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Introduction

It is a general practice to design the coal flotation circuit based on kinetics results derived from laboratory scale batch flotation. Usually, laboratory and plant flotation results are different; the collective evidence suggests that different machine sizes and designs can produce similar flotation performance when the operating variables have been appropriately adjusted [START_REF] Taggart | Handbook of mineral dressing[END_REF][START_REF] Arbiter | Design and operating characteristics for large flotation cells[END_REF][START_REF] Harris | Flotation cell design[END_REF][START_REF] Xia | Comparison of flotation performances of intruded and conventional coals in the absence of collectors[END_REF].

However, there is no established procedure for specifying industrial operating conditions from data obtained through laboratory studies. To replicate the flotation performance of the laboratory flotation machine to the industrial-scale operation, it is imperative to recognise how different factors affect and control flotation performance for a particular system. Factors associated with coal particles and reagent chemistry are dynamic. However, factors related to the flotation machine are generally the design characteristics of impeller and cell. Several authors have summarised that the flotation rate constant mainly depends upon the machine design and its operating parameters [START_REF] Jameson | New directions in flotation machine design[END_REF][START_REF] Zhou | Surface hydrophobicity of sub-bituminous and meta-bituminous coal and their flotation kinetics[END_REF][START_REF] Ahmed | Flotation kinetics[END_REF][START_REF] Ni | Effect of slimes on the flotation recovery and kinetics of coal particles[END_REF][START_REF] Prakash | Flotation technique: Its mechanisms and design parameters[END_REF][START_REF] Hernáinz | Froth flotation: kinetic models based on chemical analogy[END_REF][START_REF] Deglon | A model to relate the flotation rate constant and the bubble surface area flux in mechanical flotation cells[END_REF][START_REF] Heiskanen | On the relationship between flotation rate and bubble surface area flux[END_REF]. Therefore, it is absolutely imperative to select cell volume and impeller speed of a self-aerating flotation machine rationally for the experimentation. In general, flotation results may vary with different cell volumes when running at the same impeller speed with identical reagent dosages and feed characteristics.

Self-aerating laboratory flotation machines are commonly used for batch tests. There are mainly two types of design parameters that influence the self-aerated flotation machine performance. The first design parameter is the impeller geometry, which includes size, shape, and number of rotor and stator blades [START_REF] Nelson | Hydrodynamic design of self-aerating flotation machines[END_REF][START_REF] Degner | Large flotation cell design and development[END_REF]. The design of the rotor and stator has a significant influence on keeping the particle in suspension, dispersion of air bubbles in the cell.

The design also impacts on the bubble particle interaction as well as in drawing air into the cell [START_REF] Gorain | Studies on impeller type, impeller speed and air flow rate in an industrial scale flotation cell. Part 4: Effect of bubble surface area flux on flotation performance[END_REF]. Work by Harries et al. [START_REF] Harris | Aeration characteristics of laboratory flotation machine impellers[END_REF] indicated that careful control of agitation could improve flotation performance. The agitation should be optimum in flotation cell to avoid the settling of coarse particles as well as on the rupturing of bubble-particle aggregate due to agitation intensity. Another effective parameter in flotation machine design is the cell geometry, which can be square, rectangular, circular or U-shaped. The cell must contain optimum hydrodynamic zones to make rise the bubble-particle aggregates to the surface of the cell without loss of particles [START_REF] Mesa | Scale-up in froth flotation: A state-of-the-art review[END_REF][START_REF] Schubert | On the optimization of hydrodynamics in fine particle flotation[END_REF][START_REF] Yalcin | Dissolved gas flotation in mineral processing[END_REF][START_REF] Gorain | Studies on impeller type, impeller speed and air flow rate in an industrial scale flotation cell. Part 1. Effect on bubble size distribution[END_REF][START_REF] Gorain | The empirical prediction of bubble surface area flux in mechanical flotation cells from cell design and operating data[END_REF]. According to Tabosa et al. [START_REF] Tabosa | The effect of cell hydrodynamics on flotation performance[END_REF], turbulence can be controlled not only by impeller speed and aeration rate but also by the geometry of the cell. The turbulence inside the cell is provided by the combination of rotor, stator, and baffles. If baffles are not appropriately designed high agitation disrupts the froth. There appear to be only a few studies [START_REF] Harris | Flotation cell design[END_REF][START_REF] Mesa | Scale-up in froth flotation: A state-of-the-art review[END_REF][START_REF] Gorain | Studies on impeller type, impeller speed and air flow rate in an industrial scale flotation cell. Part 1. Effect on bubble size distribution[END_REF][START_REF] Gorain | The empirical prediction of bubble surface area flux in mechanical flotation cells from cell design and operating data[END_REF][START_REF] Tabosa | The effect of cell hydrodynamics on flotation performance[END_REF][START_REF] Koh | CFD model of a self-aerating flotation cell[END_REF], however, concerned with the interactive effect of impeller speed and cell volume.

Entrainment is considered the leading factor for deteriorating the quality of the concentrate.

Several authors have shown that entrainment is closely related to water recovery [START_REF] Warren | Determination of the contributions of true flotation and entrainment in batch flotation tests[END_REF][START_REF] Kirjavainen | Review and analysis of factors controlling the mechanical flotation of gangue minerals[END_REF][START_REF] Cilek | A statistical model for gangue entrainment into froths in flotation of sulphide ores[END_REF][START_REF] Zheng | Modelling of entrainment in industrial flotation cells: Water recovery and degree of entrainment[END_REF][START_REF] Akdemir | Investigation of coal and ash recovery and entrainment in flotation[END_REF] and it is dependent on different operating variables such as aeration rate, impeller speed, froth height, pulp density, particle shape, size and hydrophobicity and frother concentration [START_REF] Angadi | A kinetic model for the prediction of water reporting to the froth products in batch flotation[END_REF][START_REF] Li | Determining the significance of flotation variables on froth rheology using a central composite rotatable design[END_REF][START_REF] Neethling | Simple relationships for predicting the recovery of liquid from flowing foams and froths[END_REF][START_REF] Neethling | Predicting air recovery in flotation cells[END_REF][START_REF] Pita | True flotation and entrainment of kaolinitic ore in batch tests[END_REF].

Cell volume can significantly change water recovery which in turn can affect the gangue entrainment, though it is still not clear to what extent the degree of entrainment is affected by cell volume and its interaction with impeller speed.

The present investigation aims to evaluate the effect of impeller speed and cell volume on the coal flotation performance. The influence of impeller speed and cell volume on yield, ash, combustible recovery, and entrained water recovery were statistically analysed using the factorial design of experiments. The degree of entrainment prevailing for different cell volumes at different impeller speeds is also discussed.

Materials and Methods

Coal Samples

The metallurgical coal sample (-500 µm) from Jharia (Coalfield of India) is used in the present work. First, the sample is mixed thoroughly, and then it is split into different sub-samples using coning quartering sampling method. The proximate analysis of the sample on the as received basis indicates 42.3% fixed carbon, 20.4% volatile matter, 2.7% moisture, and 34.7% ash. A representative sub-sample is subjected to size distribution analysis, followed by size by size proximate analysis. Size analysis results are shown in Table 1, which indicates that the sample is finer in size with 80% passing size of 310 µm, 50% passing size of 165µm and as high as 25% passing through 75 µm. The results of size-by size proximate analysis are presented in Table 1, and it indicates that -42 µm size shows high ash percentage and low volatile matter perhaps due to the presence of a high amount of clay and mineral matter. It is also noted that the size fraction of -180+125 µm has the highest fixed carbon content due to low ash percentage.

Table1 Size by size proximate analysis (as received basis).

Experimental set-up

Batch flotation experiments are performed in a self-aerated laboratory flotation machine using three different cell volumes (2 L, 4 L and 6 L), along with three different impeller speeds, 1200, 1500, 1800 rpm. Dimensions of the three cells are illustrated in Fig. 1 along with the effective pulp volume. The flotation machine has Denver D12 type impellers, and the diameter of the impeller is 9 cm. The shape of all three cells is rectangular and made up of perspex material with scrapping arrangement to skim off the froth. There is only one scraper at the front portion for 2 L and 4 L cell, whereas two scrapers for 6 L cell, one at the front part and other at the rear end to scrap the froth from the entire cell area efficiently. The flotation unit is provided with an overhead water tank to maintain a constant pulp height in the cell. During experimentation, the frother is not added to the make-up water in the overhead tank. Tap water was used for all the flotation tests. The reagents used are diesel oil as collector and MIBC (Methyl Isobutyl Carbinol) as frother. First, the coal is homogenized with water, then followed by conditioning with the collector and frother. The operating parameters maintained during the experimental work for all three cell volumes are summarized in Table 2. Table 2 Operating conditions of flotation machine

Froth products and tailings after each flotation test are weighted and then filtered and dried.

The loss in weight of froth product after drying mostly gives the weight of entrained water, more so because the size-by-size moisture content in feed varies in the range of 2.0-3.2%. Dried froth and tailings are subjected to proximate analysis. The data obtained are used to calculate combustible recovery (Equation 1) [START_REF] Xia | Comparison of flotation performances of intruded and conventional coals in the absence of collectors[END_REF] and entrained water recovery (Equation 2) [START_REF] Angadi | A kinetic model for the prediction of water reporting to the froth products in batch flotation[END_REF] as follows.

Combustible recovery % = × 100 (1)

Entrained water recovery % = " # " $ × 100 (2) 
Where 'C' is the weight percentage of the concentrate, 'F' is the weight percentage of the feed, 'c' is the ash percentage of the froth, 'f'' is the ash percentage of the feed, 'Wc' is the weight percentage of water recovered in the froth, 'Wf' is the weight percentage of water in the pulp.

Factorial design of experiments is performed to analyse the significance of the main and interactive effect of impeller speed and cell volume on flotation performance. The factorial experimental design is used to generate the predictive mathematical models that describe the system's behaviour and to determine the optimum operating conditions. Cell volume and impeller speed are the independent variables chosen for manipulation, considering yield, ash, combustible recovery, entrained water recovery as the process response variable. The data analysis and model evaluation based on analysis of variance (ANOVA) is performed using design expert 11 software (by Stat Ease Inc., Minneapolis, MN, USA).

The degree of entrainment is calculated by evaluating the 'entrainment factor' according to Warren's method [START_REF] Warren | Determination of the contributions of true flotation and entrainment in batch flotation tests[END_REF]. This factor is estimated by determining the slope of differential ash content versus entrained water percentage. It indicates the rate of increase of ash content with a one-unit increase in entrained water content. The amount of water recovered is directly proportional to the entrainment of non-selected particles [START_REF] Woodburn | Mathematical modelling of flotation processes[END_REF]. The entrainment factor is calculated for each test to understand how the correlation between the impeller speed and cell volume affects entrainment factor.

In the self-aerated flotation machine used in the experimental work, the air is introduced through the impeller system from the atmosphere into the cell. The airflow rate is measured through a rotameter (range 0-20 l/min) connected to the air inlet. By dividing the values of the airflow rate with the cross-sectional area of the three different cells, the superficial gas velocity is estimated, and it is graphically shown in Fig. 2. It can be observed from Fig. 2 that as impeller speed increases the superficial gas velocity also increases in all the cells. Among the three cells, the superficial gas velocity remained high for 2 L cell and low for 6 L cell at all impeller speeds. Fig. 2. Effect of impeller speed on the superficial gas velocity at different cell volumes.

Experiments were carried out with a single replication, and the average value of the results are considered for the manuscript and analysis. It is also found that the standard deviation during the replication of the result values was varied at below 5%.

Kinetics rate constant

Flotation rate constant is a kinetic parameter that reflects the flotation performance, and it indicates the rate of removal of combustibles by bubbles in a flotation cell [START_REF] Jameson | New directions in flotation machine design[END_REF]. Particles of the same coal sample float at different rates due to different cell conditions and particle characteristics. The rate of recovery from the last few seconds is different from that recovered from the earlier few seconds [START_REF] Agar | Optimizing the design of flotation circuits[END_REF][START_REF] Woodburn | Mathematical modelling of flotation processes[END_REF]. Therefore, Kelsall flotation model [START_REF] Kelsall | Application of probability in the assessment of flotation systems[END_REF] is used, which incorporates two rate constants elucidating a fast floating component and a slow floating component. The model was further modified by Jowett [START_REF] Jowett | Flotation Kinetics: Investigations leading to process optimization, 7th int. mineral processing congr[END_REF], is mathematically expressed as:

% = R ' -ɸ . +1 -, -. / 0 + ɸ . 1 -, -2 / (3)
Where 'R' is the recovery of combustibles at a flotation time 't', 'R∞' is the ultimate combustible recovery, 'ɸ' is the percentage of slow floating components in feed, 'kf' and 'ks' are the flotation rate constants (sec -1 ) for fast floating components, and slow floating components, respectively.

Results and Discussion

Kinetic studies

Performance of any flotation system can be assessed on the quality and quantity of the froth products. Many researchers have evaluated the flotation performance using yield, ash, combustible recovery, the degree of entrainment, the rate constant, flotation kinetics and other parameters [START_REF] Engelbrecht | The effects of froth height, aeration rate, and gas precipitation on flotation[END_REF][START_REF] Chen | Managing clay minerals in froth flotation-A critical review[END_REF][START_REF] Chakraborty | Floatability characteristics: A case study with three typical Indian prime coking coals[END_REF][START_REF] Laskowski | Frothers and flotation froth[END_REF]. The flotation kinetics studies play a significant role in analysing the particle residence time, reagent selection, machine characteristics, and circuit configuration [START_REF] Bournival | Bubble and froth stabilizing agents in froth flotation[END_REF][START_REF] Yoon | The effect of bubble size on fine particle flotation[END_REF][START_REF] Laplante | The effect of froth on flotation kinetics-A mass transfer approach[END_REF][START_REF] Saleh | A study on the performance of second order models and two phase models in iron ore flotation[END_REF]. In this present investigation, elaborate discussion on yield, ash, recovery of combustibles and entrained water recovery have been made using the kinetic approach.

Fig. 3(a) shows that in the initial few seconds, the yield is highest in 2 L cell followed by 4 L and 6 L cells. The difference appears to be due to the residence time of the bubbles in the cell.

The height of the 2 L cell is less, and the quiescent zone is practically absent, so the bubbleparticle aggregates reach quickly to the froth zone and get collected into the concentrate, whereas in 6 L cell, the height of the cell is more, so with high pulp level, travel time of bubbleparticle aggregates increases which possibly results in high drop-back and low froth recovery. Also, it is physically observed that the top layer of the pulp in the 6 L cell remained almost undisturbed during agitation and a fraction of the reagents floated over the pulp without getting dispersed adequately. It is also found that mixing intensity is poor in 6 L cell at an impeller speed of 1200 rpm. Subsequently, during the end of the flotation, yield recorded lowest in 6 L cell and highest in 4 L cell. Fig. 3(b) shows that at an impeller speed of 1500 rpm yield value recorded is maximum in 4 L cell followed by 6 L cell and 2 L cell. Fig. 3(c) shows that at an impeller speed of 1800 rpm, the yield values are approximately same for 6 L and 4 L cells throughout the flotation. Quite an inferior result is obtained from a 2 L cell, producing least yield values. The most probable reason for the difference is, in case of the 2 L cell, the volume of the cell is less, high impeller speed producing high turbulence throughout the pulp [START_REF] Schubert | On the hydrodynamics of flotation machines[END_REF].

Therefore, rupturing of bubble-particle aggregates appears to be higher, leading to lesser froth formation that results in lower yield. cell with compared to a larger cell. Recovery of water also increased with increase in impeller speed for all the three cells. A similar trend of curves is also observed for ash content (Figure 4), which indicates that the ash content in the froth is proportionate to the amount of water reported into the froth. Water recovery also increases with an increase in superficial gas velocity [START_REF] Finch | Column froths[END_REF]. could only be obtained in the 6 L cell with a lower impeller speed of 1200 rpm, which is not a meaningful result. At the target ash of 13%, the maximum yield is obtained in the 6 L cell with the combustible recovery of 41% at a flotation time of 29 s. At 14% target ash, maximum yield, 40%, and maximum combustible recovery, 53%, is obtained in the 6 L cell at a flotation time of 120s though at the same of 120s, the 4 L cell produced yield of 50% and combustible recovery of 67% with an ash content of 15%, which is quite reasonable as per the typical metallurgical coal cleaning requirement in India. Similarly, the 2 L cell produced 45% yield value and combustible recovery of 57% with an ash content of 18%. No yield is reported in the 6 L cell having ash content 14%. With an increase in impeller speed to 1500 rpm, none of the cells could produce yields with ash content <14%. The 4 L cell recorded the maximum combustible recovery of 68% with a yield of 54% at a flotation time of 60s. Yield with 14% ash content is achieved only in the 6 L cell with the combustible recovery of 53% and yield of 39% in the initial 30s only. No yield could be reported in the 2 L cell at 18% ash content. With further increase of impeller speed to 1800 rpm, none of the cells can produce yield with ash content <16%. Maximum recovery of combustibles, 70%, is obtained in the 6 L cell with a 54% yield and 17% ash content at a flotation time of 110s. No yield is reported in the 2 L cell with ash content < 22%.

Generally, metallurgical clean coal yield in India commercially viable is about 40% minimum with an ash content of 14-15%. Yield values which are >40% are circled in Table 3. At an impeller speed of 1200 rpm, no yield is obtained in 6 L cell with values >40%. 4 L cell is able to produce a yield of 50% with ash content of 15%, which appears to be quite reasonable.

Though 2 L cell can produce a yield of 54% but with a high ash content of 18%. At an impeller speed of 1500 rpm, 6 L cell produced a yield of 47% at 15% ash content in the froth product.

However, 4 L cell is also able to produce a yield of 54%, but with a high ash content of 17%.

2 L cell is unable to achieve yield >40% at an impeller speed of 1500 and 1800 rpm. 4 L and 6

L cells can produce yield >40% at a speed of 1800 rpm but unable to meet the commercially acceptable clean coal ash requirement.

Table 3 Performance of three cells for different impeller speeds at different target ash 4. Fitting of the Jowett model with experimental data obtained from different cells at different impeller speeds is depicted in Figure 7. As can be seen from Table 4 and Figure 7, the Jowett model gave excellent fitting to all the experimental data indicating the R 2 value of 1. The R∞ value decreased with an increase in impeller speed for 2 L cell. In the case of the 4 L cell, the R∞ value, however, increases and then drops. The possible reason could be as lower impeller speed generates lower superficial gas velocity that results in a lower recovery. In contrast, higher impeller speed leads to rupturing of bubble-particle aggregate resulting in decreased recovery. The ɸ value for the 2 L cell decreases and increases for the 6 L cell with an increase in impeller speed. The reduction in ɸ value for 2 L cell with an increase in impeller speed indicates that the probability of detachment of slow floating particles from bubbles escalates with an increase in impeller speed, and also the energy dissipation and the turbulence prevailing in a smaller cell will be more comparative to a larger cell at same impeller speed. However, the role of particle size and coal petrography can be analysed further for better understanding.

Evaluation of flotation rate constant

The ɸ values were found to be similar in three different conditions, first was at an impeller speed of 1200 rpm in the 2 L cell, second was at 1500 rpm in the 4 L cell, and third was at 1800 rpm in the 4 L cell. It seems that in these three conditions, the hydrodynamic conditions prevailing is very similar. The highest rate constant for fast floating particles (kf) of 0.53 s -1 was indicated by 2 L cell at 1200 rpm. The kf value of 2 L cell decreased with an increase in impeller speed from 1200 to 1500 rpm and increased on further increasing of impeller speed to 1800 rpm. In contrast, 6 L cell showed a reverse trend for kf. The 4 L cell showed an increasing trend of kf with impeller speed. This trend was also seen for kinetics of slow floating component (ks). The 6 L cell at 1200 rpm showed the lowest ks and kf value. It is attributed to lower turbulence generated in pulp leading to a low rate of collision between particle and bubble.

It is noticeable from the batch flotation studies that the yield and the ash content obtained in the froth product changes with time for different impeller speeds and cell volumes. Particle size could also be one of the factors that influence the flotation rate. In this study, the effect of flotation rate is evaluated for a wide range of particle sizes (<500 µm), which includes a relative amount of coarse, intermediate and fine sizes of coal particles. However, if the flotation was carried out for different particle sizes, the results might differ. As reported by Morris [50] that the size of the particles reporting to the froth also changes with flotation time, and different particle sizes exhibit different flotation rates. The flotation rate constants for coarse and fine particles follow different trends [START_REF] Trahar | A rational interpretation of the role of particle size in flotation[END_REF]. According to Brozek and Mlynarczykowska [START_REF] Brozek | An analysis of effect of particle size on batch flotation of coal[END_REF], the probability of detachment of particles from the bubbles increases with increase in particle size.

The flotation rate for the finer particle size fraction could improve with higher impeller speed because higher impeller speed produces smaller bubbles [START_REF] Gorain | Studies on impeller type, impeller speed and air flow rate in an industrial scale flotation cell. Part 4: Effect of bubble surface area flux on flotation performance[END_REF] which enhances the amount of bubble surface area available for particle attachment. However, an increase in the impeller speed in a smaller cell can negatively impact the flotation rate for coarser particles, as the energy dissipated into the system will be high and enhance the detachment of particles from bubbles [START_REF] Kirjavainen | Review and analysis of factors controlling the mechanical flotation of gangue minerals[END_REF]. Many researchers concluded that the maximum flotation rate is achieved for the intermediate particle size range [START_REF] Li | Flotation kinetics and separation selectivity of coal size fractions[END_REF][START_REF] Ni | The difference in flotation kinetics of various size fractions of bituminous coal between rougher and cleaner flotation processes[END_REF][START_REF] Liang | Influence of coal particles on froth stability and flotation performance[END_REF]. However, it is difficult to practice in the industry with proper techno-economics. 

Statistical significance

The effect of impeller speed and cell volume on the yield, ash, combustible recovery and entrained water recovery is evaluated using a three-level two-factor full factorial experimental design approach. The first analysis is conducted to determine what type of model fit the results best. The analysis is presented in Table 5. The regression model equation generated using the two factors, impeller speed and cell volume, and their interaction for different responses are given in equation 4-7, where 'A' represents impeller speed, and 'B' represents cell volume. For ash content and water recovery, the linear model is found to fit best. The coefficient of determination (R 2 ) obtained for the ash and entrained water recovery are 0.94 and 0.97, respectively, with the F-value being high and the p-value with < 0.05. The standard deviations of the predicted models are found to be 0.78 and 1.8 for ash and entrained water recovery, respectively. The quadratic model presented a better fit for yield as well as for combustible recovery, with R 2 values of 0.97 and 0.99, respectively. The standard deviations of the models are found to be 2.28, and 1.89 for yield and combustible recovery, respectively and also the models with higher F-value and the p-value is <0.05, indicates the significance of the models. 

Table 5. ANOVA derived for yield, ash content, combustible recovery and entrained water recovery models Analysis of variance (ANOVA) with an alpha level of 0.05 was conducted to determine the significance level of the factors, impeller speed and cell volume, and their interaction effect on all the responses; the results are compiled in Table 6. For the yield and combustible recovery of the froth product, B, AB and B 2 have a significant effect with a p-value < 0.05. However, both impeller speed and cell volume have a significant effect with a p-value of 0.002 and 0.008, respectively, for the ash content of the froth. Similarly, both the factors have a significant effect with a p-value < 0.0001 for entrained water recovery. The cell volume indicates p-value < 0.05 in all the four models studied, which suggest that cell volume is the one factor that significantly affects all the four responses. Table 6. ANOVA results showing the terms in each response for their respective models entrained water recovery%. As can be seen from Fig. 8(a), a lower yield is obtained at lower impeller speed in a larger cell. The most probable reason for that might be low mixing intensity and low superficial air velocity to lift the bubbles in an upward direction as the cell height is more. Therefore, with high pulp level, travel time of the bubble-particle aggregates increases, which results in high drop back and low froth recovery. At higher impeller speed in a smaller cell, the yield obtained is minimum; it might be due to higher rupturing of bubble-particle aggregates, which results in a lower yield. Fig. 8(b) represents the relationship of combustible recovery with impeller speed and cell volume. A trend similar to that noted for yield is observed here. From Fig. 8(c), it can be observed that the slope of the plane is steeper, showing a strong effect of both impeller speed and cell volume on ash content which had already been confirmed by the p-value obtained in the ANOVA. Also, the ash content of the froth product increases with an increase in impeller speed and a decrease in cell volume. The most probable reason could be that with a higher impeller speed in a smaller cell leads to the absence of the quiescent zone and higher rupturing of bubble-particle aggregates. Also, the superficial gas velocity is observed to be maximum (Fig. 2). The quantity of water flowing to the froths increases enormously with an increase in superficial gas velocity [START_REF] Yoon | The effect of bubble size on fine particle flotation[END_REF]. A slope similar to that of ash content (Fig. 8(c)) is also observed for the entrained water recovery (Fig. 8(d)) as entrainment is significantly related to water recovery [START_REF] Zheng | Modelling of entrainment in industrial flotation cells: Water recovery and degree of entrainment[END_REF][START_REF] Anzoom | Comparative Response on Flotation of Coal by Using Process and De-Ionized Water[END_REF]. Therefore, with the increase in water recovery, entrainment of non-selected particles also increases consequently leading to an increase in ash content in the froth product. 

Degree of entrainment

The degree of entrainment affects the quality of the froth product. The operating conditions of the process are always of great importance in mechanical entrainment of high ash particles in the froth product [START_REF] Smith | Entrainment of particles into flotation froths[END_REF]. These operating conditions change the processes occurring in the pulp and froth, which result in a change either in water recovery or in the degree of entrainment.

Studies have shown that impeller speed can significantly change water recovery which in turn affects the entrainment of high ash particles. The similar observation is also drawn by many authors in the literature [START_REF] Angadi | Experimental analysis of solids and water flow to the coal flotation froths[END_REF][START_REF] Savassi | An empirical model for entrainment in industrial flotation plants[END_REF], but the description on the mechanism and quantification on the subject is not well described. To address this, the entrainment factor is calculated according to Warren's method [START_REF] Warren | Determination of the contributions of true flotation and entrainment in batch flotation tests[END_REF], which indicates the rate of increase of ash content with a one-unit increase in entrained water content. Fig. 9 shows the entrainment factor values for the different cells at different impeller speeds, where entrainment factor increases with an increase in impeller speed in all the cells. At every impeller speed, entrainment factor remains maximum for the 2 L cell followed by the 4 L and 6 L cells, indicating, therefore, one unit of entrained water carries the maximum ash content in the 2 L cell. The yield recorded to the froth product in this cell is also low. The higher water recovery and lower yield values indicate the formation of minimum froth. During scrapping action, the scraper skims of more water with less froth.

More entrained water recovery indicates higher entrainment of high ash particles. That's the most probable reason why the 2 L cell produces lower yield with higher ash content.

Entrainment factor is found to be the least in the 6 L cell volume at all impeller speeds indicating the least increase in ash content with one unit rise in entrained water into the froth product.

Froth depth could be one of the factors that can control entrainment to some degree without affecting the froth recovery [START_REF] Yianatos | Flotation scale up: use of separability curves[END_REF]. Usually, froth depth obtained in laboratory scale flotation machines is only a few centimetres, and it is continuously removed by the scraper, whereas in industrial-scale flotation machines, froth depth can be 30 to 50 cm, and there exists a significant travel distance for froth from the froth zone to the overflowing lip of the machine. The optimum froth depth helps to drain the entrained water which helps to remove non-selected entrained particles captured in the froth; this will help to get better recovery of combustibles and improves flotation rate [START_REF] Fuerstenau | Froth flotation: a century of innovation[END_REF][START_REF] Gorain | The effect of froth residence time on the kinetics of flotation[END_REF][START_REF] Arbiter | Impeller speed and air rate in the optimization and scale-up of flotation machinery[END_REF][START_REF] Gorain | Studies on impeller type, impeller speed and air flow rate in an industrial scale flotation cell. part 5: validation of k-s b relationship and effect of froth depth[END_REF]. Froth depth also significantly depends on aeration rate, frother concentration, and particle characteristics. Most of the research on scaling up of laboratory scale to industrial scale has focused on pulp zone [START_REF] Nauha | A new simple approach for the scale-up of aerated stirred tanks[END_REF][START_REF] Nienow | On impeller circulation and mixing effectiveness in the turbulent flow regime[END_REF][START_REF] Knowlton | Scale-up of fluidized-bed hydrodynamics[END_REF]. However, minimal studies have reported in the literature on froth zone scale-up. Another scaling issue is the total lip length per cross-sectional area of the industrial scale flotation machine to laboratory scale flotation machine. Small cells have high lip length to area ratio, which leads to better froth mobility but also increase entrainment due to reduced drainage time. The lip length to area ratio for 2 L, 4

L and 6 L cells used in this study are 0.06, 0.05, and 0.04, respectively, which specify that the lip length to area ratio is maximum in 2 L cell followed by 4 L and 6 L cell. This could also be one of the reasons for a 2 L cell having higher entrainment factor compared to others. 

Fig. 1 .

 1 Fig. 1. Dimensions of three different cells used for experimentation (All the dimensions are expressed in cm).

Fig. 3 .

 3 Fig. 3. Effect of cell volume on flotation kinetics (time-yield relationships) at different impeller speeds. (a) 1200 rpm; (b) 1500 rpm; (c) 1800 rpm

Fig. 4 .Fig. 5 .

 45 Fig. 4. Effect of cell volume on flotation kinetics (time-ash relationship) at different impeller speeds. (a) 1200 rpm; (b) 1500 rpm; (c) 1800 rpm

Fig. 6 .

 6 Fig. 6. Effect of cell volume on the rate of entrainment of water to froth at different impeller speeds. (a) 1200 rpm; (b) 1500 rpm; (c) 1800 rpm

Further to understand the

  kinetics of the coal flotation at different levels of impeller speeds and cell volumes, the results are analysed and discussed in terms of flotation rate constant by using modified Kelsall model developed by Jowett which incorporates the influence of ultimate recovery parameter[START_REF] Kelsall | Application of probability in the assessment of flotation systems[END_REF][START_REF] Jowett | Flotation Kinetics: Investigations leading to process optimization, 7th int. mineral processing congr[END_REF]. The model considers four parameters: ultimate combustible recovery (R∞), percentage of flotation component with slow rate constant (ɸ) and two flotation rate constants instead of one rate constant, one for fast floating components (kf) and other for slow floating components (ks) to give a better approximation to the classification of particles floatability. Usually, coal sample comprises of fast floating, slow floating, and non-floating components. Floatability of the fast floating components dominates in the first 30 to 60 seconds of the flotation followed by slow floating components, while non-floating components are expected to report into the tailings[START_REF] Tsai | Effects of surface chemistry, particle size and density on froth flotation of fine coal[END_REF][START_REF] Sokolović | The effects of pretreatment on the flotation kinetics of waste coal[END_REF]. The fitting of the Jowett model parameters with standard deviation was estimated using the SciPy library function in Python. The model parameters as well as the statistical parameters such as the residual sum of squares (RSS), the coefficient of determination (R 2 ) and the root mean square error (RMSE) are shown in Table

Fig. 7 .

 7 Fig. 7. Fitting of the Jowett model with experimental data for different cells at different impeller speeds. (a) 1200 rpm; (b) 1500 rpm; (c) 1800 rpm

Further to understand the

  interactional effects of the studied variables on the studied responses, 3-D surface plots are drawn. Figures 8 shows 3D surface graphs representing the influence of impeller speed and cell volume on (a) yield%, (b) combustible recovery%, (c) ash% and (d)

Fig. 8 .

 8 Fig. 8. The response surface plot representing the effect of impeller speed and cell volume on the (a) yield%, (b) combustible recovery%, (c) ash%, (d) entrained water recovery%

Fig. 9 .

 9 Fig. 9. The Degree of entrainment in the different cell at different impeller speeds
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 234567891 Fig. 2. Effect of impeller speed on the superficial gas velocity at different cell volumes.
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Table 3

 3 shows the results of yield, combustible recovery and flotation time for ash content at different impeller speeds in cells of three different volumes. Blank spaces in the table indicate that no realistic yield values are obtained. At impeller speed of 1200 rpm, the target ash of 12%

Table 4 .

 4 Ultimate combustible recovery with corresponding rate constant in different cells at different impeller speeds

Table 4 .

 4 Ultimate combustible recovery with corresponding rate constants in different cells at different impeller speeds

	Para				Impeller speed (rpm)			
	meter		1200			1500			1800	
	s	2 L	4 L	6 L	2 L	4 L	6 L	2 L	4 L	6 L
	R∞	57.1±0	71.7±0	61.7±7	48.8±1	72.4±0	61.5±0	38.2±1	68.4±0	70.8±0
	(%)	.25	.71	.61	.73	.71	.51	.77	.25	.93
	ɸ (%)	30.1±1 .19	35.5±0 .75	14.8±5 .01	14.4±1 .56	30.6±3 .18	32.1±2 .27	11.9±2 .86	30.3±1 .42	34.9±8 .14
	Kf (s -1 )	0.533± 0.015	0.147± 0.004	0.062± 0.007	0.136± 0.011	0.284± 0.037	0.311± 0.039	0.205± 0.039	0.294± 0.015	0.249± 0.061
	Ks (s -1 )	0.039± 0.002	0.017± 0.001	0.004± 0.003	0.016± 0.006	0.036± 0.005	0.043± 0.004	0.023± 0.014	0.046± 0.002	0.051± 0.012
	SSE	2.31	0.06	0.32	0.28	0.10	0.46	1.31	0.13	1.80
	R 2	1.00	1.00	1.00	1.00	1.00	1.00	0.99	1.00	1.00
	Adjus ted R 2	0.99	1.00	1.00	1.00	1.00	1.00	0.99	1.00	1.00
	RMS E	1.07	0.17	0.40	0.38	0.22	0.48	0.81	0.25	0.95
	Table 5 ANOVA derived for yield, ash content, combustible recovery and entrained water
					recovery models				
		Statistics		Yield	Ash	Combustible recovery	Entrained water recovery
	Sum of squares	594.13	58.07	1118.30		694.01	
	Degree of freedom	5	2		5		2	
	Mean square		118.83	29.03	223.66		347	
		F-value		22.81	47.62	62.82		106.6	
		p-value		0.0136	0.0002	0.0031		<0.0001	
	Standard deviation	2.28	0.78		1.89		1.8	
		R 2		0.97	0.94		0.99		0.97	
	Adjusted R 2		0.93	0.92		0.97		0.96	
		Equation	Quadratic Linear	Quadratic		Linear	

Table 6

 6 ANOVA results showing the terms in each response for their respective models

	Response	Source	Sum of Squares	Mean Square	F-value	p-value	Remark
		A	2.67	0.53	0.51	0.526	NS
		B	115.19	23.04	22.11	0.0182	S
	Yield	AB	217.27	43.45	41.71	0.0075	S
		A²	2.04	0.41	0.39	0.5758	NS
		B²	256.96	51.39	49.33	0.0059	S
	Ash	A B	23.36 34.70	11.68 17.35	38.32 56.92	0.0008 0.0003	S S
		A	0.03	0.01	0.01	0.9302	NS
	Combustible recovery	B AB A²	324.14 354.38 2.66	64.83 70.88 0.53	91.04 99.53 0.75	0.0024 0.0021 0.4509	S S NS
		B²	437.09	87.42	122.77	0.0016	S
	Entrained	A	369.58	184.79	113.54	< 0.0001	S
	water recovery	B	324.43	162.22	99.67	< 0.0001	S
	Notes: A: Impeller speed; B: Cell volume; S: Significant; NS: Not significant

Acknowledgement

The authors are thankful to the management of Tata Steel Ltd., Jashedpur and IIT (ISM), Dhanbad for the support and permission to publish this study. SKT would like to acknowledge Labex Resources 21 supported by the French National Research Agency through the national program ''Investissements d'Avenir'' [reference ANR-10-LABX-21] for his fellowship.