were formed. With rotor C, the gas bubbles spread more to the bottom part of the ladle, below the rotor line. As regards bubble dispersion, rotors D and E provided the best results; these rotors produced smaller bubbles that were distributed throughout the liquid volume. Therefore, rotors D and E provided the highest potential in terms of degassing efficiency. In contrast, larger bubbles can be observed in rotors B, C and E. Lower degassing efficiency was expected for these rotors given the larger bubbles and poorer distribution in the liquid volume. These findings are consistent with literature knowledge [15,20,21,36,41,43,46].



For clarity and to provide context, the parameters from Table 3 are shown in Figure 7a, which shows a comparison of rotor performance, with higher efficiency being exhibited by rotors with higher values of parameter a. The evaluation of the measured data largely confirmed the assumptions determined from the visualization of the flow characteristics. The performance trend increases with increasing gas flow rates for all rotor types, which agrees with the findings of previous studies [15,20,23,33,41,43,46]. The highest efficiency, depending on the gas flow rate, was achieved by rotors D and F; these rotors also exhibited a high level of bubble dispersion throughout the liquid volume. Very similar results were obtained for rotors B and E, although rotor E provided better performance at lower gas flow rates (13 and 15 Nl∙min−1) while rotor B achieved better results at higher gas flow rates (17, 19 and 21 Nl∙min−1). The lowest values of parameter a were calculated for rotor C, where a low rate of gas bubble dispersion was observed, as well as a non-uniform distribution of the bubbles in the liquid volume.



Comparing the rotors according to their efficiency, their ranking (starting from the most efficient) is: D, F, A, followed by E and B, and finally C with the lowest rated power. As illustrated by Figure 7a, the gas flow provides a higher effect in rotors with a worse rating than those with a better rating. Furthermore, the differences between the rotors are higher at low gas flow rates than at higher flow rates. With higher gas flow rates, the bubbles become larger and they coalesce, thus decreasing the phase interface area [33,37]. This combined effect probably caused the slowing down of the degassing effect of the rotors with increasing inert gas flow rates.



As mentioned in the rotor descriptions, three propeller-type rotors (C, D, F) and three pump-type rotors (A, B, E) were tested. The evaluation results show that the two best rotors, D and F, were propeller-type rotors. As seen in Figure 3, these two rotors were the only ones which were not circular and which were the most complex. These characteristics meant that they were apparently more capable of transmitting the momentum to the model liquid. The transmitted momentum is involved in the creation of turbulence and thus affects bubble fragmentation and the transfer of mass. In contrast, rotor C was the least complexed, its shape was very compact and included only a hint of blades along the circumference. This shape was shown to provide the least efficiency. However, it should be noted that under operational conditions, rotors with more complex shapes may be subject to faster wear. This also depends on the material used to make the rotors and its interaction with the liquid metal.



The expected calculated degassing times according to Equation (3) for each rotor are shown in Table 4. Figure 7b shows a graphical representation of expected refining times. In order to compare the expected degassing times, the required final concentration and the working speed of the rotor must be selected; the final concentration of 50% with 350 rpm was taken as an example. As shown in Figure 7b, the shortest time to achieve the required degassing quality was needed by rotor D, namely 77 s with a gas flow rate of 13 Nl·min−1 and a speed of 350 rpm. Rotor F needed 87 s. However, according to Figure 7b, if the gas flow rate for rotor F increases to 17 Nl·min−1, its efficiency would be virtually identical to that of rotor D at 13 Nl·min−1, while other rotors would not achieve this performance even with the highest studied gas flow rate of 21 Nl·min−1. In the other rotors, the speed would need to be increased in addition to an increased gas flow rate to achieve this performance. As shown by Equation (3), the degassing time is inversely proportional to speed. All of these parameters were determined based on measurements with a minimum speed of 275 rpm and maximum speed of 425 rpm. The results are not experimentally supported outside this speed range, although a similar trend can be expected.




5. Conclusions


The paper evaluates the degassing performance of rotors designed for refining aluminium melt in an FDU. Extensive experiments were carried out for this purpose using a physical model, aimed at evaluating and comparing the efficiency of degassing using six types of refining rotors. Two types of results were obtained using the physical model: visualization of the flow in order to map the gas behaviour in the liquid, and curves demonstrating oxygen concentration loss from the liquid. The concentration curves were evaluated based on a previously published data-processing method using the measured performance parameters, and the evaluation was demonstrated by determining the expected degassing time for certain defined gas flow rates. Such a comparison makes it possible to compare operating parameters of various rotors and select the most suitable with respect to the degassing time or gas consumption or other operating and economic parameters. The six rotors were evaluated not only to determine their order according to performance but also to demonstrate how the performance differences can be compensated. Differences were shown in the performance of some rotors, which can be compensated by modifying the gas flow rate. Other differences were so substantial that the different capabilities of the rotors could not be compensated even by moving from the lowest to the highest flow rate. The research findings can be summarized as follows:




	
The gas distribution pattern in the liquid was similar for all rotors. The highest concentration of gas was found around the rotor, from where the gas bubbles spread radially and ascended to the surface, while being concentrated predominantly around the shaft. Rotors A, D and F were better in terms of distributing the gas bubbles all the way to the walls of the vessel and below the rotor line. Rotors D and E were better able to disperse the gas to fine bubbles.



	
The ranking of the rotors, evaluated based on the dimensionless parameter a, from the most efficient to the least efficient was as follows: D, F, A, E, B and C. As can be seen from the results, by changing rotor C to rotor D, the degassing efficiency can be increased by up to 45%.



	
The efficiency of the rotors corresponded well with the assumptions determined based on literature knowledge regarding the distribution and behaviour of gas bubbles in the liquid. Rotors D, F and A with higher degassing efficiency produced smaller bubble sizes and had a better ability to distribute bubbles throughout the ladle volume.



	
The degassing performance increased with increasing gas flow rates for all rotors. In the rotors with higher performance, an increase in the inert gas flow rate had a smaller effect in terms of increased degassing intensity. When the flow rate increases from 13 Nl·min−1 to 21 Nl·min−1, for rotor D the parameter a drops by 19.8%, while for rotor C, it drops by 35.1%.



	
The two best-ranked rotors (E and F) were propeller-type rotors. These rotors exhibit the highest complexity of their shape, which resulted in better transmission of the momentum to the liquid and a higher efficiency of degassing. On the other hand, in industrial conditions, rotors with complex shapes may provide a substantially shorter service life due to faster wear.



	
The dimensionless parameter a can be used to calculate the expected degassing time needed to reach any standard concentration of O2 for a given rotor speed. This enables us to obtain information about refining intensities outside the range of the measurements in this study.








In upcoming research, we will be focusing on evaluating physical modelling data to determine the impact of rotor working height and the degree of rotor wear. This knowledge will be utilized to define operational testing options for the studied rotors.
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Figure 3. View and main dimensions (mm) of tested impellers. (a) Rotor parts; (b) 3D view and marking of tested impellers. 
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Figure 4. Data collection and evaluation scheme. 
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Figure 5. Demonstration of the character of the internal flow and distribution of the bubbles of inert gas; gas flow rate: 17 Nl·min−1, rotor speed: 350 rpm; (a) rotor A; (b) rotor B, (c) rotor C, (d) rotor D, (e) rotor E, (f) rotor F. 
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Figure 6. Demonstration of the concentration curves obtained by physical modelling; gas flow rate: 17 Nl·min−1, rotor speed: 350 rpm; (a) impeller A; (b) impeller B, (c) impeller C, (d) impeller D, (e) impeller E, (f) impeller F. 
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Figure 7. (a) Graphical representation of performance parameter a; (b) graphical representation of predicted degassing time. 
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Table 2. Parameters of experiments on the physical model.
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	Working height
	mm
	150/160



	Rotor speed
	rpm
	275, 300, 325, 350, 375, 400, 425



	Ar flow rate
	Nl∙min−1
	13, 15, 17, 19, 21










 





Table 3. Values of performance parameters a depending on refining conditions.
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Parameter

	

	
a·103




	
Gas Flow Rate

	
(Nl∙min−1)

	
13

	
15

	
17

	
19

	
21






	
Rotor type

	
A

	
(1)

	
−51.6

	
−48.2

	
−44.4

	
−42.3

	
−41.0




	
B

	
(1)

	
−57.3

	
−54.0

	
−49.0

	
−46.0

	
−45.5




	
C

	
(1)

	
−70.4

	
−64.2

	
−60.1

	
−56.7

	
−52.1




	
D

	
(1)

	
−38.7

	
−36.2

	
−34.6

	
−33.3

	
−32.3




	
E

	
(1)

	
−55.8

	
−52.2

	
−49.3

	
−46.5

	
−43.3




	
F

	
(1)

	
−43.9

	
−41.5

	
−38.2

	
−37.4

	
−34.5











 





Table 4. Prediction of degassing time depending on the conditions of refining (resulting standard concentration: 50%, rotor speed: 350 rpm).
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Parameter

	

	
Degassing Time




	
Gas Flow Rate

	
(Nl∙min−1)

	
13

	
15

	
17

	
19

	
21






	
Rotor type

	
A

	
(s)

	
102

	
95

	
88

	
84

	
81




	
B

	
(s)

	
113

	
107

	
97

	
91

	
90




	
C

	
(s)

	
139

	
127

	
119

	
112

	
103




	
D

	
(s)

	
77

	
72

	
69

	
66

	
64




	
E

	
(s)

	
110

	
103

	
98

	
92

	
86




	
F

	
(s)

	
87

	
82

	
76

	
74

	
68
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