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Belief developed that some particle shapes are more ‘floatable’ 
than others 
Attributed to an influence of particle shape or roughness on the 
induction period required to achieve attachment 

Particle shape and roughness 
…the view from flotation practitioners 

Particle approaching 

Mineral  
particle 

Air bubble 

Commence ‘sliding’ 
t1 

Attachment occurs 
t2 

Induction  
period  
= t2 − t1 
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φ 

Presenter
Presentation Notes
Frame is tracking the bubble, because the bubble will also generally be moving relative to a flotation cell.  
Note φ represents polar angle of sliding commencement.



Compare sliding duration  to a constant threshold (induction period) 

Induction period from various indirect measurements 
  — assumed to capture shape/roughness effects 

Particle shape and roughness 
…the traditional view in flotation modelling 

Mineral  
particle 

Sliding duration estimated  
by simplified modelling:   
• Particle is spherical 
• Particle follows fluid streamlines 
• Bubble is spherical 
— no shape/roughness effects included 
The approximations are more problematic 

when particle & bubble are close 
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Air bubble 

Presenter
Presentation Notes
Particle is spherical — poor assumption when close
Particle follows fluid streamlines — poor assumption for large particles or when close 
Bubble is spherical— poor assumption when very, very close, due to deformation by the particle, but otherwise a reasonable assumption
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Traditional techniques provide indirect estimates of induction time 
• Hallimond tube, then back-calculation with e.g. GSE 
• particle pickup in Induction Timer (‘forced’) 

Present approach 

Directly measure induction period 
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CSIRO Milli-Timer apparatus* 
provides direct estimate,  
with unrestricted particle 
motion (not ‘forced’) 
• also observe  

incoming particle  
position & speed 
 

 

* Verrelli & Koh;  Chemeca 2010;  Adelaide, Australia;  29–29 September 2010;  Paper No. 0470. 
 Verrelli, Koh & Nguyen;  Chem. Eng. Sci.;  2011;  66(23): 5910–5921.  doi:10.1016/j.ces.2011.08.016 

Presenter
Presentation Notes
GSE = Generalised Sutherland Equation
Camera focuses on a very narrow focal plane passing through the centre of the bubble, perpendicular to the camera’s line-of-sight.  
Camera typically operated at 1000 frames per second:  1 millisecond interval between each frame in a video sequence.  
CSIRO Milli-Timer is an extension of earlier set-ups used by Wang et al. (2003) and Nguyen & Evans (2004);  both are cited in the Chem. Eng. Sci. article.    

http://dx.doi.org/10.1016/j.ces.2011.08.016�


On the plant 
…floatability differences for various particle shapes/roughness 
might be due to other associated factors  
e.g. composition, liberation, size, etc. 

 

In laboratory  
…use borosilicate glass:   
• tightly sized as 75–90 µm 
• two different shapes/roughness  (SEM & quantified by BET area) 
• same composition  (checked by assay) 
• same surface hydrophobicity  (50 % methylated) 

Present approach 

Using methylated glass in different shapes 
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Presenter
Presentation Notes
Methylated at 50% of saturation using chloro(trimethyl)silane.�Chemical determinations were all performed by XRF analysis (general fusion application), except for boron, which was measured by ICP-OES analysis, and oxygen, which was measured on a Leco machine (inert gas fusion technique).



 

 

 

 

 
 

 
 

Spheres Frit 

BET surface area ~ 0.04 m2/g 0.06 m2/g 

Present approach 

Using methylated glass in different shapes 
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Results 

Videos 
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Spheres 

Frit 

Jumps in 

Bubbles ~ 1.5 mm diameter.  Particles 75–90 µm.   

Presenter
Presentation Notes
Watch the circled particles.
Scale:  bubbles are about 1.5 mm, particles are approx. an order of magnitude smaller, namely 0.8 mm.  (N.B.  Frit tends to have one long dimension, one short dimension, and one intermediate;  sizes defined by sieving.)  
Same timescale.



Results 

Videos  — spheres 
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Spheres 

Frit 

Jumps in 

Both videos played back at 1/50th of actual speed.   

Presenter
Presentation Notes
Bubbles ~ 1.54 mm (spheres) 1.51 mm (frit) in diameter.
Prior to “jump in” event, particle has not penetrated bubble, it merely seems to be overlapping from the perspective of the camera;  actually, the particle is slightly in front of (or behind) the bubble.  



Results 

Videos  — frit 
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Spheres 

Frit 

Jumps in 

Both videos played back at 1/50th of actual speed.   

Presenter
Presentation Notes
Bubbles ~ 1.54 mm (spheres) 1.51 mm (frit) in diameter.
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Previously found to depend on incoming particle position, φ. * 
 
 

 

 

 
 
 

 

Now accounting for change in particle shape/roughness, f,  
with further correction for particle’s approach speed, va …. 

Results 

Induction periods 
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* Verrelli, Koh, Bruckard & Schwarz;  Flotation ’11;  Cape Town, South Africa;  14–17 November 2011. 
 Verrelli, Koh, Bruckard & Schwarz;  Minerals Eng.;  2012;  accepted.  doi:10.1016/j.mineng.2012.03.034 

Spheres Frit 
φ 

Presenter
Presentation Notes
Induction period increases with distance of the approach trajectory away from the apex or centreline of the bubble (i.e. for more ‘glancing’ trajectories).  [Extend previous experimental & modelling results for spheres to new experimental results for frit.]  
Induction period tends to be much smaller for the angular frit.  
Frit data supports trend, despite much more scatter due chiefly to two effects:  (1)  particle orientation,  and  (2)  approaching temporal resolution of video.  
Each “run” represents the release of a dilute swarm of particles.  There is more data for the frit, because there were more attachments from each swarm — probably because a higher proportion of collisions resulted in attachment, but possibly also because of a higher number of collisions.  
More data is also required for the frit, compared to spheres, due to much greater scatter in the frit data. 
There is less data for spheres, because fewer particles attached:  i.e. their induction periods were larger than the sliding duration.  

http://dx.doi.org/10.1016/j.mineng.2012.03.034�
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Results 

Induction periods 
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Spheres 

Frit 

Presenter
Presentation Notes
Induction period also decreasing with increasing approach velocity.  



Equation evaluated for all possible regressions 

 

Suggested fit to data 
 
 

 
with  τ  in milliseconds 
 

Shape effect is ~one order of magnitude 

Results 

Statistical analysis 
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Presenter
Presentation Notes
Summary of two slides in ‘appendix’.
Tell audience that they can ask for more information at the end of the presentation, if they’re interested.  (Or read they can the paper.)



Direct experimental observation of induction period: 
• value for frit is ~one twelfth the value for spheres 
• increasing with φ2    for spheres and for frit 
• inversely related to va

2    ~ kinetic energy 

Particle shape does have an effect on induction period. 
 
 

Findings to be used to improve applied & theoretical  
modelling  of flotation: 

• control of grinding to influence particle shape 
• extend range of applicability and reliability of predictive  

CFD–flotation models 

Conclusions 
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Presenter
Presentation Notes
Applied modelling:  potential for control of grinding technology and operation to influence particle shape.  
Theoretical modelling:  extend range of applicability and reliability of CFD–flotation models.  
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Directly measure induction period 
• using CSIRO Milli-Timer 
• see variation with incoming particle position & speed 

 

Using methylated borosilicate glass in different shapes 
• smooth spheres 
• rough “frit” shards 
• variation with particle shape/roughness — other properties constant 

 

Statistical analysis 
• multiple non-linear regression 
• coefficients chosen by regression over all possible combinations 

 

Present approach 
Overview 
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Presenter
Presentation Notes
CSIRO Milli-Timer described on next slide.



Multiple nonlinear regression 
Induction period  
• increasing with φ 
• inversely related to va 

• value for frit is a fraction of the value for spheres 
Precise functional form not known prima facie.  

 

Apply general equation 
 
 
  f = 1 for frit,   f = 0 for spheres 

Retain only terms providing a good fit to the data…. 
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Results 

Statistical analysis 
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Equation evaluated for all possible regressions 

Results 

Statistical analysis 
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Shape effect is ~one 
order of magnitude 

Presenter
Presentation Notes
As number of parameters is increased, error in best fit decreases quickly at first, then more slowly
…eventually the incremental benefit of adding another parameter becomes negligible, and not justifiable on statistical grounds.  
Red circle indicates ‘far enough’, or ‘good enough’.  
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