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Abstract

:

In previous research simulating steelmaking ladles using cold water models, the dosage/volume of the salt tracer solution is one of the factors that has been overlooked by researchers to a certain extent. Previous studies have demonstrated that salt tracers may influence the flow and measured mixing time of fluids in water models. Based on a water model scaled down from an industrial 130-ton ladle by a ratio of 1:3, this study investigates the impact of salt tracer dosage on the transport and mixing of tracers in the water model of gas-stirred ladle with a moderate gas flow rate. A preliminary uncertainty analysis of the experimental mixing time is performed, and the standard deviations were found to be less than 15%. It was observed in the experiments that the transport paths of tracers in the ladle can be classified into two trends. A common trend is that the injected salt solution tracer is asymmetrically transported towards the left sidewall of the ladle by the main circulation. In another trend, the injected salt solution tracer is transported both by the main circulation to the left side wall and by downward flow towards the gas column. The downward flow may be accelerated and become a major flow pattern when the tracer volume increases. For the dimensionless concentration curve, the sinusoidal type, which represents a rapid mixing, is observed at the top surface monitoring points, while the parabolic type is observed at the bottom monitoring points. An exception is the monitoring point at the right-side bottom (close to the asymmetric gas nozzle area), where both sinusoidal-type and parabolic-type curves are observed. Regarding the effect of tracer volume on the curve and mixing time, the curves at the top surface monitoring points are less influenced but curves at the bottom monitoring points are noticeably influenced by the tracer volume. A trend of decreasing and then increasing as the tracer volume increases was found at the top surface monitoring points, while the mixing times at the bottom monitoring points decrease with the increase in the tracer volume.
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1. Introduction


The ladle, serving as an intermediary vessel between the steelmaking and casting processes, is not only utilized for the transportation and pouring of molten steel but also serves as a crucial container for implementing external refining. Presently, argon stirring ladles are widely employed in secondary refining [1,2,3,4,5], where they facilitate the uniform temperature and composition of molten steel [3,6], accelerate metallurgical reactions [7,8,9,10,11], promote alloy and scrap melting [12,13,14,15,16], eliminate non-metallic inclusions in the steel [16,17,18,19,20,21], effectively enhance steel product quality [22,23,24], improve ladle refining efficiency [3], and reduce production costs. Over the past several decades, numerous physical models [2,4,7,25,26,27,28,29,30,31,32] and numerical models [33,34,35,36,37,38,39,40] have been established to investigate fluid flow [41,42], mixing phenomena [43,44], and inclusion removal in gas-stirred ladles.



Considering the difficulty in directly observing internal flow variations within molten steel in actual ladles and taking into account safety considerations, as well as the similarity in kinematic viscosity between water and molten steel, water models have been consistently employed for the study of the flow and mixing phenomena of molten steel. Regarding gas injection location, center stirring can cause many problems, for example, a non-uniform composition and a weak stirring efficiency [12,13,45,46]. Asymmetrical stirring is widely used in small-weight ladles. The effects of the gas flow rate, location, number, size, and separation angle of stirring plugs on the fluid flow and mixing process in gas-stirred ladles have been studied via water models [25,26,27,28].



In water models, the mixing time is used to evaluate the mixing performance and operational efficiency of a metallurgical ladle. In 1989, Taylor et al. [47] evaluated a method for measuring mixing time using different types of tracers. Fluoride ion solution tracers have been found to be successful over recent decades. Typically, electrical conductivity probes/sensors located at different positions have been utilized to monitor the variation in the tracer concentration in the bath [38]. However, the influence of tracer injection/adding location and salt solution tracer injection/adding volume on the measured mixing time is usually ignored. The most widely used tracers, i.e., KCl and NaCl solution tracers, are 16.6% and 19.9% denser than water at room temperature. This density difference may affect the fluid flow and measured mixing time data in experiments. Table 1 presents the types and volumes of tracers injected by different researchers into water models of ladles [48,49,50,51,52,53,54,55,56,57,58,59,60,61,62]. It can be observed that the ratio of the tracer-to-water volume varies between 0.038 × 10−3 and 4.42 × 10−3. The table shows that Pan et al. [48], Wen et al. [49], Wu et al. [59], and others employed similar volumes of water within the ladle in their studies. However, the amount of tracer injected per liter of water differs significantly, with values of 0.038 mL, 0.556 mL, and 0.267 mL, respectively. The ratio of the tracer-to-water volume varies by approximately 15 times between these researchers, which could potentially impact the experimental results.



Concerning the effect of salt solution tracers on fluid flow, this effect in a continuous flow reactor tundish was investigated in-depth by Chen et al. [63,64,65] and Ding et al. [66,67]. Chen et al. [63,64,65] evaluated the downward flow of salt tracers in tundishes using both a water model and numerical simulations. Ding et al. [66,67] employed water modeling and numerical simulations within the tundish to investigate the effect of varying tracer quantities on the residence time distribution (RTD) curve and the tracer accumulation at the bottom.



The effect of salt solution tracers on fluid flow in batch reactors, for example, vacuum refining ladle furnaces [68,69,70] and gas-stirred ladles [71,72,73], have also been studied. For gas-stirred ladles, Chen et al. [71] demonstrated that increasing the quantity of the tracer reduces the mixing time. Additionally, Zhang et al. [73] demonstrated through numerical simulations that the mixing process of a saturated KCl solution is faster than that of pure water tracers. Gómez et al. [72] found that the tracer concentration affects the mixing time, which is obvious only at low gas flow rates. However, the available data on ladles [71,72] were collected using intensively stirred ladles (i.e., a high gas flow rate). The effect of salt tracer volume on mixing in a moderate gas flow rate case is the focus of this study.



In this study, the transport process, dimensionless concentration evolution, and mixing time of saturated NaCl tracers of different volumes in a gas-stirred ladle water model are investigated. The aim is to elucidate the influence of tracer volume on the mixing and flow field in the ladle water model.




2. Method of Experiment


2.1. Principle of Experiment


The experimental model utilized is based on a 130-ton ladle from a certain factory. It is constructed using acrylic, scaled down to a ratio of 1:3, ensuring geometric similarity. The specific model parameters are listed in Table 2.



In order to ensure that the dimensionless numbers of the two-phase systems are equal, the dimensionless group number G proposed by Krishnapisharody and Irons [74] is set as equal. The number G is a combination of the density ratios and the modified Froude number and can be expressed as follows:


  G = F  r m       ρ g     ρ l         d H    =    ρ g 2     ρ l 2       U 2    g H    



(1)




where U is the gas characteristic velocity in m·s−1, and U = Q/A, where Q is the gas flow rate in m3·h−1 and A is the plug area in m2.    ρ g    and    ρ l    are the density of gas and liquid, kg·m−3; g is the acceleration of gravity, m·s−2; H is the height of the liquid in the ladle, m; and d is the diameter of the injection nozzle, m.



Therefore, the relation between the model (m) and prototype (p) should satisfy [75]:


     ρ  Air  2   Q  Air  2     ρ W 2   H m   d m 4    =    ρ  A r  2   Q  A r  2     ρ  s t  2   H p   d p 4     



(2)




where    ρ  Air     and    ρ W    are the density of air and water at room temperature, kg·m−3;    ρ  A r     and    ρ  st     are the density of argon gas and liquid steel at steelmaking temperature, kg·m−3;    Q  A r     is the flowrate of argon gas at steelmaking temperature, m3·h−1;    Q  Air     is the experimental air flowrate at room temperature, m3·h−1; and d is the diameter of the plug, m.



In the steelmaking process, when the argon gas enters the high-temperature liquid steel in the ladle, the gas will expand due to the changes in temperature and pressure, so the temperature and pressure need to be corrected:


   Q  A r  ’  =    T 0     T P       p P     p 0     Q  A r    



(3)




where    T P    and    T 0    are the liquid steel temperature and room temperature, K;    p 0    and    p P    are the standard atmospheric pressure and gas pressure of the nozzle at the bottom of the ladle, Pa, and    p P  =  p 0  +  ρ  st   g  H p   .    Q  A r  ’    is the argon flow rate under standard conditions, m3·h−1.



After calculation, the experimental gas flowrate is 8.3 L·min−1 when the prototype gas flowrate is 700 L·min−1.




2.2. Experimental Facility


The experimental setup is illustrated in Figure 1. During the experiment, the liquid level of the ladle is kept at 1000 mm, and the porous plug is positioned at a distance of 0.2 R from the center of the ladle’s bottom. Stirring is carried out using single-hole blowing, and the tracer is introduced from the center of the liquid surface. Six monitoring points are designated for the experiment, namely, top monitoring points 1, 2, and 3, located 25 cm below the liquid’s surface, and bottom monitoring points 4, 5, and 6, situated near the bottom wall of the ladle. The mixing time of each monitoring point was determined by using the “stimulus-response” method in the experiment. Upon the addition of the salt solution tracer, electric conductivity data from the six monitoring positions within the ladle were simultaneously collected by using the DDSJ-308A conductivity meter (equipment accuracy: ±0.5% FS). Conductivity data at each monitoring point were obtained for each experimental scheme, further post-processed to the dimensionless concentration curves, and used to calculate mixing times (with a 5% standard for determining the mixing time of each group). Repeated experiments of more than ten trials were performed for each scheme. The mixing times of each trial were obtained, and the averaged mixing time value of the repeated experiments were used for the specific monitoring points. A detailed evaluation of the errors of the averaging mixing time will be discussed in Section 3.1.




2.3. Experimental Scheme


To investigate the influence of tracer dosage on the flow field and mixing time of the ladle, six dosages were designed in the experiment, covering a range of tracer volume-to-water volume ratios from 0.13 × 10−3 to 0.97 × 10−3, which essentially covers all ranges of tracer-to-water proportions in Table 1. Under these conditions, the variations in electric conductivity (concentration) at each monitoring point were recorded. The studied scheme and dosage of the tracer is presented in Table 3.





3. Results


3.1. Experimental Error Analysis


Before the experiments, the uncertainty analysis for experimental data is carried out. The error analysis of the experiment primarily includes two aspects: (1) error analysis of dimensionless concentration curves and (2) error analysis of mixing time.



Firstly, to verify the repeatability of the dimensionless concentration curves in multiple trials, the scheme with an injection dosage of 92 mL saturated NaCl solution is taken as an example. In addition, the conductivity values as a function of time at six monitoring points inside the ladle were recorded. The data collected from the repeated trials were post-processed individually, and dimensionless concentration curves were obtained. The maximum and minimum dimensionless concentration data from the repeated trials at each time step interval were recorded as a function of time and plotted as the shaded regions in Figure 2. This method of plotting can be found in a previous paper [65]. In addition, the averaged concentration of repeated trials at each time step interval was processed, and those sets of value are plotted as a function of time as shown in the solid lines in Figure 2. Among them, Figure 2 a–c,e,f correspond to dimensionless concentration curves at monitoring points 1, 2, 3, 5, and 6, respectively. The figures indicate that the fluctuation ranges of the data from the repeated trials at these monitoring points are relatively small compared to the average curves. In Figure 2e, regarding monitoring point 4, the fluctuation range of the dimensionless concentration curves in the repeated trials is relatively large, and two significantly different trends are observed among the trials. The two different curves are of the sinusoidal and parabolic types [43], which represent two types of tracer transport. This will be further explored in Section 3.3.



The average mixing time value obtained from every repeated trial was utilized in this study as the mixing time for a certain monitoring point. To validate the repeatability of the method for calculating mixing time, an error analysis of the method was conducted. Similarly, the scheme using an injection dosage of 92 mL saturated NaCl solution was taken as an example: the mixing time calculated from ten repeated trials was statistically analyzed, and the average values and standard deviations of ten sets of data were calculated. Table 4 presents a summary of the mixing times, with statistics conducted for the top monitoring points 1, 2, and 3 as well as the bottom monitoring points 4, 5, and 6. It can be inferred from the table that after averaging the ten sets of data, the average mixing times for the top monitoring points were 59.6 s, 58.0 s, and 88.9 s, with standard deviations of 12.75 s, 10.86 s, and 9.13 s, respectively. The average mixing times for the bottom monitoring points were 95.7 s, 96.6 s, and 86.1 s, with standard deviations of 9.88 s, 14.75 s, and 14.98 s, respectively. By comparing the average mixing times of the six monitoring points with the mixing times obtained from each repeated trial, it was found that the standard deviations all ranged within 15%, indicating acceptable differences between individual mixing times and average mixing times. Therefore, the average mixing time value obtained from ten repeated trials will be utilized as the mixing time in this study.




3.2. Transport Path of Tracer


Figure 3 depicts the typical transport process of 100 mL of ink tracer. The tracer is injected from the central position of the ladle’s liquid surface and rapidly diffuses across the surface. Subsequently, the majority of the tracer diffuses from the left side of the ladle to the bottom, then circulates rapidly on the left side. Concurrently, a small portion of the tracer diffuses to the right side of the ladle and spreads downward at a slower rate along the right wall. The tracer on the left side reaches the bottom of the ladle first, then gradually spreads from left to right at the bottom until achieving uniform distribution.




3.3. Analysis of Dimensionless Concentration Curves at Monitoring Points 1 and 4


The dimensionless concentration curves at monitoring point 1 in the ladle water model after the addition of different volumes of saturated NaCl solution is presented in Figure 4a. All of the curves show a sinusoidal tendency. The initial response time of monitoring point 1 falls within the range of 5 s to 6 s with the addition of different volumes of saturated NaCl solution, indicating that the volume of the tracer has no influence on the response time of conductivity at monitoring point 1. In addition, as the volume of the tracer increases, the peak dimensionless concentrations are 2.1, 3.7, 2.5, 3.8, 2.8, and 2.4, with corresponding peak arrival times of 10 s, 12 s, 10 s, 13 s, 13 s, and 14 s, respectively. Therefore, it is concluded that with the increasing tracer volume, the time at which the dimensionless concentration peak occurs at monitoring point 1 is also delayed. Furthermore, the peak values exhibit a first increase followed by a decrease as the volume of the tracer increases. The occurrence of this phenomenon is attributed to the increase in tracer volume, leading to a corresponding rise in salt concentration at monitoring point 1. However, when the volume exceeds a certain threshold, the deposition rate of soluble salt solution is accelerated, leading to its rapid settling at the bottom of the ladle, without sufficient diffusion time to monitoring point 1, thereby causing a delay in the peak time and decrease in peak values. The time interval between the two peak values can be utilized to estimate the approximate duration of one cycle of the tracer’s movement within the ladle water model, which is approximately 20 s. However, given that the dimensionless concentration peak values range between 2 and 4, with minor differences, it can be inferred that monitoring point 1 exhibits insensitivity to changes in tracer volume.



For monitoring point 4, located at the bottom right corner of the ladle, as shown in Figure 4b, the curves show both sinusoidal and parabolic types, as described in Section 3.1. The schemes with a larger tracer volume tend to show a sinusoidal curve while the smaller tracer volume schemes show parabolic curves. For the variation in the dimensionless concentration curves with respect to the volume of salt solution tracer, the tracer is dispersed to monitoring point 4 between 13 and 16 s. The peak value of the dimensionless concentration curve is relatively low, with a maximum value less than 1.8. However, there is a significant difference in the concentration peak values corresponding to different tracer volumes.



Below is an in-depth analysis of the sinusoidal- and parabolic-type curves and their corresponding tracer transport processes. As described in Section 3.2, for the dimensionless concentration curves at monitoring point 4, there are two distinct trends that could be identified under the same experimental conditions: (1) Trend 1 (sinusoidal type) is characterized by a rapid increase in concentration shortly after the onset of the response, followed by a sharp decrease after the emergence of a prominent peak, with a subsequent rise in concentration leading to a second smaller peak. (2) Trend 2 (parabolic type) is characterized by a slower variation in the dimensionless concentration, with no distinct peaks observed in the dimensionless concentration curve.



To investigate the reasons behind the two different trends observed in the dimensionless concentration curves at monitoring point 4, a visualization experiment was designed via injection of a tracer mixture. Specifically, in the water model, the injected tracer is 102 mL of mixed tracer solution (composed of 92 mL of saturated NaCl solution and 10 mL of black ink). The total soluble NaCl concentration is identical to that of the 92 mL saturated NaCl solution. The typical photo and schematic diagrams of ink tracer transport of both trend 1 and trend 2 are shown in Figure 5 and Figure 6, respectively.



In Figure 5, upon the injection of the tracer into the ladle, asymmetrical transport of tracer is observed in two directions: firstly, movement towards the left direction along the main circulation area, and secondly, a vertical downward motion followed by a shift towards the gas column side. At 10 s, the tracer is moved downward along the left sidewall with the main circulation flow, and the tracer’s downward flow towards the gas column side is pushed upward towards the liquid surface due to the gas stirring. Between 15 and 20 s, the tracer following the main circulation intersects with the downward-flow tracer, subsequently gradually settling at the bottom until the ink tracer is mixed in the left side of the ladle. However, the tracer on the right side of the gas column is in a relatively low concentration.



Figure 6 shows trend 2, which differs significantly from Figure 5. Upon injection of tracer, the tracer is transported asymmetrically; i.e., it moves downward along the left side of the ladle following the main circulation flow, predominantly circulating on the left side of the ladle until about 20 s. At 20 s, a portion of the tracer begins to flow upward towards the liquid surface with the gas column. Subsequently, a small portion of the tracer flows downward along the right sidewall following the weak circulation flow on the right side and ultimately reaching the bottom, resulting in thorough mixing in the whole ladle.



The dimensionless concentration curves of trend 1 and trend 2 are shown in Figure 7 and Figure 8, respectively. In trend 1 (corresponding to the sinusoidal-type curve at monitoring point 4), the tracer being injected is subsequently transported in two directions, resulting in a lower peak value (about 20) at monitoring point 3 compared to that in trend 2 (peak value of about 60). At 12 s, due to the effect of gas plumes, the tracer is transported to the right side of the liquid surface, initiating changes in the dimensionless concentration curve at monitoring point 1. Since this point is located closest to the top of the gas plume on the liquid surface, the dimensionless concentration curve exhibits significant fluctuations. This is due to the rapid downward transport of tracers along the right sidewall. At 30 s, the dimensionless concentration at monitoring point 4 begins to rapidly rise, reaching its peak 4 s later. This is due to the large portion of tracer transported to the bottom right side.



In trend 2 (corresponding to parabolic-type curve at monitoring point 4), in contrast to trend 1, a majority of the tracer is transported along the left sidewall without flowing downward or to the right. Consequently, the peak concentration at monitoring point 3 increases rapidly to 60 (significantly higher than that in trend 1). Due to the intensive circulation of the tracer on the left side of the ladle during the initial 20 s, the arrival time of the tracer at monitoring point 1 is delayed compared to that in trend 1. At 33 s, the tracer is transported along the right sidewall to monitoring point 4. Due to the small portion of the tracer being transported to the right side, the dimensionless concentration curve at this monitoring point increases slowly without distinct peaks.



However, the scheme with a tracer volume of 695 mL, as seen in Figure 4b, is an exception since the curve at monitoring point 4 tends to be of the sinusoidal type. In this case, the dimensionless concentration starts to rise at 15 s, with a relatively rapid rise, and reaches a peak concentration of 1.8 at 33 s. After 33 s, the concentration begins to decrease slowly with fluctuations attributed to the salt reaching this position not being quickly transported away but diffusing slowly to other locations until mixing is complete.



The reason why this scheme shows only trend 1 is that the tracer volume is too large, causing it to rapidly move downward after injection into the ladle. A significant portion of the salt solution is deposited at the bottom, gradually diffusing from the bottom center to various positions in the ladle, resulting in a sinusoidal type of concentration curve at monitoring point 4. Furthermore, regardless of the studied schemes, the peak value of the dimensionless concentration curve at monitoring point 4 in Figure 4b does not exceed 2 (compared to the value of 20–60 at point 3), indicating that weak mixing occurs at this point. This also demonstrates that the salt concentration directly transported to this point is not substantial, and it is mainly transported to point 4 by circulating flow streams or slow diffusion from the bottom.



In all studied tracer volume schemes, the response time of monitoring point 4 is around 1 s to 15 s. The occurrence of the two trends is exclusive to monitoring point 4 because it is located on the bottom side of the plug. It is pointed out that this area is an inactive or dead zone [73]. In summary, the main pathway for the tracer to be transported to this area is not singular, resulting in a much more complex mixing process and mixing time compared to other positions.




3.4. Analysis of Dimensionless Concentration Curves at Monitoring Points 2 and 5


Figure 9a shows the dimensionless concentration curves at monitoring point 2 after the injection of saturated NaCl solutions of different volumes. Similar to the results at monitoring point 1, all of the curves at monitoring point 2 show a sinusoidal tendency. The response time at monitoring point 2 is around 5 s. Furthermore, except for the scheme with the largest volume of 695 mL solution, the dimensionless concentration reaches its maximum value at approximately 13 s. The concentration peak for this scheme is delayed for only 2 s. This situation may be attributed to the rapid settling of the salt solution due to the excessively large tracer volume, ultimately resulting in a delay in the arrival time of the salt solution at monitoring point 2. With increased tracer volume, the peak values of the dimensionless concentration curves are 3.7, 3.2, 5.1, 4.5, 3.9, and 2.6, respectively. The peak values of the concentration curves showed a trend of increasing first and then decreasing. This trend is also attributed to the settling of the salt solution caused by the increased tracer volume. Overall, the influence of tracer volume variations on the dimensionless concentration curves at this point is insignificant, and this tendency is similar to that observed at monitoring point 1. By observing the dimensionless concentration curves of six sets of schemes, it was found that the second peak occurs between 26 and 34 s, and the time interval between the two peaks varies between 16 and 20 s. Hence, it can be inferred that the circulation passing through monitoring point 2 in the ladle takes approximately 16 to 20 s to complete one cycle, indicating a slightly shorter circulation time than that observed at monitoring point 1 (20 s).



Figure 9b shows the dimensionless concentration curves at monitoring point 5. When the tracer volume is 695 mL, the curve shows a sinusoidal tendency, while in the other schemes, the curves are of the parabolic type. For the scheme with a tracer volume of 695 mL, a rapidly rising trend is exhibited. The response time is 15 s, and the peak time is 26 s. The peak value is 1.96. Subsequently, fluctuations are observed in the dimensionless concentration curve instead of a rapid decrease, with a second peak with a value of 1.58 observed at 40 s and a third peak with a value of 1.17 at 66 s. The dimensionless concentration gradually decreases to unity thereafter. For the six different schemes, the response times for the dimensionless concentration curves are 18 s, 18 s, 21 s, 18 s, 14 s, and 15 s, respectively. The response time at monitoring point 5 is shortened by the increase in tracer volume. This phenomenon can be attributed to the accelerated downward transport of the tracer caused by the increased volume, resulting in faster settling and an earlier response time at the bottom monitoring point 5. However, when the tracer volume is 695 mL, a significant deviation from the other schemes’ curves is observed. This difference mainly arises from the excessive tracer volume, which hinders the transport of the tracer within the ladle, resulting in substantial deposition of tracer at the bottom before gradually diffusing to that location. Consequently, the dimensionless concentration curve is not observed to decrease rapidly after reaching its peak; instead, it gradually decreases while still displaying several smaller peaks.




3.5. Analysis of Dimensionless Concentration Curves at Monitoring Points 3 and 6


Figure 10a shows the dimensionless concentration curve at monitoring point 3. All of the curves show a sinusoidal tendency, which is similar to the results at point 1 and point 2. It is obvious that the curve of the scheme with the largest tracer volume shows a strong tendency to shift to the right side compared to the curves of the other schemes. Apart from this scheme, the curves of the other schemes are similar. It is noted that the response time of conductivity at monitoring point 3 remains around 5 s. Moreover, the curve of the scheme with the smallest tracer volume shows a very sharp peak compared to the other schemes. It is observed that the first peak value of the concentration curve generally decreases with the increase in tracer volume. For the small tracer volume scheme, the tracer follows the main circulation, and a large portion of the tracer is rapidly transported to monitoring point 3. However, as the tracer volume increases, the tracer first moves downward for a certain distance (as shown in Figure 5). During this period, the flow field in the water model of the ladle is temporarily disturbed, leading to the salt solution’s deposition at the bottom of the ladle. For this scheme, only a limited portion of the tracer is transported to point 3, and a smaller peak value in the concentration curve is observed. The time interval between the two peak values for different schemes ranges from 12 to 15 s, which is slightly shorter than that at monitoring point 2 and point 1. The time interval between the two peaks decreases as the tracer volume increases.



In Figure 10a, as noted, the curve in the scheme with a tracer volume of 695 mL showed a shifting tendency with a response time of 15 s. The curve does not display a distinct peak and exhibits slow changes in dimensionless concentration before 20 s, followed by a rapid increase after that time, reaching its maximum value at 28 s. Furthermore, unlike the other five curves at this monitoring point, this curve does not exhibit a rapid decrease after reaching its peak value; instead, it slowly decreases with some fluctuations. This situation can also be attributed to the accelerated downward transport of the tracer caused by the increased volume of the salt solution tracer.



Figure 10b shows the dimensionless concentration curve at monitoring point 6. All of the curves show a smooth sinusoidal tendency, and some are close to the parabolic type. Unlike the results at monitoring points 4 and 5, the consistency of the curves between different schemes is very good. A slight difference is that the scheme with the smallest tracer injection volume showed a slower increase in concentration and a fluctuating curve.




3.6. Mixing Time


The scatter plots in Figure 11a,b depict the average mixing time at every monitoring point of various tracer volume schemes. The mixing times in the figure are determined by using the 95% criterion. It is noted that shorter mixing times are observed at most of the top monitoring points compared to the bottom monitoring points. Additionally, a decreasing tendency with increasing tracer volume is observed for the top monitoring points, followed by a slight increase in the mixing time at higher tracer volumes. The transition from decreasing to increasing occurs at the x-axis of the 370 mL tracer volume. In addition, the mixing times at the bottom monitoring points decrease with the increase in the tracer volume.



The maximum mixing time, which represents the longest recorded mixing time across the six monitoring points, is displayed in Figure 12. The maximum or ultimate mixing times corresponding to tracer volumes ranging from 92 mL to 695 mL are 97.1 s, 96.7 s, 84.6 s, 80.6 s, 80.95 s, and 80.5 s, respectively. It is clear that the ultimate mixing time decreases with the increase in tracer volume.



The variations in average mixing times at various monitoring points with the volume of the injected salt solution tracer were summarized and re-plotted into a three-dimensional graph, as shown in Figure 13. From the graph, it is visually evident that the range of mixing times spans from 54 s to 97 s. Among all experimental schemes, the mixing time at monitoring point 3 exhibits the longest value when the volume of the tracer is 92 mL. In the same scheme, the mixing time is also relatively long, approximately 90 s, at monitoring points 4, 5, and 6. When the tracer volume is 370 mL, the mixing time at the upper monitoring points showed the shortest value compared to the other schemes. The mixing time at the three bottom monitoring points are similar, and are approximately 78 s.



It is evident that the mixing times at the top monitoring points are shorter than those at the bottom monitoring points. When comparing the results of different monitoring points, the mixing time at monitoring point 1 is the shortest. Additionally, in the three-dimensional graph, it can be observed that the surrounding areas are higher than the central area, indicating a trend of decreasing and then increasing mixing times for each monitoring point as the tracer volume increases. This tendency is more obvious for top monitoring points, as described in previous sections. The transition of mixing time at the top monitoring points from decrease to increase occurs when the volume of the tracer reaches 370 mL. Furthermore, regardless of the tracer volume used, the mixing times at the bottom monitoring points are consistently higher than those at the top monitoring points.





4. Discussions


(1) Based on the analysis of tracer transport paths in Section 3.2, it was observed that after the injection of 100 mL of black ink tracer at the exact center of the liquid’s surface, under the influence of bottom-blowing gas, the majority of the tracer is asymmetrically transported towards the left sidewall of the ladle, with diffusion towards the center of the ladle occurring during the circulation process. Note that this is a black ink tracer whose density is very close to that of water. For the denser NaCl solution tracer, as presented in Section 3.3, there are two distinct trends that could be identified under the same experimental conditions. Trend 2 is similar to the asymmetric tracer transport observed in the black ink tracer schemes. However, in trend 1, in which the gas plume oscillates, the injected tracer is transported both by the main circulation to the left sidewall and by a downward flow towards the gas column. This downward flow is beneficial for quick mixing in the whole ladle. Thereafter, the tracer disperses to the monitor 4 on the bottom right side at a rapid pace. This is the reason why sinusoidal-type concentration curves are observed at monitoring point 4 in trend 1. In contrast, the slow diffusion of the tracer from the left side results in the parabolic-type concentration curves of trend 2. The above results indicate that differences in tracer density/concentration significantly influence the tracer’s transport path within the ladle. Furthermore, as the tracer volume increases, it further impacts the original flow field within the ladle by accelerating the downward flow.



(2) The mixing performance at different monitoring points was widely studied in 1980s by Oeters and co-workers [76,77,78,79,80,81]. In 1988, Krishna-Murthy et al. [82] concluded that the mixing time did not depend on the variations in the amount of tracer used. However, the effect of a salt solution tracer on the mixing in a ladle was possibly first observed by Chen et al. [71] in 2013. The conclusion of this study is that the mixing time decreased with the increase in the saturated salt solution tracer volume. However, unfortunately, the results of [71] are merely based on the monitoring points at the top surface of the ladle. Moreover, the transport of salt solution tracers was not visualized in this study. In the present study, the mixture of ink and salt solution tracers was used to visualize the transport of tracers, and two distinct trends were discovered possibly for the first time. In addition, in this study, the mixing time at the upper monitoring points exhibited a trend of initially decreasing followed by increasing with the increase in tracer volume. The reasons underlying the disparities between the results of this study and those of Chen et al. [71] warrant further investigation.



(3) The stirring gas flow rates vary in different ladle operations. In 2018, Gómez et al. [72] explored the impact of salt solution tracer concentration (equivalent to the volume change) and gas flow rate on the measured mixing time, affirming that tracer concentration indeed exerts a direct influence on mixing time, particularly at lower gas flow rates. They found that, at higher gas flow rates, this influence may be negligible. However, when converted to normal operating conditions, the lower gas flow rate mentioned in Gómez et al. [72] is 610 NL·min−1. This flow rate is relatively large compared to most experiments and production processes. Consequently, the so-called low gas flow rate used by Gómez et al. [72] is not that low and, in fact, represents a moderate or moderately high gas flow rate. Further research is needed to better understand the effects of density/concentration variations on flow fields and mixing times at low gas flow rates.



(4) Regarding the results for water model studies, Chen et al. [71] proposed an optimized dimensionless tracer amount (dosage) of 0.2692 × 10−3 when a 5% mixing criterion was used. In the study of Chen et al. [71], they referred to the results from [83] and addressed the fluctuation in concentration when an extremely small dosage of salt solution tracer was injected. The fluctuation in concentration (following small input tracer dosage) makes identifying the mixing time value tough. Distinguishing the difference between fluctuations in concentrations and the concentration evaluation range by either 5% or 1% is challenging. In the present study, the mixing times of the schemes with 92 mL and 185 mL tracer volumes were relatively longer than those of the other schemes. The corresponding dimensionless tracer volumes (dosage) are 0.13 × 10−3 and 0.26 × 10−3, respectively. So far, we cannot conclude that the use of a sufficiently low dosage (concentration) of salt solution tracer is the optimal operation. It can be understood from this study that when the dimensionless tracer dosage is as large as 0.39 × 10−3, the measured mixing time values vary in a limited range. However, knowing what we are measuring and the fluid mechanics behind the data were our motivations in this paper. When setting up water modeling of ladles and using these data for validation of computational fluid dynamics simulations, researchers should be aware of this phenomenon.




5. Concluding Remarks


The following conclusions can be summarized:




	
An uncertainty analysis for the experimental data was carried out. The ratio of the standard deviations of the repeated trials to the averaged mixing times ranged within 15%.



	
For the dimensionless concentration curves, sinusoidal-type curves, which represent rapid mixing, are observed at the top monitoring points. Meanwhile, parabolic-type curves, which represent slow mixing by diffusion, are observed at the bottom monitoring points. An exception is the monitoring point at the bottom right side (close to the asymmetric gas nozzle area), where two distinct trends, both sinusoidal and parabolic, were observed at this point.



	
After a well-designed visualization experiment involving the mixture of salt solution and ink tracers, two trends of asymmetrical transport of the tracer were observed. In the first trend, the injection of the tracer occurred during the oscillation of the gas plume. The injected salt solution tracer was transported both by the main circulation to the left sidewall and by downward flow towards the gas column. The downward flow was accelerated and became a major flow pattern when the tracer volume increased. For the second trend, which can also be observed in the lighter-density ink tracer scheme, the injected salt solution tracer was asymmetrically transported towards the left sidewall of the ladle by the main circulation.



	
The response time, peak time, peak concentrations, second/third peaks, and the overall concentration curve types are described in the text. The details of the curves and the ink visualizations can be used to illustrate the transport of salt solution tracers with different dosages/volume. Overall, the curves at the top surface monitoring points are less influenced by the tracer volume, except for the monitoring point at the upper left side. In this area, the portion of the transported salt solution varies in the two trends, i.e., the transported tracer portion is significant in trend 1 but minor in trend 2. The curves at the bottom monitoring points are notably influenced by the tracer volume, since the downward flow intensity varied across different schemes. As a result, the salt concentration is deposited at the bottom with a slow subsequent diffusion.



	
For the overall mixing time, a trend of decreasing and then increasing as the tracer volume increases was found at the top monitoring points. The transition tracer volume is 370 mL. Meanwhile, the mixing times at the bottom monitoring points decrease with the increase in tracer volume.



	
It is noted that the results are based on moderate gas flow rate conditions. Further studies on the gas flow rate conditions are required, which we have completed and our results will be available soon.
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Figure 1. Experimental setup: (a) Experimental equipment; (b) top view of ladle model. 
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Figure 2. The dimensionless curve variation range diagram of multiple repeated trials: (a) monitoring point 1; (b) monitoring point 2; (c) monitoring point 3; (d) monitoring point 4; (e) monitoring point 5; (f) monitoring point 6. 
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Figure 3. A typical photo and schematic diagram of ink tracer transport. 
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Figure 4. Dimensionless concentration curves at monitoring points 1 and 4: (a) monitoring point 1; (b) monitoring point 4. 
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Figure 5. A typical photo and schematic diagram of ink tracer transport of trend 1 (corresponds to the sinusoidal-type curve at monitoring point 4). 
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Figure 6. A typical photo and schematic diagram of ink tracer transport of trend 2 (corresponds to the parabolic-type curve at monitoring point 4). 






Figure 6. A typical photo and schematic diagram of ink tracer transport of trend 2 (corresponds to the parabolic-type curve at monitoring point 4).
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Figure 7. Dimensionless concentration curves for trend 1: (a) monitoring point 1; (b) monitoring point 3; (c) monitoring point 4. 






Figure 7. Dimensionless concentration curves for trend 1: (a) monitoring point 1; (b) monitoring point 3; (c) monitoring point 4.
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Figure 8. Dimensionless concentration curves for trend 2: (a) monitoring point 1; (b) monitoring point 3; (c) monitoring point 4. 






Figure 8. Dimensionless concentration curves for trend 2: (a) monitoring point 1; (b) monitoring point 3; (c) monitoring point 4.
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Figure 9. Dimensionless concentration curves at monitoring points 2 and 5: (a) monitoring point 2; (b) monitoring point 5. 






Figure 9. Dimensionless concentration curves at monitoring points 2 and 5: (a) monitoring point 2; (b) monitoring point 5.
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Figure 10. Dimensionless concentration curves at monitoring points 3 and 6: (a) monitoring point 3; (b) monitoring point 6. 






Figure 10. Dimensionless concentration curves at monitoring points 3 and 6: (a) monitoring point 3; (b) monitoring point 6.
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Figure 11. Top and bottom mixing times: (a) mixing times at upper monitoring points; (b) mixing times at bottom monitoring points. 






Figure 11. Top and bottom mixing times: (a) mixing times at upper monitoring points; (b) mixing times at bottom monitoring points.
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Figure 12. Maximum mixing time. 






Figure 12. Maximum mixing time.
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Figure 13. Three-dimensional mixing time diagram. 






Figure 13. Three-dimensional mixing time diagram.
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Table 1. Summary of the amount of tracer added to ladle water model.






Table 1. Summary of the amount of tracer added to ladle water model.





	
Researchers

	
Year

	
Tracer

	
Water

Volume

[L]

	
Tracer/Water




	
Kind

	
Concentration

	
Amount

[mL]






	
Pan et al. [48]

	
1997

	
NaCl

	
-

	
15

	
395.9

	
0.038 × 10−3




	
Wen et al. [49]

	
2007

	
KCl

	
Saturated

	
200

	
360.3

	
0.56 × 10−3




	
Ek et al. [50]

	
2010

	
NaCl

	
-

	
400

	
90.47

	
4.42 × 10−3




	
Liu et al. [51]

	
2019

	
NaCl

	
Saturated

	
50

	
46

	
1.09 × 10−3




	
Tan et al. [52]

	
2020

	
NaCl

	
Saturated

	
150

	
156

	
0.96 × 10−3




	
Aguilar et al. [53]

	
2021

	
KCl

	
3.35 mol/L

	
20

	
49.3

	
0.41 × 10−3




	
Conejo et al. [54]

	
2021

	
KCl

	
Saturated

	
100/20/10

	
333/66.7/33.3

	
0.3× 10−3




	
Shi et al. [55]

	
2021

	
NaCl

	
Saturated

	
500

	
519

	
0.96 × 10−3




	
Ortega et al. [56]

	
2021

	
KCl

	
Saturated

	
35

	
85.4

	
0.41 × 10−3




	
Cheng et al. [57]

	
2021

	
KCl

	
Saturated

	
500

	
428.7

	
1.17 × 10−3




	
Wang et al. [58]

	
2021

	
NaCl

	
Saturated

	
24

	
217

	
0.11 × 10−3




	
Wu et al. [59]

	
2022

	
KCl

	
Saturated

	
100

	
374

	
0.267 × 10−3




	
Zhou et al. [38]

	
2022

	
NaCl

	
Saturated

	
200

	
930

	
0.215 × 10−3




	
Li et al. [60]

	
2023

	
KCl

	
Saturated

	
200

	
384

	
0.52 × 10−3




	
Shan et al. [61]

	
2023

	
KCl

	
Saturated

	
100

	
366

	
0.27 × 10−3




	
Li et al. [62]

	
2024

	
NaCl

	
Saturated

	
20

	
90.8

	
0.22 × 10−3











 





Table 2. Dimensions of prototype and physical model of ladle.






Table 2. Dimensions of prototype and physical model of ladle.





	Parameters
	Industrial Prototype
	Water Model





	Inner diameter of ladle top (mm)
	2925
	975



	Inner diameter of ladle bottom (mm)
	2690
	897



	Ladle height (mm)
	3150
	1050



	Liquid level height (mm)
	3000
	1000



	Number of nozzles
	1
	1



	Bottom injection gas flow rate (L·min−1)
	730
	8.3



	Nozzle radial position (r/R)
	0.2
	0.2










 





Table 3. Table of dosage range for tracers.






Table 3. Table of dosage range for tracers.





	Dosage of Saturated NaCl Solution (mL)
	92
	185
	277
	370
	463
	695





	Volume ratio of saturated NaCl solution to water
	0.13 × 10−3
	0.26 × 10−3
	0.39 × 10−3
	0.52 × 10−3
	0.65 × 10−3
	0.97 × 10−3










 





Table 4. Statistics of mixing time from multiple trials and the averaged mixing time.






Table 4. Statistics of mixing time from multiple trials and the averaged mixing time.





	
Order

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
AVG

	
S.D.




	
Time(s)




	
Monitor






	
1

	
44

	
50

	
65

	
45

	
76

	
73

	
62

	
47

	
58

	
76

	
59.60

	
12.75




	
2

	
65

	
72

	
44

	
56

	
44

	
73

	
68

	
54

	
54

	
50

	
58.00

	
10.86




	
3

	
103

	
87

	
85

	
102

	
93

	
82

	
91

	
72

	
87

	
87

	
88.90

	
9.13




	
4

	
84

	
108

	
116

	
89

	
92

	
89

	
102

	
92

	
92

	
93

	
95.70

	
9.88




	
5

	
103

	
80

	
113

	
86

	
85

	
109

	
107

	
92

	
75

	
116

	
96.60

	
14.75




	
6

	
87

	
87

	
105

	
98

	
68

	
110

	
72

	
86

	
82

	
66

	
86.10

	
14.98








AVG: The average mixing time of ten trials. S.D.: The standard deviation of the mixing time of ten trials.
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