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ABSTRACT Machine vision has been proposed as an ideal non-intrusive instrument to obtain meaningful information relating to the performance of the froth phase of flotation for the purposes of process control. Many attempts have been made to use machine vision to predict performance factors such as mass recovery rate and concentrate grade. These approaches have largely been empirical, and have been shown to be accurate under limited operating conditions.



The most commonly used application of machine vision technology is the measurement of froth velocity within a control strategy to balance the concentrate recovery rate down a bank by manipulating either froth depth or air rate.



This paper investigates whether the measurement of physical machine vision measurements are able to provide accurate measures of mass recovery rate and concentrate grade across variations in operating conditions.



The results show that although good relationships are found in narrow conditions, a mechanistic understanding and model is needed to determine relationships that are useful over a wide range of operating conditions.
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INTRODUCTION A number of performance measurements exist that are useful in the control and operation of a flotation bank. The most important measures are generally considered to be the concentrate solids recovery rate, concentrate grade and recovery of valuable mineral or elemental species. Previous authors have attempted to predict these values based upon the use of froth surface descriptors derived from machine vision systems.



Measuring concentrate grade The measurement of the concentrate grade is important within flotation, as most flotation plants operate to a target grade performance, based upon the requirements of downstream processes. Concentrates below the target grade may be uneconomical to process and subject to penalty fees, whilst the cost of above target concentrate grade is lower recovery.



Generally, within routine flotation operation, samples are obtained on a shift basis and take a number of hours to process. On-line instruments are used to measure grade, however, these instruments are relatively expensive to maintain and may have low sample frequencies. Therefore, the response time to deviations from the target grade is slow. Hence, a cheap, non-intrusive, reliable and fast alternative is attractive.



A number of authors, such as Hargrave and Hall (1997), Hatonen et al. (1999), Bonifazi et al. (2000a,b, 2002) have investigated the relationship between colour measurements combined with other machine vision measurements to infer concentrate grade. However, all of these authors have not investigated or discussed the effect of lighting on colour measurement. They often incorporate luminosity parameters and parameters which are affected by luminosity within their models. These are likely to be problematic across ambient lighting changes, especially changes between day and night. Only under exceptional circumstances, such as where large colour differences between minerals exist (e.g. hematite flotation systems) will this not be a problem. Heinrich (2003) investigated the use of the luminosity independent colour space, CIE Lab, to solve this problem. 2



However, Reddick et al. (2009) demonstrated that despite controlled conditions, and using the luminosity decoupled colour space, CIE Lab, variation in luminosity between night and day still overpowers the subtle changes seen across large grade variations within a pyrite / chalcopyrite system. In addition they show that the colour relationship between chalcopyrite and the gangue minerals is complex and potentially requires additional parameters to discriminate between the minerals.



In addition to colour parameters, Hatonen et al. (1999) used a bubble stability measurement and froth velocity to explain up to 66 % of the variation in zinc grade. Hyotyniemi et al. (2000) showed results where a froth stability measurement provided a linear correlation with zinc concentration in the rougher tails. However, the froth stability measurement also showed an inverse correlation with the incoming zinc grade. They also showed that the copper sulphate concentration had an inverse correlation with their stability and transparency measurements.



Work performed by Morar et al. (2005) corresponded with the findings of Hatonen et al. (1999) and Hyotyniemi et al. (2000) by showing that more accurate grade predictions were obtained when parameters, such as velocity and stability were used in conjunction with colour.



Morar et al. (2006), Barbian et al. (2007) and Runge et al. (2007) all showed that froth stability measurements in combination with froth velocity, without the use of colour can predict concentrate grade. They concluded that froth stability was related to the concentration of attached material within the system, whereas the velocity related to the concentration of entrained material recovered. Forbes (2007) performed work to classify and identify froth classes based upon the froth surface bubble size distribution. He also showed that the froth class in addition to froth velocity and bubble size measurements can be used to predict concentrate grade. These results indicate that froth stability and transport characteristics change with froth structure, which would modify the relationship between these measured parameters and concentrate grade.
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Thus, from the literature, froth stability and transport factors have been shown to be a good indicator of concentrate grade, while colour has been discounted as an unreliable measurement within this context. However, variability in the relationship between these factors has been demonstrated to depend upon froth structure.



Measuring solids recovery Mass flow, or mass recovery, measurements indicate the rate of solids recovery to the concentrate. This measurement is important, as it relates to the recovery of the desired mineral species and it enables easy identification of areas of a circuit that perform sub-optimally. Machine vision measurements can be used to determine the mass flow rate of solids recovered to the concentrate (Sweet, 2000) and it is possible to predict concentrate mass flow rate using froth velocity measurements (Hatfield and Bradshaw, 2003).



Supomo et al. (2008) described a control system to control a flotation bank to a froth velocity set point by modifying the froth depth. A decreasing velocity set point profile (inverse exponential) down the bank was used owing to the exponential nature of the flotation kinetic response curve. Their results indicated an increase in recovery by 1.0 % at a 1.1 % Cu feed. Additional benefits cited were an increase in stability in their regrind circuit.



The superficial gas velocity is related to the froth transport factors in the flotation cell. Gorain (2005) showed that in lead and zinc flotation circuits the superficial gas velocity within a cell followed a linear relationship with the froth velocity. However, it was acknowledged that this relationship changed under different feed conditions.



The machine vision froth velocity measurement is a robust measurement that relates to the solids recovery rate. This relationship is non-trivial; however, no work has been performed to investigate the nature of this issue.
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To date research investigating froth velocity and recovery have assumed that froth stability and transport factors are consistent across a range of operating conditions within a single flotation cell across changing feed conditions. This has been the basis for the empirical modelling of the concentrate grade and solids recovery rate using froth stability and velocity measurements. However, this relationship has only been demonstrated under narrow and specific conditions.



Thus, the objective of this paper is to test this assumption by considering the relationships between the froth surface descriptors and flotation performance factors in the presence of different concentrations and type of floatable solids.



EXPERIMENTAL METHOD Two experimental systems were considered. Copper and platinum flotation systems were chosen, to represent slow and fast floating material respectively. The copper test work was performed in industrial flotation cells at NorthParkes Mine in New South Wales, Australia. This plant processes an ore, where the majority of the copper mineralisation occurs in bornite (Cu5FeS4) and chalcopyrite (CuFeS2). The platinum test work was performed on the pilot plant at Anglo Platinum Divisional Metallurgical Laboratories in Rustenburg, South Africa. The ore used in this study was obtained from the Merensky reef in the Bushveld complex. Merensky reef is a feldspathic pyroxenite and shows a large variation in mineralogy, both on a small and large scale. It also contains talc which is a problematic gangue mineral. The PGM’s are finely disseminated and associated in solid solution with the sulphide minerals which are predominantly pentlandite, chalcopyrite and pyrrhotite.



The bank feed, each cell’s concentrate and bank tails were sampled to obtain a mass balance for the circuit. A number of additional measurements were taken in the first and third cells of the bank. These cells were chosen to represent the presence of high and low amounts of floatable material within the pulp.
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Machine vision measurements were taken, which consisted of 20 minutes of video footage across each test. This footage was analysed to determine froth surface descriptors using the SmartFroth machine vision system (Sweet et.al., 2000) and software implementing the new measurements described in this work. Solids loading measurements were obtained using a gravimetric method (Sadr-Kazemi and Cilliers, 2000). These measurements were used to calibrate a machine vision method (Morar, 2010), from which the solids loading was determined as a function of bubble size. Froth stability was measured using a machine vision method (Morar, 2010), which detects and determines the rate at which bubbles burst on the froth surface.



In both systems, experiments were performed where the operating conditions were varied according to a rigorous experimental design. In the copper system the frother concentration, froth depth and air rate to each cell were varied for each experiment (Table 1), while in the platinum system the frother type (Senmin XP200 and XP250), frother concentration, froth depth and presence of an activator (CuSO4) were varied for each experiment (Table 2). Table 1: Operating variables tested with the copper ore



Frother addition (ml/min)



Froth depth (mm)



Low froth depth Low frother concentration



100



155



High froth depth Low frother concentration



100



200



High froth depth High frother concentration



140



200
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Jg (Cell 1) (cm/s) 1.03 1.10 1.17 1.03 1.10 1.17 1.03 1.10 1.17



Jg (Cell 3) (cm/s) 1.26 1.48 1.61 1.26 1.48 1.61 1.26 1.48 1.61



Table 2: Operating variables tested with the platinum ore



Frother type



Frother concentration (g/t)



Froth depth (frac. Of Hmax,fdpth) 0.75



60 XP 200



0.25



40



0.50



20



0.25 0.75



60 0.25 XP 250 0.75 20 0.25



Copper sulphate N Y N Y Y N Y N Y N Y N Y N



The conditions in each system and flotation cell are not directly comparable as the operating variable changes differed in level and magnitude. Thus, an analysis method was chosen to only determine the overall relationship between factors by measuring the significance and direction of the relationship.



Flotation performance has a distinct optimum and is a non-linear system. Many researchers have shown that the froth phase in particular exhibits non-linear behaviour. However, within this work, linear regression was chosen as a tool to determine whether the direction in which a factor changed related to a change in flotation performance consistently over the range of operating variables and ore types tested. Thus, only two levels of change, usually high and low, were made when investigating the effects of the factors in the system. Therefore, linear regression was only used to analyse the data and determine the significance and direction of the relationship between the operating conditions and the measured froth surface descriptors. It is not proposed as a method to model these relationships.
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RESULTS AND DISCUSSION The study investigated the relationship between specific froth surface descriptors and the frother concentration to the solids recovery rate and concentrate grade. The froth surface descriptors chosen were related to physical or dynamic froth characteristics.



Froth stability behaviour is related to flotation performance factors, such that froths containing high amounts of solids are stable and result in high recoveries at a low grade. Conversely, froths that contain low amounts of solids are unstable and result in low recoveries at a higher grade. Thus, the characterisation of froth stability behaviour is an important component in explaining froth phase performance behaviour. Morar (2011) demonstrated that the relationship between the froth surface bubble size and solids loading are the two principal factors that affect the froth stability, as measured by the froth surface bubble burst rate. Thus, two factors out of the three (froth surface bubble size, solids loading and burst rate) are required to fully characterise this stability behaviour. Where high concentrations of hydrophobic solids are present, measurements of the froth surface bubble size and bubble burst rate were used. Whereas, in the presence of low concentrations of hydrophobic solids, the froth surface solids loading measurement and bubble burst rate were used. These factors were chosen owing to a better regression model fit in these cases.



The importance of the factors were determined and ranked based upon the level of significance of the factor and the direction of the correlation. Highly significant relationships (++ or −−) require a pvalue of less than 0.05 (95 % confidence), whereas significant relationships (+ or −) require a p-value less than 0.15 (85 % confidence).



Table 3 shows results that indicating the significance and direction of the relationship for the relevant froth surface descriptors and operating variables on the solids recovery rate and concentrate grade.
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Table 3: The significance of relationships between measured froth surface descriptors and the frother concentration and the measured solids recovery rate and valuable grade under conditions where differing concentrations and hydrophobicity of the floatable solids were available.



System



High hydrophobicity High solids concentration (Copper rougher 1)



High hydrophobicity Low solids concentration (Copper rougher 3)



Low hydrophobicity High solids concentration (Platinum rougher 1)



Low hydrophobicity Low solids concentration (Platinum rougher 3)



Froth surface descriptors and operating variables Intercept Frother concentration Velocity Burst rate Bubble size Solids loading Intercept Frother concentration Velocity Burst rate Bubble size Solids loading Intercept Frother concentration Velocity Burst rate Bubble size Solids loading Intercept Frother concentration Velocity Burst rate Bubble size Solids loading



Significance Solids recovery Coeff p-Value Direction Coeff -1.50 0.010 -86.5 2.32 E-3 0.137 + -4.58 E-2 13.7 0.059 + -315 9.45 E-3 0.051 + -0.434 26.3 0.001 ++ -616 Not used in regression -0.397 0.316 102 5.39 E-4 0.602 4.60 E-3 4.41 0.100 + -448 4.85 E-3 0.151 + -0.704 Not used in regression 12.7 0.404 -1790 77.7 0.000 ++ -95.4 -0.332 0.000 -0.363 213 0.272 560 -4.88 E-2 0.004 -0.259 -1630 0.000 -3310 Not used in regression 6.64 0.809 4.33 -0.227 0.073 7.13 E-2 1280 0.027 ++ -818 -4.53 E-3 0.723 3.06 E-3 Not used in regression 194 0.641 415
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Grade p-Value 0.000 0.394 0.201 0.017 0.009



Direction ++



---



0.004 0.952 0.033 0.012



++



0.130 0.197 0.346 0.678 0.021 0.061



-



0.854 0.481 0.084 0.779 0.256



---



++ +



-



(a) Copper rougher 1



(b) Copper rougher 3



(c) Platinum rougher 1



(d) Platinum rougher 3



Figure 1: Solids recovery rate comparison between the modelled results from the regression analysis and measured flow rates
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Solids recovery rate Figure 1 shows results from the regression model to predict the solids recovery rate in each of the systems tested. The results show that the regression model is able to explain more of the variation in both first rougher cells, while the regression is poorer in the third rougher cells in both systems. This may occur due to increased feed variability to cells further down the bank.



The results for the solids recovery in Table 3 shows the significance and direction of the relationship for the relevant froth surface descriptors and operating variables on the solids recovery rate and concentrate grade.



In addition, Table 3 shows that in each ore condition, different factors have a different level of significance on the regression model. In the first copper rougher, the bubble size and the regression intercept were highly significant, while all the other factors, such as burst rate, velocity and frother concentration all remained significant. In the third copper rougher, only the froth velocity and burst rate were significant factors that related to the solids recovery rate. In the first platinum rougher, the regression intercept, burst rate, frother concentration and bubble size were all highly significantly related to the solids recovery rate. In the third rougher in the platinum system, the froth velocity was a highly significant factor that related to solids recovery rate, while the frother concentration also showed a significant relationship to the solids recovery rate.



Comparing the first rougher results for each system shows that in the case of the copper system, an increase in one or more of the burst rate, velocity, frother concentration or bubble size correlated with an increase in solids recovery rate. However, in the platinum system, a decrease in either the burst rate, frother concentration or bubble size correlated to an increase in solids recovery rate.



The number of factors that were significantly related to solids recovery rate decreased in the third rougher cell in both systems. An increase in velocity was consistently observed to correlate with an increase in solids recovery rate and, in the case of the copper system, burst rate correlated to an
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increase in solids recovery rate whereas, in the platinum system, the frother concentration correlated to a decrease in solids recovery.



(a) Copper rougher 1



(b) Copper rougher 3



(c) Platinum rougher 1



(d) Platinum rougher 3



Figure 2: Concentrate grade comparison between the modelled results from the regression analysis and measured concentrate grades
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Concentrate grade Figure 2 shows results from the regression model used to predict the concentrate grade in each of the systems tested. The results show that the regression model is able to explain a large proportion of variation in the concentrate grade, with the third rougher in the platinum system behaving the poorest.



Comparing the first rougher results for each system shows that the intercept, burst rate and bubble size all correlate significantly to concentrate grade. However, as with the relationships with solids recovery rate, the relationship between the factors and concentrate grade reverses between the copper and platinum results.



The regression results show that the solids recovery rate and concentrate grade were inversely related, such that when a significant factor was positively related to the solids recovery rate the factor corresponded to a negative relationship to concentrate grade.



These results also show that, while the velocity measurement is robust in that it is always positively correlated with solids recovery rate, in some of the conditions tested, other factors had a more significant relationship with solids recovery.



This finding has important consequences, as currently the froth velocity is the most often and commonly used froth surface descriptor to relate to solids recovery rate. These findings illustrate that, while it is a robust measurement, it is often not the most sensitive or direct indicator of solids recovery. In addition, the nature and significance of this relationship has been shown to change across different ore conditions.
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Understanding the role of froth stability The high solids concentration conditions resulted in better regression models when the bubble size measurement was used instead of the solids loading measurement, and the converse was true for the low floatable solids conditions. The significance of this finding may be that in systems where high amounts of floatable solids are present, the solids loading on the froth surface remains relatively consistent, while a variation in bubble size relates to the conditions and performance of the froth phase. Conversely, within a flotation cell where the amount of floatable solids present is low, the bubble size may be largely invariant (usually small) with a larger variation of solids loading on those bubbles that reflects the selectivity of the froth phase more effectively. However, in the cases investigated in this work, while the solids loading measurement did not have a significant correlation with either solids recovery rate or concentrate grade, its impact on the overall regression model in the third rougher cells was large.



In the copper system, an increase in the burst rate resulted in an increased solids recovery rate, and a decreased concentrate grade. However, in the platinum system, an increase in burst rate results in a decreased solids recovery rate and an increase in concentrate grade. This is attributed to two different mechanisms driving the froth behaviour. In the case of the copper system, an increased burst rate results in an increased loading of bubbles and increasing the solids present in the Plateau borders, resulting in increased solids recoveries. However, in the platinum system, an increased burst rate results in a decrease in the froth transport rate, and an increased drainage rate, lowering the bubble surface area flux and solids concentration being recovered to the concentrate.



This evidence illustrates two conditions where different mechanisms dominate the froth phase behaviour. While the different mechanisms dominate the behaviour in the two different systems tested, a system may exist where the dominance of these mechanisms may interchange across a narrow band of operating conditions, such as a feed change from an ore type containing highly floatable minerals to an ore type containing slow or low floatable minerals.
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These findings indicate that a model which considers specific mechanistic behaviour within the froth phase is required to robustly determine which factors are the most significant for the current ore processing conditions.



CONCLUSIONS In each flotation cell in both systems, good relationships were found relating the froth surface descriptors and specific operating variables to solids recovery rate and concentrate grade. Where significant relationships between the modelled factors and either the solids recovery rate or concentrate grade were determined, the direction of the corresponding relationship between the solids recovery rate or concentrate grade was inversed, indicating that solids recovery was inversely proportional to grade, as expected.



The solids recovery rate varied over a wide range in the first rougher cell of both systems. In these cases, the factors used in the regression analysis related well to the solids recovery rate.



The concentrate grade was shown to be strongly related to froth stability under conditions where high amounts of floatable solids or highly hydrophobic solids were present. However, in conditions where low amounts of floatable solids were present, other factors, such as froth velocity, were more significantly related to the concentrate grade than the froth stability.



In the case of the copper system, an increase in stability correlated to a decrease in concentrate grade and an increase in solids recovery rate, whilst in the platinum system, increased stability correlated to an increase in concentrate grade and a decrease in solids recovery rate. This finding illustrates that different mechanisms acted within the froth phase to influence the froth behaviour and performance characteristics.



Thus, this work shows that, although in narrow operating conditions links between froth surface descriptors and flotation performance occur, no universal link exists to directly relate froth surface 15



descriptors to froth performance behaviour. Hence, further mechanistic understanding is required and empirical approaches used to relate froth surface descriptors to flotation performance behaviour are likely to fail.
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