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Abstract

:

In flotation cells, especially in large flotation units, froth management is a crucial variable that should be considered during the design phase or optimized to improve the performance of existing flotation circuits. This paper presents a simulation evaluation of the effect of launder design on the metallurgical performance of an industrial flotation circuit consisting of five TankCell® e630 (630 m3) cells in a Cu rougher duty. This analysis was carried out using a new industrial simulator that includes novel metallurgical and hydrodynamic models, developed from a wide database collected from many industrial concentrators. This tool is currently incorporated into HSC Chemistry® software and allows evaluating the effect of launder design on mineral froth recovery, water recovery, entrainment, and other variables. The industrial flotation circuit was evaluated under different launder design scenarios, considering an actual flotation circuit that includes TankCell® e630 cells for calibration and as a reference (baseline). Firstly, two different designs were evaluated in the full circuit: a standard launder design and a new launder technology. It was found that the new launder technology enabled improvement of the mineral recovery along the circuit, mainly for coarse particles, due to the improvement in froth mineral recovery. Next, a partial upgrade of the launder design along the circuit was analysed. Thus, the new launder technology was evaluated in the first and the last two cells of the bank. The results showed that upgrading the launders in different cells along the circuit delivered an increase in the final recovery with respect to the baseline, with a partial impact on the concentrate grade. However, these changes are less than those when evaluating the full upgrade scenario. A partial launder upgrade either in the first or last two cells of the bank showed similar final recoveries, but the latter enabled a slightly higher concentrate grade (about 1% higher) to be achieved. Finally, the evaluation of launder design using the industrial simulator made it possible to estimate its effect on variables that are not commonly obtained from plant surveys, including superficial gas rates at the froth surface level, froth recovery per particle size, collection recovery per particle size and liberation, gangue entrainment, and bubble loading grade.
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1. Introduction


Industrial flotation circuits have seen a significant increase in mechanical cell sizes, and now many plants or expansions are fully equipped with 300 m3 cells all over the world. Additionally, in recent years, larger cells of over 500 m3 and 600 m3 are being incorporated into new projects [1,2,3]. The new circuits with large cells have many reported advantages, e.g., lower specific energy, simpler circuits to operate with a lower number of cells, smaller footprint, and better control. However, new challenges arise to achieve the required recovery of the target cells. The main constraint in large cells is related to the decrease in froth recovery, which is strongly dependent on the longer froth transport distances and normally becomes the bottleneck of the system. To overcome this problem, new cell designs are required regarding the improvement of the froth transport together with the proper selection of operating conditions and control strategies. With this aim, Coleman [4] has carried out research on launder design, and Brito-Parada and Cilliers [5] have addressed the problem of launder configuration for improving froth transport. Grau et al. [6] have shown the improvement in flotation cell performance after reducing the froth area in a flotation cell of 300 m3 in operation at Atalaya copper concentrator, Spain. Additionally, Seaman et al. [7] have shown the optimization of the existing rougher cells of 200 m3 at Red Chris concentrator in Canada, where the installation of concentric launders to reduce the froth transport distance, together with a rougher control strategy, enabled improved cell recovery. Similarly, Bermudez et al. [8] have presented the results from launder retrofits with a new centre launder on the last three cells in the rougher circuit with 300 m3 cells at Hudbay Constancia concentrator, Peru. Metallurgical recovery improvements of 0.70% and 1.40% in Cu and Mo, respectively, were reported. Additionally, Corona et al. [9] have described the effect of launder configuration on froth surface area (FSA) at different tank cell volumes.



Recently, Bermudez et al. [10] have presented the metallurgical results after installing a set of centre launder retrofits on the last three tank cells in one of the parallel rougher flotation rows with 300 m3 cells at Copperton, USA. The results showed significant improvements in copper and molybdenum flotation recoveries throughout the rougher circuit.



Some studies have been conducted in industrial flotation circuits focused on the measurements and correlation of variables such as froth discharge velocity and top of the froth grades to correlate with the metallurgical performance [11]. However, despite the advances in basic and applied research, there is still a lack of industrial data for flotation characterization. In this sense, the main objective of this work is to present the evaluation of large industrial flotation cells (630 m3), analysing froth launder arrangements to improve the froth transport into the concentrate. Thus, the effect of changing the launders design in the full circuit as well as a partial modification in the first two and the last two cells was evaluated. For this purpose, an alternative launder design was simulated in four different scenarios, using new models implemented in the HSC® Chemistry simulator to evaluate metallurgical performance. Evaluation of other variables, such as collection recovery, froth recovery, gangue entrainment, and bubble loading grade along the flotation bank, allowed evaluation of different alternatives to improve the flotation bank performance.



The experimental testing for the simulator calibration was performed in the rougher banks of Buenavista del Cobre (BVC) concentrator in Mexico, which includes TankCell® e630 cells at the beginning of the rougher circuit [2].




2. Methodology


2.1. Evaluation of New Launder Designs in Flotation Cells


Two launder designs were evaluated in a simulated flotation bank consisting of five TankCell® e630 cells: a standard launder, shown in Figure 1a, corresponding to a double internal launder [6], and a new launder technology (upgrade), shown in Figure 1b.



The new launder technology includes an adjustable froth crowder and centre launder, complementing the internal peripherical launder and the original froth crowder. The main objective of this launder design is to reduce the froth surface area and increase the overflow launder lip, enabling improved mineral transport in froth and increased froth recovery. The adjustable froth crowder and the centre launder are highlighted in grey in Figure 1b. The centre launder is located between the froth crowder and the adjustable crowder.




2.2. Simulation of Different Scenarios for an Industrial Flotation Circuit


2.2.1. Scenarios


Four scenarios were simulated to evaluate the metallurgical performance after changing the launder design in the flotation cells of a bank consisting of five TankCell® e630 cells. The first scenario corresponds to the baseline, concerning the full circuit with standard launders (without upgrade). Then, full and partial launder upgrades were evaluated.



The simulator was able to show the differences between the scenarios with respect to recovery, concentrate grade, and internal variables such as froth recovery, entrainment, bubble loading grade, and other variables.



The scenarios are shown below:




	
Full circuit with standard launders (baseline).



	
Full circuit with new launder technology (upgrade).



	
New launder technology in the two first cells of the bank.



	
New launder technology in the two last cells of the bank.









2.2.2. Industrial Flotation Simulator to Predict Metallurgical Performance


The industrial flotation simulator used in this study was developed from a wide database gathered from industrial sampling surveys performed at different flotation plants. This simulator includes the operating conditions, cell design, and feed characteristics as input variables and allows the calculation of the metallurgical behaviour of each cell along a flotation bank [12]. This tool is currently implemented in the HSC Chemistry software [13]. The implementation process of this tool has been described earlier by Betancourt et al. [14].



The flotation simulator considers the sequential calculation of each single cell in series, assuming a two-zone system: collection and froth [15,16]. The feed minerals are characterized in terms of size-by-liberation classes.



The collection zone was characterized using a perfect mixing plus by-pass flow model, based on actual residence time distribution measurements (per particle size) at industrial circuits using the radioactive tracer technique [17]. To characterize the kinetics, a single rate constant (k) and a maximum recovery (Rmax) per size-by-liberation class was considered.



The hydrodynamic conditions were characterized based on actual industrial data. Thus, a relationship between the superficial gas rate (JG) and the bubble diameter (D32), at the interface level, was found from a benchmarking, considering cells sizes from 10 m3 to 300 m3 in rougher, cleaner, and scavenger stages, including some operations using sea water [12]. Equation (1) shows the general correlation to describe all the industrial data on JG (cm/s) and    D  32     (cm).


   D  32   = 0.0707 ⋅  e  0.823 ⋅  J G     



(1)







Then, the bubble surface area flux,    S  B     (m2/s/m2), was expressed in terms of the superficial gas rate JG (cm/s) and bubble size D32 (cm), as shown in Equation (2).


   S B  = 6 ⋅    J G     D  32     = 84.87 ⋅    J G     e  0.823 ⋅  J G       



(2)







The analysis of industrial data [12] for the range of interest showed a correlation between SB and the collection gas holdup (εG,C), described by Equation (3). Then, the εG,C was expressed as a function of JG, as shown in Equation (4).


   S B  = 4.46 ⋅  ε  G , C      



(3)






   ε  G , C   = 19 ⋅    J G     e  0.823 ⋅  J G       



(4)







Regarding the froth recovery, it was modelled as a function of four variables: froth stability, which depends on the solid flow rate entering the froth by true flotation; the launder design; the froth residence time; and the particle size [12]. This model was built using a wide database on froth recoveries measured at different industrial plants. Froth recoveries from 40% to 90% were found in flotation plants and were used to calibrate the model. The average residence time of gas in the froth (   τ  G , F    ) was estimated in terms of froth depth (HF), superficial gas rate (JG, at the froth surface level), and mean gas holdup in froth (   ε  G , F    ), as shown in Equation (5).


   τ  G , F   =    H F    ⋅  ε   G , F       J G     



(5)







The mineral recovery by entrainment (valuable and gangue) in each cell was estimated in terms of water recovery and particle settling velocity [18]. The froth water recovery was represented as a function of solid froth recovery, froth depth, and air flow rate, while the water entering the interface was considered as a function of gas holdup, air flow rate, pulp density, and solid content.



The paper presented by Yianatos et al. [12] describes in more detail the models used to build the flotation simulator. Additionally, some case studies analysed with the industrial simulator have been presented by Vallejos et al. [19,20], Vallejos et al. [21], and Betancourt et al. [14].



The industrial flotation simulator can represent the effect of both operating conditions and cell design characteristics on recovery and concentrate grade. According to the models and structure of the simulator, specific variables such as launder design were included in the simulator, which is an innovative topic in this type of tool and allows the study of the effect of the froth transport distance to the discharge lip on the metallurgical performance in industrial cells.




2.2.3. Industrial Flotation Simulator to Predict Metallurgical Performance


Description of the Industrial Flotation Circuit


This study was based on Buenavista del Cobre (BVC) mine Concentrator 1. BVC is a copper-molybdenum mine located in northern Mexico. Concentrator 1, processing 86 ktpd, has two parallel grinding-flotation sections known as Section 1 and Section 2. Both sections consist of three bulk (Cu and Mo) rougher flotation lines, and the rougher concentrate is transferred to a regrinding stage followed by two cleaning stages that produce a final bulk Cu–Mo concentrate [2,22].



In 2018, a TankCell® e630 cell was installed as the first cell in each existing rougher stage of Section 1 and Section 2. The implementation was recommended and reported by Grau et al. [2] based on a process assessment performed by personnel from Buenavista del Cobre and Outotec in 2015 to improve metallurgical performance.




Metallurgical Surveys at BVC Concentrator


The simulation study reported in this work is based on multiple sampling campaigns conducted around the TankCell® e630 flotation cells (Figure 2). The feed and tail samples were collected from automatic cutters, while the concentrate samples were cut manually at the end of the TankCell® e630 cell concentrate pipe.



The products of four sampling rounds were combined and analysed size by size, and the results were mass balanced to obtain metallurgical performance per size class. Additionally, mineralogical information (microscopy) on the feed samples of BVC concentrator was available, including minerals distribution and mineral liberation (polished section).



Operating conditions such as grade, tonnage and solid content in feed, air flow rate, froth depth, and pH were monitored through sampling surveys.



The average operating conditions of the TankCell® e630 cell observed in the sampling surveys were used as input variables for the simulation study. A froth depth of 25 cm and a superficial gas rate of 1.2 cm/s (interface level) were considered for the four simulated scenarios. The operating conditions were set as input variables for each cell of the flotation bank, consisting of five TankCell® e630 units.



Table 1 shows the feed characteristics of BVC in terms of distribution of valuable mineral in size-by-liberation classes, total mass distribution and feed Cu grade per size class. Additionally, the flotation feed was composed of 78% chalcopyrite, 17% secondary Cu sulphides, and 5% tennantite.







3. Results and Discussion


3.1. Calibration of the Metallurgical Response Predicted by the Industrial Simulator


The response predicted by the simulator was calibrated using the information from the sampling surveys performed at the BVC concentrator. Thus, size-by-liberation kinetics parameters were obtained by fitting the recoveries and concentrate grades by particle size.



Figure 3 shows the recovery and concentrate grade for the TankCell® e630 cell, including measured and predicted data after calibration. Good agreement between the measured and simulated data can be observed.



Moreover, Suhonen et al. [22] earlier estimated the froth recovery in the TankCell® e630 cell at the BVC concentrator. Figure 4 shows the froth recovery for three froth depths. It was found that froth recovery decreased from 69% to 47% when the froth depth increased from 14 to 26 cm. Then, from the simulation study presented in this work, the froth recovery of the TankCell® e630 cell was predicted using the industrial simulator (at a froth depth of 25 cm, Table 1) and is shown with a red point in Figure 4.



This plant value is in good agreement with the correlation shown for froth recovery vs. froth depth. It should be noted that the froth recovery model used in the industrial simulator was built and validated from a wide database of measurements performed at several industrial plants. Therefore, these results validate the estimation performed by Suhonen et al. [22] as well as strengthening the froth recovery model in the simulator.




3.2. Hydrodynamic Conditions of the Industrial Flotation Bank


Figure 5 shows the relationship between JG (interface level) and bubble size (Figure 5a), and between JG and SB (Figure 5b). These trends were found from a benchmarking of industrial data (grey points), as mentioned in Section 2.2.1. The dashed lines in Figure 5a,b represent the models that were developed for D32 and SB, shown in Equations (1) and (2), respectively. The red squares show the operating point of the flotation cells used for the simulation analysis. Thus, the JG at the interface level in all cells, for the four scenarios, was fixed at 1.2 cm/s. As changing the launder design do not have a significant impact on gas flowrate at the interface level, cells in all scenarios have the same JG at the interface.



The operating point at JG of 1.2 cm/s produces a D32 of 1.9 mm and SB of 37.9 m2/s/m2. This value of SB is located within the range of JG that generates maximum SB values (maximum collection capacity), according to Figure 5b.




3.3. Comparison of Different Scenarios after Launder Upgrade


The four scenarios were compared with each other in terms of recovery and concentrate grade. Other variables such as froth and collection recovery, as well as gangue entrainment, water recovery, and bubble loading grade, were also analysed in this study.



3.3.1. Hydrodynamic Conditions in Froth for the Different Scenarios


Figure 6 shows the JG profiles at the froth surface level (Figure 6a) and the froth residence time along the bank for the different scenarios.



Figure 6a shows an increase in the JG at the froth surface level when the new launder technology was evaluated for the different scenarios. The increase in the JG occurred because of the decrease in the froth cross-sectional area when using the new launders. This situation is relevant when cells operate with high air flowrates or when the area reduction is significant. In many cases, a decrease in air flowrate is required after installing new launders and reducing the froth cross-sectional area. The dashed line shows the JG at the interface level, as a reference.



Figure 6b shows an opposite behaviour with respect to the JG (Figure 6a) because higher JG values cause lower residence times, considering the same froth depth. The lower residence times produce an increase in froth recoveries in those cells.




3.3.2. Effect on Cu Recovery


Figure 7a shows the simulated final Cu recovery per particle size class for each scenario. The results showed a higher final recovery for the full upgrade scenario, where the differences are more significant for coarse particles (+106 µm). This is because the launder upgrade decreases the froth transport distance, which favours the recovery of coarse and less liberated particles (with higher froth dropback).



The scenarios with launder upgrade in the first two cells and in the last two cells of the bank did not show any significant differences in recovery. Only a slight difference in recovery can be observed for the coarse class. In general, all the scenarios including a launder upgrade enabled improved recovery with respect to the original scenario (baseline).



Since coarse particles (+106 µm) are more affected by the launder upgrade, Figure 7b shows the simulated recovery profiles of this class for the four scenarios to illustrate the cell-to-cell recovery along the bank.



Figure 8a shows the simulated froth recovery along the bank for the four scenarios. When the launder upgrade was evaluated, it was found that froth recovery increased from 49% to 76% in the first cell. In the last cell, the froth recovery increased from 36% to 52%. Comparing the original and the full upgrade scenarios, an increase in froth recovery can be observed in all the cells along the bank. For the other two scenarios (partial launder upgrade), the effect of the launder upgrade in the first or last two cells on froth recovery is clearly noticeable.



It should be noted that when froth recovery is improved in the first two cells because of the launder upgrade (third scenario), the froth recovery in the next cells is slightly lower than in the original scenario (equivalent cell characteristics). This occurs because the increase in recovery of the first cells decreases the mineral grade fed to the next cells, which strongly affects the collected mineral grade and flow rate, and therefore, the froth stability.



Figure 8b shows the relative differences in froth recovery between standard and new launders per particle size class and per cell along the bank. This is equivalent to comparing the cell-to-cell results between the first and the second scenario (baseline vs. full upgrade). The relative values were calculated as the difference between the froth recovery for the upgrade condition and for the standard condition, with respect to the latter.



The results showed that the main impact of the launder upgrade is on coarse particles, improving froth recovery by more than 140% (relative) in the first cell. This corresponds to an increase in froth recovery from 18.5% to 45.3%. In cells 2 to 5, the improvement in froth recovery is approximately 110%–120% (relative).



Figure 9a shows the simulated collection recovery along the bank for the four scenarios. The collection recovery decreased along the bank for all the scenarios, as expected, because of the mineral depletion along the bank. Figure 9a also shows lower collection recoveries along the bank for the second scenario (full upgrade) with respect to the baseline. This occurs because the increase in froth recovery (due to the launder upgrade) decreases the amount of valuable mineral dropping back to the collection zone. Thus, the mineral entering the collection zone (fresh feed + drop-back) has poorer characteristics and, therefore, decreases the collection recovery. For the two scenarios with the partial launder upgrade (third and fourth scenarios), the effect of improved froth recoveries in the first or last two cells on collection recovery can be seen clearly. The comparison of the four scenarios was performed considering the same gas flow rate, and therefore the same superficial gas rate (JG) at collection level, as indicated in Table 1.



Figure 9b shows the collection zone recovery per size-by-liberation class in the first cell of the original scenario. It can be observed that the collection recovery strongly increases when the liberation increases, mainly from the less liberated (<20% lib.) to intermediate class (20%–80% lib.). Particle size also has an effect on collection recovery, which increases while the particle size decreases; however, this effect is slight and less significant than that of liberation.



It is also noteworthy that the collection recovery in each size-by-liberation class does not significantly change for the other scenarios or the other cells along the bank. The main change is related to the mass distribution of minerals fed to each cell per size-by-liberation class, which significantly varies along the bank and when implementing a launder upgrade.




3.3.3. Effect on Cu Concentrate Grade


Figure 10a shows the simulated Cu concentrate grade of the bank per particle size class for each scenario. The highest concentrate grades are observed for the original scenario, and the differences are greater for fine particles (−45 µm). The scenarios with a partial launder upgrade (third and fourth scenarios) did not show any significant differences in the cumulative concentrate grade, but a launder upgrade in the last two cells enabled an approximately 1% higher total grade to be reached. In general, all the scenarios including a launder upgrade showed lower concentrate grades than the original scenario (baseline). However, considering that the flotation bank corresponds to a rougher operation, a decrease in concentrate grade (and an increase in mass pull) should not cause significant operating problems, provided that the cleaning circuit has enough capacity to process the increment in flow rate.



Since the cumulative concentrate grade of fine particles (−45 µm) is more affected by the launder upgrade, Figure 10b shows the simulated cumulative grade profiles of fine particles for the four scenarios. This allows us to observe the behaviour of the cell-to-cell cumulative concentrate grade along the bank and the effect of a full and partial launder upgrade. The more significant decrease in concentrate grade for fine particles is due to the increase in gangue entrainment (Figure 10), promoted by the improved froth stability given by the new launders.



Figure 11 shows the simulated gangue entrainment flow rate along the bank for the four scenarios. The results showed that the gangue entrainment is considerably higher for the second scenario compared to the original one (full upgrade) in all cells. For the scenarios with a partial launder upgrade, gangue entrainment is significantly higher in the cells with the new launder. The trends observed in Figure 11 show a clear relationship with the profiles of Figure 10b, i.e., cells with a higher gangue entrainment have lower concentrate grades.



On the other hand, Table 2 shows the simulated froth water recovery along the bank for the four scenarios. This variable is directly related to froth mineral recovery and is also affected by the launder upgrade. Thus, the increase in gangue entrainment is caused by an increase in froth water recovery. The data presented in Table 2 shows the same trends along the bank as those in Figure 11 for gangue entrainment.



Figure 12 shows the simulated bubble loading grade (collected minerals) along the bank for the four scenarios. The bubble loading grade decreased along the bank for all the scenarios, representing mineral depletion along the bank. However, the results showed lower grades in all cells for the full upgrade scenario compared to the original scenario. This occurs because the increase in total recovery along the bank, due to the launder upgrade in the whole bank, decreases the mineral grade fed to the collection zone of the cells, affecting the collected mineral grade.



The effect of the partial launder upgrade (third and fourth scenarios) can be clearly observed, reaching similar values in the last cell of the bank.






4. Discussion


The industrial simulator allowed for the evaluation of the metallurgical performance of an actual industrial plant (Buenavista del Cobre, México) under different scenarios with a full and partial launder upgrade. Additionally, the froth recovery estimation made by the simulator was consistent and validated with a previous froth recovery study carried out in the same plant. On the other hand, the simulator showed that the chosen operating point of the cells in the different scenarios produced a SB within the range of maximum collection capacity.



The simulation results showed that either a partial or a full launder upgrade would improve recovery with respect to the original scenario (baseline). The highest final recovery was observed for the full upgrade of the bank because the recovery in all cells was improved. On the other hand, a partial launder upgrade either in the first or last two cells of the bank showed similar final recoveries, higher than the original scenario. With respect to the effect of launder upgrade on particle size, it would improve recovery, mainly of coarse particles, because the decrease in the froth transport distance favours the recovery of particles with higher froth dropback (coarse and less liberated particles).



The recovery improvement by upgrading launder design occurs because the new launder technology in each scenario increased the froth recovery, due to decreased froth transport distance and enhanced froth stability. The froth recovery increased from 49% to 76% in the first cell and from 36% to 52% in the last cell according to the launder upgrade evaluation, with respect to the baseline.



On the other hand, the results showed that either a partial or a full launder upgrade decreased the concentrate grade, because of the increase in gangue entrainment, caused by the increase in froth water recovery. This latter increased due to the increase in froth stability. Thus, fine particles grade (−45 µm) was more affected because particles of gangue in this size class are more likely to be entrained by the water flowrate to the concentrate. Therefore, the full upgrade scenario showed the lowest concentrate grades because the water recovery in all cells was improved. Then, a partial launder upgrade in the last two cells enabled a slightly higher concentrate grade to be reached than an upgrade in the first two cells (about 1% higher). However, considering that the flotation bank corresponds to a rougher operation, a decrease in concentrate grade (and an increase in mass pull) should not cause significant operating problems, provided that the cleaning circuit has sufficient capacity to process the increment in flow rate.



It should be noted that the conditions for each scenario were not optimized along the bank, but the results show the potential and flexibility of using different launder designs in a flotation bank, as well as the strengths of the new flotation models.



Finally, the industrial simulator allowed for evaluating non-conventional variables such as size-by-liberation collection recovery, water recovery, gangue entrainment, and bubble loading grade along the bank for each scenario. Additionally, hydrodynamic variables were also characterized by the simulation tool, including JG, bubble size, SB,    ε  G , C     (which allowed for the estimation of the effective pulp residence time), and the froth residence time. This tool enables the evaluation of a wide range of modifications in flotation cells, related to volume and launder configuration. As well as the launder designs evaluated in this study, other launder designs available for flotation cells can be evaluated to choose the right configuration to reach the desired metallurgical performance, which can be an increase in recovery, grade, or selectivity.




5. Conclusions


The metallurgical performance of an actual industrial plant under different scenarios, with a full and partial launder upgrade, was successfully evaluated using the industrial simulator. The main results from the simulation study were the following:




	
Either a partial or a full launder upgrade improved recovery.



	
The full launder upgrade of the bank showed the highest final recovery.



	
A partial launder upgrade, either in the first or last two cells of the bank, showed similar final recoveries, but the latter showed a slightly higher concentrate grade (about 1% higher).



	
The main impact of launder upgrade was to improve recovery of coarse particles.



	
The effect of launder upgrade in each evaluated cell was to increase froth recovery. The froth recovery estimation made by the industrial simulator was validated with previous industrial data.



	
Either a partial or a full launder upgrade decreased the concentrate grade, to varying degrees, because of the increase in gangue entrainment (mainly for fine particles).








The industrial simulator allowed for evaluating variables that are not usually included in the currently available simulation systems, such as size-by-liberation metallurgical performance, entrainment, hydrodynamic conditions, and others.
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Figure 1. Launder designs for TankCell® e630 cell: (a) standard launder (baseline) and (b) new launder technology (upgrade). 
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Figure 2. Schematic image of TankCell e630 and the flotation cell at BVC concentrator [2]. 
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Figure 3. Comparison between measured and simulated data after calibration: Cu recovery and concentrate grade. 
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Figure 4. Froth recovery vs. froth depth in the TankCell® e630: data reported by Suhonen et al. [22] and this work (red point). 
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Figure 5. Relationships of JG with (a) D32 and (b) SB. 
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Figure 6. (a) JG profiles at the froth surface level and (b) Froth residence time profiles. 
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Figure 7. Cu recovery results for the four scenarios: (a) Final Cu recovery per particle size class and (b) recovery profiles for coarse particles (+106 µm). 
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Figure 8. (a) Froth recovery along the bank for the four scenarios and (b) relative differences in froth recovery between standard and upgraded launders per particle size class. 
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Figure 9. (a) Collection recovery along the bank for the four scenarios and (b) collection recovery per particle size and liberation class (first cell, original circuit). 
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Figure 10. Cu concentrate grade results for the four scenarios: (a) Cumulative Cu concentrate grade per particle size class and (b) concentrate grade profiles for fine particles (−45 µm). 
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Figure 11. Gangue entrainment along the bank for the four scenarios. 
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Figure 12. Bubble loading grade along the bank for the four scenarios. 
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Table 1. Feed characteristics of BVC cell used to carry out the scenario simulations.
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Valuable Mass Fraction (%)

	
Total Mass Fraction (%)

	
Cu Grade (%)




	
Liberation Class (%)




	
Particle Size (µm)

	
<20

	
20–80

	
>80






	
+106 (coarse)

	
20.7

	
32.2

	
47.1

	
36.5

	
0.40




	
+45 −106 (intermediate)

	
2.5

	
17.6

	
79.9

	
18.2

	
0.79




	
−45 (fine)

	
0.4

	
4.6

	
95.0

	
45.3

	
0.49
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Table 2. Froth water recovery along the bank for the four scenarios.
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	Cell
	Original
	Full Upgrade
	2 First Cells
	2 First Cells





	1
	10.7
	29.7
	29.7
	10.7



	2
	8.9
	23.9
	23.9
	8.9



	3
	8.3
	21.9
	8.0
	8.3



	4
	8.0
	20.9
	7.7
	21.8



	5
	7.8
	20.3
	7.6
	20.9
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