
NOTE TO USERS 

This reproduction is the best copy available. 

UMI* 





Effect of frother on bubble coalescence, break-up, an d 

initial rise velocity 

Willy Andres Kracht Gajard o 

Department o f Mining and Materials Engineering , 

McGill University, 

Montreal, Canad a 

A thesis submitted to McGill University in partial fulfillment of the 

requirements of the degree of Doctor of Philosophy 

© Willy A. Kracht G . 

July 2008 



1 * 1 
Library and Archives 
Canada 

Published Heritage 
Branch 

Bibliothgque et 
Archives Canada 

Direction du 
Patrimoine de l'6dition 

395 Wellington Street 
Ottawa ON K1A0N4 
Canada 

395, rue Wellington 
Ottawa ON K1A0N4 
Canada 

Your file Votre reference 
ISBN: 978-0-494-66574- 9 
Our file Notre r6f6rence 
ISBN: 978-0-494-66574- 9 

NOTICE: AVIS: 

The author has granted a non-
exclusive license allowing Library and 
Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non-
commercial purposes, in microform, 
paper, electronic and/or any other 
formats. 

L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par I'lnternet, preter, 
distribuer et vendre des theses partout dans le 
monde, a des fins commerciales ou autres, sur 
support microforme, papier, electronique et/ou 
autres formats. 

The author retains copyright 
ownership and moral rights in this 
thesis. Neither the thesis nor 
substantial extracts from it may be 
printed or otherwise reproduced 
without the author's permission. 

L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these. Ni 
la these ni des extraits substantiels de celle-ci 
ne doivent etre imprimis ou autrement 
reproduits sans son autorisation. 

In compliance with the Canadian 
Privacy Act some supporting forms 
may have been removed from this 
thesis. 

While these forms may be included 
in the document page count, their 
removal does not represent any loss 
of content from the thesis. 

Conformement a la loi canadienne sur la 
protection de la vie privee, quelques 
formulaires secondaires ont ete enleves de 
cette these. 

Bien que ces formulaires aient inclus dans 
la pagination, il n'y aura aucun contenu 
manquant. 

M 

Canada 



Dedicated to  my beloved 

Gabriela and  Beatriz 



Abstract 

Frothers ar e use d i n flotatio n t o ai d generatio n o f smal l bubbles , bu t littl e i s 

known abou t the mechanisms that take place i n the flotation machine to produce suc h a n 

effect. Coalescence prevention is the common explanation, although the exact mechanis m 

is obscur e an d almos t n o attention ha s bee n pai d to a  frother effect on bubbl e break-up , 

the othe r possibl e mechanism . Thi s thesi s present s a  techniqu e t o stud y th e effec t o f 

frothers o n bubbl e coalescenc e a t th e generatio n stag e (a t a  capillar y tube ) an d a 

technique to study the effect of frothers on bubble coalescence and break-up in a turbulent 

field. Th e firs t techniqu e i s base d o n th e soun d bubble s emi t whe n the y for m an d 

coalesce. Th e soun d signa l wa s linked to bubble formation and coalescenc e events usin g 

high-speed cinematography . Th e techniqu e ha s a  resolutio n capabl e o f detectin g 

coalescence events that occu r within 1- 2 ms. The secon d technique allow s discriminating 

between coalescenc e an d break-u p an d i s base d o n th e exposur e o f a  mono-siz e 

distribution o f bubble s t o a  turbulen t field  generate d b y a  three-blade d axia l flo w 

impeller. Analysi s o f bubble siz e distributions after contact with the turbulent field  give s 

the coalescenc e an d break-u p fraction. The results sho w frothers reduce coalescenc e an d 

alter the bubble size distribution of bubbles generated by break-up. 

In th e cours e o f high-spee d imagin g a n effec t o f frothe r o n bubbl e shap e an d 

motion after formation was detected. Analysis of this forms the third major component o f 

the work. A dependence o f velocity o n bubble aspect ratio is shown, which i s in line with 

recent literature. 
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Resume 

En flottation, le s moussant s son t utilise s pou r facilite r l a generatio n d e petite s 

bulles, mai s o n sai t pe u d e chose s su r le s mecanisme s qu i entouren t ce t effe t dans le s 

systemes d e flottation . Bie n qu e so n mecanism e rest e encor e obscur , un e explicatio n 

classique es t Pinhibition d e l a coalescence, alor s qu'u n autre mecanisme possible , l'effe t 

du moussan t su r l a taill e d'un e bull e a  et e tre s pe u etudie . Cett e thes e present e un e 

technique d'etud e d e l'effe t d u moussan t su r l a coalescenc e d'un e bull e a  so n stad e d e 

formation ( a l a sorti e d'u n tub e capillaire ) e t un e techniqu e pou r etudie r l'effe t de s 

moussants su r l a coalescenc e e t l a scissio n d e bulle s dan s u n cham p d e turbulence . L a 

premiere technique es t base e su r l e so n emis pa r le s bulle s qu i s e forment e t coalescent . 

Le signa l sonor e fu t reli e au x evenement s d e formatio n e t d e coalescenc e d e bulle s a 

l'aide d e l a cinematographi c a  haut e vitesse . L a techniqu e perme t d e detecte r u n 

evenement d e coalescenc e ave c un e resolutio n temporell e d e 1- 2 ms . L a second e 

technique perme t d e discriminer entr e l a coalescenc e e t l a scissio n e t consiste a  expose r 

une population d e bulles d'un e seul e taille a  un champ d e turbulence cre e pa r une helic e 

d'agitation a  trois pales axiales . L'analys e de s distributions apre s contact ave c l e cham p 

de turbulence donn e l a fraction de bulle s qu i coalescen t e t qu i s e scindent . Le s resultats 

montrent qu e le s moussants reduisen t l a coalescenc e e t changen t l a distribution dan s l a 

taille des bulles generees par scission . 

Au cour s d e l'analys e de s sequence s d'image s a  haut e vitesse , u n effe t d u 

moussant su r l a forme et l e mouvement de s bulles a  ete detecte. L'analys e d e ce s formes 

constitue l a troisieme composante majeur e du travail. Un e dependanc e d e l a velocite su r 

la forme des bulles est montree, en accord avec la litterature recente. 
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Resumen 

Los espumante s tiene n u n important e efect o e n l a reductio n de l taman o d e 

burbujas en flotation, no obstante, e s muy poco l o que se sabe acerca de lo s mecanismo s 

que opera n e n l a celd a d e flotation par a produci r ta l efecto . L a explication ma s comu n 

atribuye e l efect o a  l a preventio n d e coalescencia , per o e l mecanism o exact o e s 

desconocido y  e l efect o d e lo s espumante s e n l a ruptur a d e burbuja s n o h a sid o 

considerado. Est a tesis presenta un a tecnica para estudiar e l efecto de lo s espumantes e n 

la coalescenci a d e burbuja s en s u etapa d e formation (e n u n tubo capilar ) y  un a tecnic a 

para estudiar e l efecto e n l a coalescenci a y  ruptura d e burbujas sometidas a  turbulencia . 

La primer a tecnic a s e bas a e n e l sonid o qu e emite n la s burbuja s cuand o s e forma n y 

coalescen. La senal sonora fue asociada a la formation y coalescencia de burbujas usando 

una camara de video d e alta velocidad. L a tecnica tiene una resolution capa z d e detectar 

coalescencia e n tiempos tan cortos com o 1- 2 ms. La segunda tecnica permite discrimina r 

entre coalescencia y  ruptura y  se basa en la exposition d e una distribution mono-taman o 

de burbuja s a  l a turbulenci a generad a po r u n impeler . E l posterio r analisi s entreg a l a 

fraction de coalescencia y  ruptura. Lo s resultados muestran qu e lo s espumantes reduce n 

la coalescencia y alteran la distribution de tamano de burbujas generadas por ruptura. 

A1 usar l a camara de alta velocidad s e detecto que e l espumante afecta la forma y 

movimiento d e la s burbuja s despue s d e qu e esta s s e forman . E l analisi s d e esta s 

observaciones conform a e l terce r component e d e est e trabajo . S e muestr a com o l a 

velocidad depend e d e l a razon d e aspecto d e la s burbujas , lo qu e esta d e acuerd o co n l a 

literatura reciente. 
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cm/s Superficial gas velocity 
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Po Pa Static pressure 
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r m m Bubbl e radius 
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Chapter 1 - Introductio n 

1.1 Introductio n 

Flotation i s a  widel y use d proces s t o separat e particle s accordin g t o thei r 

hydrophobicity. Separatio n i s achieve d b y dispersin g ai r int o bubble s tha t collid e wit h 

and attac h t o hydrophobi c particles . I n thi s context , ga s dispersio n i s define d a s th e 

dispersion o f ai r int o bubbles . I t i s wel l documente d tha t th e ga s dispersio n propertie s 

(e.g. bubbl e siz e distribution) i n the flotation process have a  direct influenc e on flotation 

performance (Schwar z an d Alexander , 2006) . Thi s i s understandable a s th e amoun t o f 

gas-liquid interfacia l (i.e. , bubbl e surface ) are a availabl e affect s particl e collectio n 

kinetics. 

Gas dispersio n i s toda y commonl y characterize d i n flotatio n system s b y th e 

measured variable s superficia l gas velocity (J g), ga s holdup an d bubbl e siz e distribution, 

and the derive d variable , bubbl e surfac e area flu x (S y (Gome z an d Finch , 2002 , 2007) . 

The superficia l ga s velocit y an d bubbl e surfac e are a flu x ar e define d a s (Finc h an d 

Dobby, 1990) : 

Qg_ (Eq - i-i ) 

6 J (Eq . 1.2 ) 

32 

where Q g i s the volumetric ga s flo w rate flowin g through cross-sectiona l are a A c i n the 

flotation machine, and i s the Sauter mean diameter. 
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The S b represents th e interfacia l are a o r flu x o f bubbl e surfac e are a pe r cross -

sectional are a in the cell an d i s often taken as the 'machine ' variabl e to relate to flotation 

rate (Gorain e t al., 1997 ; Gorain e t al., 1998 ; Hernandez e t al. , 2003). The bubble size not 

only affects Sb, but influence s the particle collisio n an d attachment processe s (Da i e t al. , 

2000; Tao , 2004) ; hence , understanding the phenomen a that affec t bubble siz e i s crucia l 

to understanding the flotation process. 

The bubble siz e distribution results from the interaction o f the ai r delivery syste m 

(e.g., throug h th e impelle r i n a  mechanica l flotatio n machine ) and , i n mos t cases , a 

surfactant know n a s a  frother . Eve n thoug h bubbl e siz e distributio n drive s flotatio n 

performance, littl e i s know n abou t ho w frother s ac t i n thi s regard . Analysi s o f frot h 

formation an d stabilit y emphasize s mechanism s tha t retar d coalescenc e (Harris , 1982 ; 

Pugh, 1996) . Thi s coalescenc e preventio n explanatio n ha s bee n extende d t o bubbl e 

generation (Mets o Mineral s CBT , 2002) . Thi s i n turn ha s le d to apparen t quantification 

by introducin g th e critica l coalescenc e concentratio n (CCC),  whic h i s th e frothe r 

concentration producing the minimum bubble size in a swarm (Cho and Laskowski, 2002 ; 

Grau an d Laskowski , 2006) . Nesse t e t al . (2007 ) substitute CCC95 , i.e. , concentratio n 

achieving 95 % o f bubbl e siz e reduction compare d t o water alone , a s the basi s o f mor e 

systematic measurement . Th e nam e infer s that the function of the frothe r i s to preserv e 

the size of bubble produced (b y whatever mechanism) by preventing coalescence . Other s 

have mad e th e sam e clai m (Gome z e t al. , 2000 ) an d th e referenc e t o non-coalescin g 

systems (e.g . Parthasarath y e t al. , 1991 ) ma y als o impl y thi s mechanism . Laskowsk i 

(2003) states that at frother concentrations lowe r than CCC,  the bubble size is determined 

by coalescence; while at concentrations higher than CCC  the bubble size is determined b y 
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the generation device and hydrodynamic conditions. He proposed the critical coalescenc e 

concentration concept , togethe r wit h foamin g properties , a s a  wa y o f characterizin g 

flotation frothers. 

Studying bubbl e swarms , a s i n determinin g CCC , doe s no t permi t coalescenc e 

prevention to be separated fro m the other possibility, that frothers may ac t on break-up, a 

mechanism that has not received much attention (Finch et al., 2006; Acuna et al., 2007). 

Frothers not only affect bubble size and froth stability, but also how bubbles mov e 

in a  liqui d (Frumki n an d Levich , 1947 ; Dukhi n e t al. , 1998) . Clif t e t al . (2005) , 

summarizing data spannin g 7 0 years , sho w a  decrease i n terminal ris e velocity o f singl e 

air bubble s i n wate r ove r th e siz e rang e ca . 1  to 1 0 m m i n th e presenc e o f so-calle d 

'surface-active contaminants'. Othe r author s hav e foun d that bubble s mov e a t different 

terminal velocities depending on frother type (Zhou e t al., 1992 ; Sa m e t al. , 1996 ; Zhan g 

et al. , 1996) . Azgomi e t al. (2007) found that, for a given gas rate, different frothers may 

generate the sam e gas holdup but with different bubble sizes , which suggests that bubbl e 

swarm velocit y i s affecte d b y th e presenc e o f frothers . Acun a an d Finc h (2008 ) 

generating a  2 D swar m confirme d thi s frothe r typ e effect . Th e tim e histor y o r loca l 

velocity profiles and bubble shap e also depend o n frother type and concentration (Sa m e t 

al., 1996 ; Krzan et al., 2004) . 

This thesi s studie s th e effec t tha t commo n frother s (Pentanol , MIB C (methy l 

isobutyl carbinol) , Dowfroth 250 (polyglycol ether), F-150 (polyglycol)) an d sal t (sodiu m 

chloride) hav e o n bubbl e coalescence , bubbl e break-up , an d bubbl e shap e an d ris e 
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velocity (clos e to the generation point) . Sodiu m chlorid e i s include d i n the lis t o f tested 

reagents becaus e o f it s ability t o reduc e bubbl e siz e i n flotation system s (Quin n e t al. , 

2007). 

1.2 Thesis objective s 

The genera l objectiv e i s to study the action o f frother in the generation o f smal l 

bubbles i n flotatio n systems . T o accomplis h th e genera l objective , th e followin g sub -

objectives are set: 

1. T o examin e bubbl e coalescenc e a t bubbl e generatio n stag e i n th e presenc e o f 

frothers and salt. This requires: 

a. Developmen t an d validatio n o f a  techniqu e abl e t o prob e coalescenc e 

events in a time range of a few milliseconds. 

b. A n experimenta l stud y t o revea l th e actio n o f frother s (an d salt ) o n 

coalescence prevention at bubble generation stage. 

c. A  theoretical evaluation of the experimental results . 
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2. T o examin e bubbl e coalescence/break-u p event s i n the presenc e o f frother s (an d 

salt) in a turbulent field. This requires : 

a. Developmen t o f a set-up and procedure that allows discrimination between 

bubble coalescence and bubble break-up in a turbulent field. 

b. Establishmen t o f the rol e o f frothers (and salt ) on bubble coalescenc e an d 

break-up in a turbulent field. 

c. A  theoretical analysis of the observed action. 

3. T o examine the effec t of frothers (and salt) on bubble shap e stabilization an d ris e 

velocity close to generation point. This requires: 

a. A n imag e analysi s technique to determine bubbl e shap e (aspec t ratio) an d 

rise velocity of newly formed bubbles. 

b. A n experimenta l stud y o f th e effec t frother (an d salt ) ha s o n thes e tw o 

parameters. 

c. Investigatio n of link between bubble shape and velocity. 
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1.3 Thesis structur e 

The thesi s i s writte n a s a  'manuscript-base d thesis' . I t i s organize d i n seve n 

chapters, three o f which (Chapters 3 , 4, and 5 ) stand b y themselves. Thes e Chapters wil l 

be presented fo r publication. A  chapte r i s included (Chapte r 6 ) that provide s a  unifying 

discussion o f the finding s presented i n Chapter s 3 , 4 , an d 5 . Th e thesis als o include s a 

general introductio n (Chapte r 1) , a  literatur e revie w (Chapte r 2) , an d a  conclusio n 

covering al l the finding s (Chapter 7) . The structure o f the thesis ma y b e summarize d a s 

follows: 

Chapter 1  -  Introduction : Th e importanc e o f frother s an d thei r rol e i n flotation ar e 

introduced. The thesis objectives and structure are presented. 

Chapter 2 - Literatur e review : This covers bubble coalescence, break-up, bubble shape , 

and rise velocity. The data on frothers are emphasized . 

Chapter 3 - Coalescenc e inhibition a t generation stage : Description, development, an d 

validation o f a  method to study bubbl e coalescenc e a t the generation stag e a t a  capillar y 

are presented . Experimenta l result s fo r differen t frothers an d sal t (NaCl ) ar e presente d 

together with a theoretical analysis . 

Chapter 4  -  Bubbl e break-u p an d th e rol e o f frothe r an d salt : A  set-u p especiall y 

designed to discriminate betwee n bubbl e coalescenc e an d break-u p events i s introduced . 
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The effec t o f frother s (an d salt ) o n bubbl e break-u p i s presente d togethe r wit h a 

theoretical analysis . 

Chapter 5  -  Bubbl e ris e velocity an d shape : Th e effec t of frothers and sal t o n bubbl e 

rise velocit y an d shap e stabilizatio n ove r shor t time s afte r bubbl e detachmen t fro m a 

capillary tube (ca . 4 0 ms ) i s evaluated. A n analysi s i s presented showin g a  link betwee n 

shape and velocity. 

Chapter 6  -  Unifyin g discussion: B y cross-referencin g the previou s chapters , commo n 

features are identified and apparent conflicts resolved. 

Chapter 7  - Conclusions , contributions , an d futur e work: Conclusion s an d claim s o f 

original research are presented. Suggestions for future research are also outlined. 

Following Chapte r 7 , a  complet e listin g o f reference s an d five  appendixe s 

providing supportin g materia l ar e included . Becaus e o f th e thesi s structure , som e 

repetition i s expected, especiall y i n the introductory sections o f the Chapters. Th e author 

apologizes fo r that. I f the reade r i s inclined, s/h e may either rea d the literature review i n 

Chapter 2 then skip the literature review section in Chapters 3 , 4, and 5  or skip Chapter 2 

and rea d th e literatur e revie w i n thos e Chapters . A s required , connectin g text s tha t 

provide logica l bridge s betwee n Chapter s 3 , 4 , an d 5  (manuscripts) ar e include d (befor e 

the introduction i n Chapters 4  and 5) . These connecting texts are meant to ensure that the 

thesis has continuity. 

7 



1.3 Contribution o f authors 

All th e manuscript s ar e co-authore d b y Prof . Jame s A . Finc h i n hi s capacity a s 

research supervisor . The candidate designe d an d conducted al l the experiments. He wrote 

the firs t draf t o f ever y Chapte r (manuscript ) an d considere d th e comment s o f th e co -

author in the generation of the final versions. 

8 



References 

Acuna, C . Nesset, J . E. , Finc h J.A . 2007 . Impac t o f Frothe r o n Bubbl e Productio n an d 

Behaviour in the Pulp Zone. In Proceedings of the Sixth International Copper-Cobr e 

Conference, Aug. 25-30, Toronto, Ont. Canada, Volume I I Mineral Processing (Eds . 

R del Villar, J. E. Nesset, C. O. Gomez and A. W. Stradling) MetSoc CIM. 197-210 . 

Acuna, C. , Finch , J.A. , 2008 . Motion o f individual bubble s rising i n a  swarm. Submitted 

to IMPC 2008, Beijing, China. 

Azgomi, F. , Gomez , C.O. , Finch , J.A. , 2007 . Characterizing frother s using ga s hold-up . 

Canadian Metallurgical Quarterly 46 (3). 237-242 . 

Cho, Y.S. , Laskowski , J.S. , 2002 . Effec t o f flotation frother s o n bubbl e siz e an d foa m 

stability. International Journal o f Mineral Processing 64 . 69-80 . 

Clift, R., Grace, J.R., Weber, M.E. , 2005. Bubbles , Drops, and Particles. Academic Press , 

New York, 2nd edition. 

Dai, Z. , Fornasiero , D , Ralston , J. , 2000 . Particle-bubbl e collisio n model s -  a  review . 

Advances in Colloid and Interface Science 85. 231-256 . 

Dukhin, S.S. , Miller , R. , Loglio , G. , 1998 . Physico-chemica l hydrodynamic s o f risin g 

bubble. Studie s i n Interfac e Scienc e Vol . 6 : Drop s an d Bubble s i n Interfacia l 

Research. D . Mobius and R. Miller Editors, Elsevier Science . 

Finch, J.A., Doby, G.S., 1990 . Column flotation. Pergamon Press: Elmsford, New York . 

Finch, J.A. , Gelinas , S. , Moyo , P. , 2006 . Frother-related researc h a t McGil l University . 

Minerals Engineering 19 . 726-733 . 

Frumkin, A. , Levich , V.G. , 1947 . O n surfactants and interfacial motion. Zh . Fizichesko i 

Khimii 21. 1183-1204 . 

9 



Gomez, C.O. , Escudero , R. , Finch , J.A. , 2000 . Determining equivalen t por e diameter fo r 

rigid porous spargers. Canadian Journal of Chemical Engineering 78 . 785-792 . 

Gomez, C.O. , Finch , J.A. , 2002 . Ga s dispersio n measurement s i n flotatio n machines . 

CIM Bulletin 95 (1066). 73-78 . 

Gomez, C.O. , Finch , J.A. , 2007 . Ga s dispersio n measurement s i n flotatio n cells . 

International Journal of Mineral Processing 84 (1-4). 51-58 . 

Gorain, B.K. , Franzidis , J.P , Manlapig , E.V. , 1997 . Studie s o n impelle r type , impelle r 

speed an d ai r flo w rate i n an industrial scal e flotation cell , Par t 4 : Effec t of bubbl e 

surface area flux on flotation performance. Minerals Engineering 1 0 (4). 367-379 . 

Gorain, B.K. , Napier-Munn , T.J. , Franzidis , J.P , Manlapig , E.V. , 1998 . Studie s o n 

impeller type , impelle r spee d an d ai r flo w rate i n a n industrial scal e flotation cell , 

Part 5 : Validatio n o f k-S b relationshi p an d effec t o f frot h depth . Mineral s 

Engineering 1 1 (7). 615-626 . 

Grau, R.A., Laskowski , J.S. , 2006 . Role of frothers in bubble generation an d coalescenc e 

in a  mechanica l flotation cell . Th e Canadia n Journa l o f Chemica l Engineerin g 84 . 

170-182. 

Harris, P.J. , 1982 . Principles o f flotation. Chapter 13 : Frothing phenomen a an d frothers. 

King, R.P., ed. South African Institute of Mining and Metallurgy Monograph Serie s 

No. 3. 

Hernandez, H. , Gomez , C.O. , Finch , J.A. , 2003 . Ga s dispersio n an d de-inkin g i n a 

flotation column. Mineral Engineering 1 6 (6). 739-744 . 

Krzan, M. , Lunkenheimer , K. , Malysa , K. , 2004 . O n th e influenc e o f th e surfactant' s 

polar grou p o n the loca l an d terminal velocities o f bubbles . Colloid s an d Surface s 

A: Physicochemical an d Engineering Aspects 250. 431-441 . 

10 



Laskoswski, J.S. , 2003 . Fundamental propertie s o f flotation frothers . Proceedings o f the 

22nd International Mineral Processing Congress . Cape Town, South Africa. 788-797. 

Metso Minerals CB T (Computer Based Training), 2002 . Mil l Operator Training Package . 

Flotation Module . Formerl y Brend a Proces s Technolog y CB T (Compute r Base d 

Training) (1996) . Mill Operator Training Package. Flotation Module . 

Nesset, J.E. , Finch , J.A. , Gomez , C.O. , 2007 . Operatin g variable s affectin g the bubbl e 

size i n forced-ai r mechanica l flotatio n machines . I n proceeding s o f Nint h Mil l 

Operators' Conference , Freemantle, WA, Australia. 55-65 . 

Parthasarathy, R. , Jameson , G.J. , Ahmed , N. , 1991 . Bubbl e breaku p i n stirre d vessels . 

Predicting th e Saute r mea n diameter . Chemica l Engineerin g Researc h an d Desig n 

69. 295-301. 

Pugh, R.J., 1996 . Foaming, foam films,  antifoaming and defoaming. Advances in Colloid 

and Interface Science 64. 67-102 . 

Quinn, J.J. , Kracht , W. , Gomez , C.O. , Gagnon , C. , Finch , J.A. , 2007 . Comparin g th e 

effect of salts and frothe r (MIBC) o n ga s dispersion an d froth properties. Mineral s 

Engineering 20. 1296-1302 . 

Sam, A. , Gomez , C.O. , Finch , J.A. , 1996 . Axia l velocit y profile s o f singl e bubble s i n 

water/frother solutions. International Journal o f Mineral Processing 47. 177-196 . 

Schwarz, S. , Alexander , D. , 2006 . Ga s dispersio n measurement s i n industria l flotatio n 

cells. Minerals Engineering 1 9 (6-8). 554-560 . 

Tao, D. , 2004 . Rol e o f bubbl e siz e i n flotation o f coars e an d fine  particle s -  A  review . 

Separation Science and Technology 3 9 (4). 741-760 . 

11 



Zhang, Y. , Gomez , C.O. , Finch , J.A. , 1996 . Terminal velocity o f bubbles : approac h an d 

preliminary investigations . I n Proceeding s o f th e Internationa l Symposiu m o f 

Column Flotation , COLUMN'96 , Aug . 26-28 , Montreal , Quebec , Canada . Eds . 

C.O. Gomez, J.A. Finch. 63-69 . 

Zhou, Z.A. , Egiebor , N.O. , Plitt, L.R. , 1992 . Frother effec t on singl e bubbl e motion i n a 

water column. Canadian Metallurgical Quarterly 31 (1). 11-16 . 

12 



Chapter 2 - Literatur e revie w 

This review examines phenomena pertinent to the thesis contents, namely : bubbl e 

coalescence and break-up, bubbles and sound, and bubble shape and motion. 

2.1 Bubble coalescenc e 

2.1.1 General  Considerations 

Water i s not a n easy medi a i n which to generate smal l bubbles . Thi s i s why i t i s 

necessary to ad d reagents calle d frother s in most flotation systems. Frothers ar e surface-

active agents (surfactants), i.e. , they reduce surfac e tension. They are used i n flotation to 

aid generation of small bubbles. 

Most theorie s o f frothe r actio n ar e associate d wit h froth/foa m formatio n an d 

stability. They emphasize mechanisms that retard coalescence (Harris , 1982 ; Pugh, 1996) . 

This sam e coalescenc e preventio n i s usuall y extende d t o explai n formatio n o f smal l 

bubbles (Metso Minerals CBT, 2002). 

Coalescence i s th e proces s b y whic h tw o o r mor e bubble s com e togethe r t o 

generate a new bubble. The most likely coalescence act is between two bubbles, known as 

binary coalescence . Coalescenc e occur s i n three steps : collision , fil m thinning, an d fil m 

rupture (Oolman and Blanch, 1986 ; Prince and Blanch, 1990 ; Machon et al., 1997 ; Tse et 

al., 1998) . I n collision, bubble s contact on e other within a  liquid. This step i s controlled 
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by the hydrodynamics o f the bulk liquid phase. Contact i s characterized by a  flattening of 

the facin g bubbl e surfaces , leavin g a  thin fil m separating them . Th e initial thicknes s o f 

this fil m i s typically 10" 3 to 10" 4 cm . Th e fil m mus t thi n t o approximatel y 10" 6 c m fo r 

rupture. Th e contact time ha s to b e longe r than the time require d fo r the film  t o thin t o 

rupture, otherwis e coalescenc e doe s no t occur . Thi s ste p i s controlle d b y th e 

hydrodynamics o f the liqui d film  an d force s associated with surfac e tension gradients o r 

surface visco-elasti c effect s i f surfactant s ar e presen t (Fruhne r e t al. , 1999) . Onc e 

sufficiently thin (ca. 10" 6 cm), the film ruptures due to instability mechanisms, resulting in 

bubble coalescence. This last step is very fast compared to the other two. 

In a  globa l approach , coalescenc e preventio n ha s apparentl y bee n quantifie d b y 

the critica l coalescenc e concentratio n (CCC) , whic h i s th e frothe r concentratio n 

producing th e minimu m bubbl e siz e i n a  swar m (Ch o an d Laskowski , 2002 ; Gra u an d 

Laskowski, 2006) . Nesse t e t al . (2007 ) substitute CCC95,  i.e. , concentration achievin g 

95% o f bubbl e siz e reduction a s the basi s o f mor e systematic measurement . Th e nam e 

obviously infers that the function of the frother is to preserve the size of bubble produce d 

(by whatever mechanism ) b y preventing coalescence . Other s hav e mad e the sam e clai m 

(Gomez e t al., 2000; Metso Minerals CBT, 2002). Laskowsk i (2003 ) states that at frother 

concentrations lowe r tha n CCC  th e bubbl e siz e i s determined b y coalescence , whil e a t 

concentrations highe r than CCC  th e bubbl e siz e i s determined b y the generatio n devic e 

and hydrodynami c conditions . H e propose d th e critica l coalescenc e concentratio n 

concept, together with foaming properties, as a way of characterizing flotation frothers. 
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2.1.2 Film elasticity 

A characteristic o f surfactants i s their ability to impar t elasticity t o liqui d films , 

which is related to the increase in tension during stretching. The elasticity i s called Gibb s 

elasticity i f the mechanism o f increasing tension involves redistribution o f components i n 

the fil m as i n the cas e o f surfactants (Rusano v an d Krotov , 2003) . Th e Gibb s elasticity 

may be expressed as follows (Hofmeier et al., 1995) : 

da dcr  dc E = 2 =  2A — (Eq . 2.1) 

d In A dc  dA 

where a  i s th e surfac e tension , A  th e fil m area , c  th e concentration , an d th e facto r 2 

accounts fo r th e fac t tha t th e fil m trappe d betwee n th e bubble s ha s tw o liquid-ai r 

interfaces. (In the case of a bubble being deformed, e.g. by the action of turbulence, there 

is only one liquid-air surface and the factor in Equation 2.1 reduces to one.) 

Gibbs elasticity may be see n as a  measure o f the ability o f a  liquid film  to adjust 

its surface tension under the action of an external force . If the liquid film i s stretched, the 

local surfac e concentration o f surfactan t decreases ; a s a  consequenc e th e loca l surfac e 

tension increase s creatin g a  restorin g forc e tha t protect s th e film  agains t ruptur e 

(Adamson, 1990) . The surfac e tension gradients are counterbalanced b y a  shearing stress 

that generates a  liquid counter flo w along the surfac e into the film,  the Marangoni effect 

(Hofmeier et al. , 1995) . Even though stretching may be minor whe n two bubbles collide , 

surface tensio n gradient-drive n phenomen a affec t th e coalescenc e proces s (Marucci , 

1969). Figure 2.1 depicts the process: depletion of surface concentration o f surfactant due 

to film stretching, resulting in an opposing surface tension gradient-generated force . 
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Stretching <  > 

Figure 2.1. Film elasticity, (a ) Film before stretching has uniform surface concentration 

of surfactant, (b) Stretching lowers local surface concentration of surfactant, and the local 

surface tension increases protecting the film. 

2.1.3 Surface viscosity 

Surface tensio n gradient s generate d durin g film  stretchin g ma y b e reduce d b y 

diffusion and adsorption o f surfactant fro m the adjacen t liquid . Whe n suc h a  relaxation 

process occurs , the surfac e has visco-elastic properties (Lucasse n an d Va n De n Tempel , 

1972). 

When th e rat e o f deformatio n i s high , th e syste m ha s n o tim e t o respon d 

(diffusion-adsorption limited ) an d th e effec t i s purel y elastic . Fo r slowe r rate s o f 

deformation diffusion-adsorptio n tak e place , whic h reduce s surfac e tensio n gradient s 

when compare d t o th e purel y elasti c case , an d visco-elasti c propertie s appear . I n th e 

extreme case of very slow deformation, the surface maintains equilibrium and the surface 

tension gradien t become s zer o (Monro y e t al. , 1998) . Th e relationship betwee n surfac e 
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tension gradien t an d deformation rate i s characteristic o f a n intrinsic viscosit y (Frunhe r 

and Wantke , 1996 ) an d th e rati o betwee n the m allow s th e calculatio n o f th e surfac e 

dilational viscosity, defined as (Dickinson, 1999) : 

* ( E q - 2 2 ) 

Figure 2. 2 show s the process , diffusion-adsorption of surfactant molecules to the 

stretched film, resulting in the generation of surface dilational viscosity. 

Diffusion-Adsorotion 

/[ 
/ / \ 1 

V v f v 

Stretched film <  > 

Figure 2.2. Surface dilational viscosity. 

A contributio n t o th e surfac e viscosit y ma y com e fro m th e propert y o f th e 

adsorbed surfactan t molecule s t o H-bon d wit h neighborin g wate r molecule s vi a thei r 

polar group s (Schott, 1995 ) generating a  loca l regio n o f 'organized ' wate r o n the bubbl e 

(film) surface (Finch e t al. , 2006) . Wan g an d Yoo n (2006 ) introduce the notion that th e 

bubble become s les s hydrophobic o n addition o f frother, which i s again related to the H -

bonding capability, i.e. , it is a similar argument. 

Studies of surfactant action on froth formation suggest that elasticity i s not enoug h 

to explai n froth stability an d that surfac e dilational viscosity mus t b e taken into accoun t 
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(Fruhner e t al. , 1999) . Th e sam e i s expecte d i n coalescenc e preventio n durin g bubbl e 

formation. 

2.1.4 Total  stress 

When a film is deformed, some internal forces appear as a reaction to the external 

force. Those forces are known as 'stress' an d may be seen as the resistance of the film to 

deformation. According to the previous discussion, elasticity and surface viscosity appea r 

as a reaction to deformation, so they have to be present in the definition of total stress. 

The total stress r , fo r a local deformation e, may b e defined as the su m o f elastic 

and viscous components (Horozov , 1997) : 

T =  E-S +r]d-e ( E q . 2 . 3 ) 

When tw o bubble s collid e i n presenc e o f surfactan t the 'organized ' wate r ma y 

offer some resistance to flow . Together with the elasticity (E ) this add s to fil m stability. 

The diffusion-adsorption of fresh surfactant molecules fro m internal layer s in the film at 

the stretched surfac e restores the strength o f the 'organized ' regio n o f water, protecting 

the fil m against rupture , an d allowin g fo r longer contact times between bubble s withou t 

coalescence (i.e. , viscous component ijd of the total stress). 

The total stres s i s zer o fo r clean systems , i.e. , water, becaus e bot h elasticity an d 

surface viscosity equa l zero . Stress appears in the presence o f surfactants and is expected 

to b e a  ke y componen t i n coalescenc e prevention . Thi s thesi s (Chapte r 3 ) explore s 
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qualitatively th e influenc e o f th e tota l stres s i n coalescenc e preventio n fo r differen t 

frother types and concentrations. 

Chapter 3  examines coalescence events using bubble generation a t a capillary as a 

model system. 

2.2 Break-u p 

Break-up (breakage ) refer s t o bubble s (o r a n ai r stream ) breakin g int o smalle r 

bubbles. The break-up mechanism i s modeled considering either collision of bubbles with 

turbulent eddie s o r bubble s interacting with wake s i n a  swarm . Th e studies that assum e 

collision wit h turbulen t eddie s ar e base d o n th e wor k o f Hinz e (1955) . Th e eddie s 

considered responsibl e fo r break-u p ar e those o f comparabl e siz e to the bubble . Large r 

eddies transpor t group s o f bubbles , whil e eddie s muc h smalle r tha n th e bubbl e d o no t 

have enoug h energ y to caus e break-up . Th e studies based o n wake interactions ar e from 

experimental observation s (Stewart , 1995 ) that sugges t th e wak e environmen t provide s 

the driving force in bubble-bubble interactions, including coalescence and break-up. 

Walter an d Blanc h (1986 ) observe d wit h high-spee d photograph y tha t break-u p 

occurred b y a  dumbbell stretching mechanism, with break-up time o f the orde r of 25 ms . 

Figure 2. 3 i s taken fro m that wor k identifying one dumbbel l dividin g (an d als o showin g 

the difficulty in imaging the event in bubble swarms) . 
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(a) (b) (c) (d) (e) 
Figure 2.3. Sequence of images of bubble break-up by dumbbell stretching mechanism , 

(a) t = 0 ms, (b) t = 8 ms, (c) t = 20 ms, (d) t = 22 ms, and (e) t = 25 ms (Walter and 

Blanch, 1986 . Reprinted with permission from Elsevier). 

In the presence o f frother, the dumbbel l stretching mechanis m wil l caus e uneve n 

frother distribution , whic h generate s surfac e instabilitie s tha t ma y promot e o r retar d 

break-up (Mille r an d Neogi , 1985 ; Dukhi n e t al. , 1998 ; Finc h e t al. , 2008) . Th e sam e 

general argumen t applie s t o salts , i n this cas e with wate r molecule s substituting fo r the 

frother i n term s o f surfac e activity (Finc h e t al. , 2008) . Thi s chapte r explore s frothe r 

effects on bubble break-up . 

A break-u p mode l mus t includ e no t onl y the break-u p rate bu t als o the daughte r 

size distribution (Wan g e t al. , 2003) . Wan g e t al . lis t fou r characteristics o f the daughte r 

bubble size distribution: 

1. A  loca l minimu m shoul d exis t a t equa l (50:50 ) break-u p fractio n becaus e th e 

surface are a an d therefor e surfac e energ y increas e i s the highes t o f al l possibl e 

break-up fractions . (Th e break-u p fractio n refer s t o th e volum e fractio n o f th e 

mother bubble that becomes the daughter bubbles. ) This local minimum shoul d be 
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greater tha n zer o becaus e th e probability o f equal-siz e break-up , whil e small , i s 

not zero . 

2. Th e generation of small bubbles requires high energy because of the high capillary 

(internal) pressure . Therefore , the daughter bubbl e siz e distribution shoul d vanis h 

before the break-up fraction approaches zero . 

3. Th e daughter bubbl e siz e distribution depend s o n the mother bubbl e siz e an d the 

energy dissipatio n rate . Becaus e o f th e restriction i n generatin g smal l bubble s 

(high capillar y pressures) , th e equal-siz e break-u p probabilit y increase s wit h 

decreasing mothe r bubbl e size . I n the cas e o f energ y dissipation rate , the highe r 

the rate the higher the probability o f unequal-size break-up . 

4. Th e daughter bubbl e siz e distribution shoul d no t hav e an y singularity point , i.e. , 

the frequency vs. size plot should be smooth and well defined. 

The daughter bubbl e siz e distribution i s determined b y the break-u p fraction , s o 

modeling thi s functio n i s require d fo r the correc t representatio n o f th e physic s o f th e 

process. Lu o an d Svendse n (1996) , fo r instance , generate d a  break-u p mode l withou t 

considering th e capillar y pressur e restriction ; consequently , thei r daughte r bubbl e siz e 

distributions do not vanish for break-up fractions approaching zero . 

Chapter 4  explore s bot h qualitatively an d quantitatively th e effec t of frothers o n 

bubble break-up . 
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2.3 Bubbles as a source of sound 

Acoustic emission s presen t a  wa y o f monitorin g gas-liqui d dispersions , soli d 

systems an d chemica l reactions (Boy d an d Varley , 2001) . Soun d emanating a s a  bubbl e 

forms has bee n widel y studie d i n oceanograph y to identify source s o f ambien t soun d i n 

the ocean s (e.g. , Y e an d Feuillade , 1997 ; Leighton 2004) . Th e application i n this thesi s 

represents a novel approach to the fundamental study of bubble coalescence . 

A bubbl e surfac e oscillate s (pulsates ) whe n a  bubbl e i s formed ; thes e surfac e 

oscillations (pulsations ) conve y perturbations t o th e surroundin g medium , wate r i n thi s 

case, an d a  soun d wav e wil l mov e throug h th e wate r i n al l directions (Dawson , 2002) . 

The newl y forme d bubble s ar e considere d freel y oscillating (pulsating ) bubbles , an d th e 

sound produce d wa s firs t studie d b y Minnaer t (1933) . I n recognitio n o f this , bubbl e 

surface oscillations ar e als o know n a s Minnaer t pulsations . H e showe d tha t th e natura l 

frequency o f pulsatio n o f bubble s / unde r a  static pressur e P o i n a  liqui d o f densit y p i 

relates to the bubble diameter d  as follows: 

f = 
1 ' 1 '3 kP 0

X/1 

n d 
(Eq. 2.4) 

v Pi  J 

where k  i s th e so-calle d polytropi c index , whic h take s differen t value s dependin g o n 

whether the proces s i s isothermal (unhindere d hea t flow ) or adiabatic (n o hea t flow) . I n 

the cas e o f ai r i t takes value s betwee n 1  (isothermal) an d 1. 4 (adiabatic) (Leighto n an d 

Walton, 1987) . 
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To oscillate , a n objec t mus t a t som e tim e receiv e a n excitin g forc e (Leighton , 

1994). I n this cas e the exciting forc e is the initial impuls e receive d b y the bubbl e a t the 

moment o f detachment fro m the capillary. For a freely rising bubble at all other times the 

force i s zer o an d there i s n o soun d emanated . Ther e i s another exciting forc e generated 

when bubble s burs t (Vandewall e e t al. , 2001) ; an d a s wil l b e shown , anothe r excitin g 

force is generated when bubbles coalesce . 

A newl y generate d bubbl e behave s lik e a  lightl y dampe d simpl e harmoni c 

oscillator (Leighton an d Walton, 1987) . The acoustic signa l recorde d fo r each bubbl e i s 

sinusoidal wit h a n exponentia l decay . Whe n bubble s coalescenc e o r break-u p the y als o 

emit a  decaying sinusoida l pulse o f sound (Strasberg, 1956) . Identification of sound with 

coalescence events , an d it s us e t o stud y coalescenc e preventio n for m par t o f th e 

contribution of this thesis (Chapter 3) . 

2.4 Bubble shape and rise velocity 

The presenc e o f frothe r no t onl y promotes th e generatio n o f smal l bubbles , bu t 

also affect s ho w bubble s move . Bubbl e motio n ma y b e classifie d int o thre e regime s 

depending o n ris e velocit y (Kulkarn i an d Joshi , 2000) . Th e bubbl e Reynold s (Re)  an d 

Eotvos (Eo)  numbers are used in the characterization, calculated from (Clift et al., 2005): 

g{pi-Pa,Mt 
(Eq. 2.5) 

a 

(Eq. 2.6) 

23 



where g  i s th e acceleratio n o f gravity , pi  an d p air ar e th e liqui d an d ai r densit y 

respectively, d eq i s the bubbl e equivalen t spherica l diameter , a  th e surfac e tension, p. the 

liquid viscosity, an d v  the bubbl e ris e velocity. The rang e o f Eotvos numbe r fo r bubble s 

in this study is 0.78 <Eo< 0.87 , and the range in Reynolds number is 210 <  Re <  900. 

Tomiyama e t al . (2002) summariz e the role o f surfactants on bubble dynamic s i n the 

three regimes as follows: 

1. Viscou s force dominant regime (small spherical bubble, Eo <  0.25): Accumulation 

of surfactants on bubble surface , together with the bubble motion, induce s surface 

tension gradients an d the Marangon i effec t that make s the surfac e immobile an d 

the bubbl e ris e a s a  rigi d sphere . Th e surfac e goe s fro m free-sli p t o no-sli p 

condition, resultin g i n a n increas e i n viscou s dra g an d decreas e i n termina l 

velocity. 

2. Surfac e tension force dominant regime (intermediate siz e bubble, 0.25 < E o <  40) : 

Surfactants reduce shap e variation, makin g bubble s mor e spherical . Th e termina l 

velocity becomes close to that of bubbles in clean systems with smal l initial shap e 

deformation. Terminal velocity gradually decrease s with increasing bubbl e size in 

this regime (the authors give a  range of bubble sizes (1.3 mm - 6  mm) based o n a 

previous study (Peebles and Garber, 1953)) . Most bubbles in flotation practice fall 

into categories 1  and 2. 
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3. Inertia l forc e dominant regim e (larg e bubble , Eo  >  40): Hig h inerti a reduce s th e 

impact o f surfactant in bubble motion an d shape . The dra g du e to inertia i s muc h 

higher than the viscous drag due to the Marangoni effect. 

At Reynold s number s highe r tha n 20 0 (Re  >  200) , bubbl e buoyanc y i s 

complicated b y bubbl e shap e variation an d bubbl e path instability (Dukhi n e t al. , 1998) . 

In a  qualitative approach , i t i s suggeste d (Dukhi n e t al. , 1998 ; Linto n an d Sutherland , 

1957; Frumkin an d Levich , 1947 ) that surfactants are swept to the rear o f a rising bubble , 

generating a  region of low surface concentration at the leading surface of the bubble and a 

region o f larg e concentratio n a t th e rea r pol e o f th e bubble . Th e lo w concentratio n 

(leading) regio n remain s mobile , wherea s th e hig h concentratio n (rear ) regio n i s 

characterized by retarded surfac e mobility (rear stagnant cap) . 

Acuna (2007 ) studie d the effec t of surfactants (frothers) on singl e bubble s o f ca . 

3.5 mm diameter generated a t a capillary tip over the first 50 ms o r so . He found that the 

effect o f surfactan t i s no t instantaneous , i t takin g tim e t o diffuse/adsor b a t th e bubbl e 

surface and affec t the properties. Bubble s blow n i n tap water an d i n surfactant solutio n 

(0.1 mmol/ L polyglycol , F-150 ) behave d identicall y i n term s o f aspec t rati o an d loca l 

velocity ove r th e firs t 1 0 m s followin g bubbl e detachment . Afte r thi s th e bubbl e i n 

surfactant solution becam e mor e spherica l tha n it s water onl y cousi n an d slowe d dow n 

significantly. Although ove r muc h shorte r tim e periods , thi s wor k i s i n agreemen t wit h 

others (Sam et al., 1996 ; Zhang et al., 2001; Krzan et al., 2004, 2007) . 
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Krzan e t al . (2004 , 2007 ) studie d loca l (instantaneous ) velocitie s an d shap e 

variations o f bubble s risin g i n presenc e o f surfactants . The y confirme d th e previou s 

findings o f Sam e t al . (1996) an d Zhang e t al . (2001 , 2003) that after initial acceleration , 

bubbles eithe r attained a  constan t velocit y (termina l velocity ) a t hig h concentrations o f 

surfactant, or passed through a  maximum i n the local velocity followe d by a  deceleration 

prior to reaching terminal velocity fo r low concentrations o f surfactant. The maximum i n 

local velocity indicates that the dynamic stead y state structure o f the adsorption laye r o n 

the risin g bubbl e i s no t ye t established . Bubbl e shap e als o stabilize d onc e termina l 

velocity was reached. 

Differences in loca l ris e velocity ar e not restricted to surfactant systems. W u an d 

Gharib (2002 ) produce d spherica l an d ellipsoida l bubble s o f equivalen t volum e i n 

purified water an d foun d that the spherica l bubble s moved significantly slowe r than their 

ellipsoidal counterparts. 

Figure 2. 4 i s taken fro m W u an d Ghari b (2002) , an d show s th e correlatio n tha t 

exists between bubble rise velocity and bubble shape : spherical bubble s rose more slowl y 

than ellipsoida l bubble s (not e th e latte r reache s th e to p o f th e fram e soone r tha n th e 

spherical bubble) . 
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p a l 

• 

Figure 2.4. Bubbles of equivalent volume rising in water. The size of each image is 

0.32 cm x 0.88 cm. (Wu and Gharib, 2002. Reprinted with permission fro m the American 

Institute of Physics) . 

De Vrie s e t al . (2002 ) studie d the influenc e of bubbl e shap e oscillations o n loca l 

velocities o f bubble s i n th e absenc e o f surfactants . The y foun d tha t shap e oscillation s 

correlated wit h a n oscillatin g bubbl e ris e velocit y an d deduce d tha t th e oscillation s i n 

velocity wer e cause d b y variation s i n th e added-mas s term , whic h correspond s t o a n 

inertia effect originating a s the rising bubble has to push water out of the way. The virtual 

or added-mas s ter m i s take n int o accoun t t o calculat e th e exac t rat e o f exchang e o f 

momentum o f object s (bubbles ) accelerating , rotatin g o r oscillatin g i n fluids , whic h 

depends on the shape of the bubbles (Kendoush, 2007) . 

From numerica l analysis , Dijkhuize n e t al . (2005 ) predicte d oscillation s i n bot h 

shape and velocity o f bubbles o f 3  mm an d large r i n initially quiescen t pur e water. The y 

considered the drag and virtual mass forces in their calculations. 
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The works of Wu and Gharib (2002) , De Vries e t al . (2002) , and Dijkhuizen et al . 

(2005) therefore suggest i t is bubble shape that controls velocity. The action of surfactant 

is then see n as one o f modulating shape , making a  bubble mor e spherica l (du e to surface 

tension gradient effects) that cause the bubble to slow down as opposed to the more direc t 

effect of increasin g dra g du e to surfac e tension gradien t effects . Chapter 5  explore s th e 

validity of this suggestion for bubbles rising in surfactant solutions. 
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Chapter 3 - Coalescence inhibition at bubble generation stag e 

3.1 Introductio n 

It i s wel l documente d tha t the ga s dispersio n propertie s i n the flotation  proces s 

have a  direc t influenc e o n flotation  performanc e (Schwar z an d Alexander , 2006) . Ga s 

dispersion i s toda y commonl y characterize d i n flotatio n system s b y th e measure d 

variables superficia l ga s velocit y (J g), ga s holdu p an d bubbl e siz e distribution, an d th e 

derived variable, bubble surfac e area flux  (Sb = 6J/d, wher e d  is usually the Sauter mea n 

bubble diameter, ̂32 ) (Gomez an d Finch , 2007) . The Sb represents the interfacial area o r 

flux o f bubble surfac e area pe r cross-sectional are a i n the cel l an d i s often taken a s the 

'machine' variabl e t o relat e t o flotation  rat e (Gorai n e t al. , 1997 ; Gorai n e t al. , 1998 ; 

Hernandez e t al. , 2003) . Th e bubbl e siz e no t onl y affects Sb, but influence s the particle 

collision and attachment processes (Dai et al., 2000; Tao, 2004); hence, understanding the 

phenomena that affect bubble size is crucial to understanding the flotation process . 

3.2 Bubble coalescenc e 

3.2.1 General  Considerations 

Water i s not a n easy media i n which to generate smal l bubbles . Thi s i s why i t i s 

necessary to ad d reagents called frothers in most flotation systems . Frothers ar e surface -

active agents (surfactants), i.e. , they reduce surfac e tension. They ar e used i n flotation to 

aid generation of small bubbles. 
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Most theorie s o f frothe r actio n ar e associate d wit h froth/foa m formatio n an d 

stability. They emphasize mechanisms that retard coalescence (Harris , 1982 ; Pugh, 1996) . 

This sam e coalescenc e preventio n i s usuall y extende d t o explai n formatio n o f smal l 

bubbles (Metso Minerals CBT, 2002) . 

Coalescence i s th e proces s b y whic h tw o o r mor e bubble s com e togethe r t o 

generate a  ne w bubble . Th e mos t likel y coalescenc e ac t i s between tw o bubbles : this i s 

known a s binary coalescence . Coalescenc e occur s i n three steps: collision , fil m thinning, 

and fil m rupture (Oolma n an d Blanch , 1986 ; Princ e an d Blanch , 1990 ; Macho n e t al. , 

1997; Tse et al., 1998) . In collision, bubbles contact one other within a liquid. This step is 

controlled b y the hydrodynamic s o f the bul k liqui d phase . Contac t i s characterized b y a 

flattening o f the facin g bubbl e surfaces , leavin g a  thin fil m separating them. Th e initia l 

thickness of this film is typically 10" 3 to 10" 4 cm. The film must thin to approximately 10" 6 

cm i n thickness fo r rupture. Th e contact time ha s to b e longe r than the time require d fo r 

the fil m to thin to rupture, otherwise coalescenc e doe s no t occur . Thi s step i s controlle d 

by th e hydrodynamic s o f th e liqui d fil m an d force s associate d wit h surfac e tensio n 

gradients o r surfac e visco-elastic effect s if surfactants are presen t (Fruhne r e t al. , 1999) . 

Once sufficientl y thin (ca . 10" 6 cm) , th e fil m rupture s du e t o instabilit y mechanisms , 

resulting in bubble coalescence. This last step is very fast compared to the other two. 

In a  globa l approach , coalescenc e preventio n ha s apparentl y bee n quantifie d b y 

the critica l coalescenc e concentratio n (CCC) , whic h i s th e frothe r concentratio n 

producing th e minimu m bubbl e siz e i n a  swar m (Ch o an d Laskowski , 2002 ; Gra u an d 

Laskowski, 2006) . Nesse t e t al . (2007 ) substitute CCC95,  i.e. , concentration achievin g 
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95% o f bubbl e siz e reduction a s the basi s o f mor e systematic measurement . Th e nam e 

obviously infers that the function of the frother is to preserve the size of bubble produce d 

(by whatever mechanism ) b y preventing coalescence . Other s hav e mad e the sam e clai m 

(Gomez et al., 2000; Metso Minerals CBT, 2002) . Laskowski (2003 ) states that at frother 

concentrations lowe r than CCC  th e bubbl e siz e i s determined b y coalescence , whil e a t 

concentrations highe r than CCC  th e bubbl e siz e i s determined b y the generation devic e 

and hydrodynami c conditions . H e propose d th e critica l coalescenc e concentratio n 

concept, together with foaming properties, as a way of characterizing flotation frothers. 

3.2.2 Film elasticity 

A characteristic o f surfactants i s their ability to impar t elasticity t o liqui d films , 

which is related to the increase in tension during stretching. The elasticity i s called Gibb s 

elasticity i f the mechanism o f increasing tension involves redistribution o f components i n 

the film  a s i n the cas e o f surfactants (Rusano v an d Krotov , 2003) . Th e Gibb s elasticity 

may be expressed as follows (Hofmeier et al., 1995) : 

= (Eq . 3.1) 
d In A dc  dA 

where a  i s th e surfac e tension , A  th e film  area , c  th e concentration , an d th e facto r 2 

accounts fo r th e fac t tha t th e film  trappe d betwee n th e bubble s ha s tw o liquid-ai r 

interfaces. (In the case of a bubble being deformed, e.g. by the action of turbulence, there 

is only one liquid-air surface and the factor in Equation 3.1 reduces to one.) 
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Gibbs elasticity ma y b e see n as a  measure o f the ability o f a  liquid film  to adjus t 

its surface tension under the action of an external force . If the liquid film  i s stretched, the 

local surfac e concentration o f surfactan t decreases ; a s a  consequenc e th e loca l surfac e 

tension increase s creatin g a  restorin g forc e tha t protect s th e film  agains t ruptur e 

(Adamson, 1990) . The surfac e tension gradients ar e counterbalanced b y a  shearing stres s 

that generates a  liquid counter flo w along the surfac e into the film,  the Marangoni effec t 

(Hofmeier et al. , 1995) . Even though stretching may be minor whe n two bubbles collide , 

surface tensio n gradient-drive n phenomen a affec t th e coalescenc e proces s (Marucci , 

1969). Figure 3.1 depicts the process: depletion o f surface concentration o f surfactant due 

to film stretching, resulting in an opposing surface tension gradient-generated force . 

(a) ^ 

da d a 
= >  < = 

Stretching <  = > 

Figure 3.1. Film elasticity, (a ) Film before stretching has uniform surface concentration 

of surfactant, (b) Stretching lowers local surface concentration o f surfactant, and the local 

surface tension increases protecting the film. 
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3.2.3 Surface viscosity 

Surface tensio n gradient s generate d durin g fil m stretching ma y b e reduce d b y 

diffusion an d adsorptio n o f surfactan t fro m the adjacen t liquid . Whe n suc h relaxatio n 

occurs, the surface has visco-elastic properties (Lucassen and Van Den Tempel, 1972) . 

When th e rat e o f deformatio n i s high , th e syste m ha s n o tim e t o respon d 

(diffusion-adsorption limited ) an d th e effec t i s purel y elastic . Fo r slowe r rate s o f 

deformation diffusion-adsorptio n tak e place , whic h reduce s surfac e tensio n gradient s 

when compare d t o th e purel y elasti c case , an d visco-elasti c propertie s appear . I n th e 

extreme cas e o f ver y slo w deformation , the surfac e ma y maintai n equilibriu m an d th e 

surface tension gradien t become s zer o (Monro y e t al. , 1998) . Th e relationship betwee n 

surface tension gradien t an d deformatio n rate i s characteristic o f a n intrinsi c viscosit y 

(Frunher an d Wantke , 1996 ) an d th e rati o betwee n the m allow s th e calculatio n o f th e 

surface dilational viscosity, defined as (Dickinson, 1999) : 

Figure 2. 2 show s the process , diffusion-adsorption of surfactant molecules to the 

stretched film, resulting in the generation of surface dilational viscosity. 
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Figure 3.2. Surface dilational viscosity. 

A contributio n t o th e surfac e viscosit y ma y com e fro m th e propert y o f th e 

adsorbed surfactan t molecule s t o H-bon d wit h neighborin g wate r molecule s vi a thei r 

polar group s (Schott, 1995 ) generating a  local region o f 'organized ' wate r o n the bubbl e 

(film) surface (Finch e t al. , 2006) . Wan g an d Yoo n (2006 ) introduce the notion that th e 

bubble becomes les s hydrophobic o n addition o f frother, which i s again related to the H -

bonding capability, i.e. , it is a similar argument. 

Studies of surfactant action on froth formation suggest that elasticity i s not enoug h 

to explai n froth stability an d that surfac e dilational viscosity mus t b e taken into accoun t 

(Fruhner e t al. , 1999) . Th e sam e i s expecte d i n coalescenc e preventio n durin g bubbl e 

formation. 
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3.2.4 Total  stress 

When a  film is deformed, some internal forces appear as a reaction to the external 

force. Those forces are known as 'stress' an d may be seen as the resistance o f the film to 

deformation. According to the previous discussion, elasticity and surface viscosity appea r 

as a reaction to deformation, so they have to be present in the definition of total stress. 

The total stress r , fo r a local deformation s, may be define d as the su m o f elastic 

and viscous components (Horozov , 1997) : 

t =  E-£ +  T]d-£ (Eq . 3.3) 

When tw o bubble s collid e i n presenc e o f surfactan t the 'organized ' wate r ma y 

offer some resistance to flow . Together with the elasticity (E ) this add s to film  stability. 

The diffusion-adsorption of fres h surfactant molecules fro m internal layer s i n the film  a t 

the stretched surfac e restores the strength o f the 'organized ' regio n o f water, protecting 

the fil m against rupture , an d allowin g fo r longer contact times between bubble s without 

coalescence (i.e. , viscous component rjd of the total stress). 

The total stres s i s zer o fo r clean systems , i.e. , water, becaus e both elasticity an d 

surface viscosity equa l zero . Stress appears in the presence o f surfactants and i s expected 

to b e a  key componen t i n coalescenc e prevention . A t the instant o f bubbl e detachment , 

the surfactan t concentration ca n b e wel l belo w the equilibriu m value , bu t i t i s no t zer o 

(this point i s re-visited i n Chapter 6) . This chapter explores qualitatively the influence of 

the total stress in coalescence prevention for different frother types and concentrations. 
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3.2.5 Experimental requirements 

To understan d th e effec t tha t frothers  hav e o n coalescenc e i t i s necessar y t o 

conduct a  stud y i n whic h coalescenc e event s ar e detected . Th e CCC  approac h usin g 

bubble swarm s i s not suited a s coalescence an d break-u p events canno t b e distinguished 

(Finch e t al. , 2006) . Also , sinc e coalescenc e event s occu r ove r a  tim e fram e o f 

milliseconds, a  technique abl e to prob e this time interval i s required . Man y coalescenc e 

studies ar e base d o n bubbl e pair s forme d a t adjacen t capillar y tube s (Drogari s an d 

Weiland, 1983 ; Ki m an d Lee , 1988 ; At a an d Jameson , 2007) . Thes e studie s involv e 

longer time frame s than ar e realistic i n bubbl e production (mor e aki n to bubble-bubbl e 

interaction in the pulp or froth phase). 

The chapte r introduce s th e us e o f soun d signal s t o stud y coalescenc e a t th e 

moment bubbles are generated at a capillary tube. The technique presented i s based on the 

sound bubbles produce when newly formed. 

3.3 Bubbles as a source of sound 

Acoustic emission s presen t a  wa y o f monitorin g gas-liqui d dispersions , soli d 

systems an d chemica l reactions (Boy d an d Varley , 2001) . Soun d emanating a s a  bubbl e 

forms has bee n widel y studie d i n oceanography to identify sources o f ambien t soun d i n 

the oceans (e.g., Ye and Feuillade, 1997 ; Leighton 2004) . The application here represents 

a novel approach to the fundamental study of bubble coalescence . 
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A bubbl e surfac e oscillate s (pulsates ) whe n a  bubbl e i s formed ; thes e surfac e 

oscillations (pulsations ) conve y perturbations t o th e surroundin g medium , wate r i n thi s 

case, an d a  soun d wav e wil l mov e throug h th e wate r i n al l direction s (Dawson , 2002) . 

The newl y forme d bubble s ar e considere d freel y oscillating (pulsating ) bubbles , an d th e 

sound produce d wa s firs t studie d b y Minnaer t (1933) . I n recognitio n o f this , bubbl e 

surface oscillations ar e als o know n a s Minnaer t pulsations . H e showe d tha t th e natura l 

frequency o f pulsatio n o f bubble s / unde r a  static pressur e P o i n a  liqui d o f densit y p i 

relates to the bubble diameter d  as follows: 

/ = 
nd 

3kP0 (Eq. 3.4 ) 
v Pi  J 

where k  i s th e so-calle d polytropi c index , whic h take s differen t value s dependin g o n 

whether th e proces s i s isothermal (unhindere d hea t flow ) o r adiabatic (n o hea t flow) . I n 

the cas e o f ai r i t takes value s betwee n 1  (isothermal) an d 1. 4 (adiabatic) (Leighto n an d 

Walton, 1987) . 

Considering th e newl y generate d bubbl e a s a  freel y oscillatin g bubbl e ma y 

initially appea r erroneou s becaus e t o oscillate , a n objec t mus t a t som e tim e receiv e a n 

exciting forc e (Leighton , 1994) . I n thi s cas e th e excitin g forc e i s th e initia l impuls e 

received by the bubble at the moment o f detachment fro m the capillary. For a freely rising 

bubble a t al l othe r time s th e forc e i s zer o an d ther e i s n o soun d emanated . Ther e i s 

another excitin g forc e generate d whe n bubble s burs t (Vandewall e e t al. , 2001) ; an d a s 

will be shown, another exciting force is generated whe n bubbles coalesce . 
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A newl y generate d bubbl e behave s lik e a  lightl y dampe d simpl e harmoni c 

oscillator (Leighton an d Walton , 1987) . The acoustic signa l recorde d fo r each bubbl e i s 

sinusoidal wit h a n exponential decay . Whe n bubble s coalescenc e o r break-u p the y als o 

emit a  decaying sinusoida l puls e of sound (Strasberg, 1956) . Identification of sound with 

coalescence events forms part of the contribution of this chapter. 

3.4 Experimenta l 

3.4.1 Apparatus 

The experimenta l set-u p (Figur e 3.3 ) comprise s a  30 L acryli c tan k wher e ai r 

bubbles ar e injecte d throug h a  glas s capillar y tube . Ga s flo w rat e i s measure d an d 

regulated wit h a  mas s flo w meter controlle r (Sierra , mode l 840DL1V1) . Th e acousti c 

emissions ar e measure d wit h a  hydrophon e Lab-4 0 (Figur e 3.4) , whic h ha s a  wid e 

frequency range, 5  to 85,00 0 Hz. The signa l passes fro m the hydrophon e to an amplifier 

before being transferred t o a  computer . Th e acoustic emission s wer e recorde d wit h th e 

freeware audio software Audacity. Fo r the bulk o f the work the capillary orific e was 0. 2 

mm diameter generating bubble s o f abou t 2. 4 m m diameter , dependin g o n ai r flo w rate 

(given in standard cubic centimeters per minute, seem*) 

* Standard conditions: 1  atmosphere an d 273.15 K . 
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Figure 3.3. Experimental set-up for measuring acoustic emissions of bubbles being 

formed and coalescing at a capillary tube. 

Figure 3.4. Hydrophone Lab-40 . 

3.4.2 Reagents 

Table 3. 1 summarize s th e reagent s used . Thes e correspon d t o th e homologou s 

series o f n-alcohol s fro m Butano l t o Octanol ; an d som e typica l surfactant s use d a s 

frothers in flotation: MIBC (methyl isobutyl carbinol) , Dowfroth 250 (polyglyco l ether) , 
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F-150 (polyglycol) ; an d sal t (sodiu m chloride) . HL B number s (hydrophile-lipophil e 

balance) ar e include d a s a  scal e o f surfactant solubility i n water (Rao , 2004) , the highe r 

the HLB number the more water-soluble the reagent. 

Table 3.1. Summary of reagents used . 

Reagent Formula 
Molecular 

weight 
(g/gmol) 

HLB 
number 

Supplier 

Butanol CH3(CH2)3OH 74.12 7.0 Sigma Aldric h 

Pentanol CH3(CH2)4OH 88.15 6.5 Fisher 

Hexanol CH3(CH2)5OH 102.18 6.0 Acros 

Heptanol CH3(CH2)6OH 116.20 5.6 
American 

Chemicals 

Octanol CH3(CH2)7OH 130.22 5.1 Fisher 

MIBC (CH3)2CHCH2CH(OH)CH3 102.18 6.1 Dow 

Dowfroth 2501 CH3(PO)4OH 264.35 7.8 Dow 

F-1501 H(PO)7OH 425 8.5 Flottec 

Sodium NaCl 58.44 Fisher 
Chloride 

PO is propylene oxide (propoxy) [-O -CH2-CH2-CH2-] 

Solutions wer e mad e usin g Montreal tap water an d the temperature wa s se t a t 2 0 

degree Celsiu s (b y combinin g war m an d col d water). Between tests, the acryli c tank wa s 

emptied and carefully cleaned. 

3.4.3 Procedure 

For each condition, the acoustic signa l was generated fo r a given bubbling frequency , i.e., 

gas flo w rate . Fo r a  give n frothe r concentratio n th e ga s flo w rat e wa s increase d t o 
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provoke coalescenc e an d the ga s rate a t the onse t o f a  coalescenc e even t wa s recorded . 

The resul t i s a  plo t o f concentration vs . ga s flo w rate, whic h i s analogous to a  CCC  vs . 

gas flow rate plot for the specific frother in this set-up. 

3.5 The technique 

3.5.1 Validation 

The method selecte d to validate the technique wa s to test the Minnaer t equatio n 

(Eq. 3.4). Bubbles of two diameters were generated in water, namely 2.4 and 6.0 mm. The 

signals were recorded and processed b y Fourier analysis to determine the peak frequency 

corresponding to each bubble size (Minnaert frequency). Figure 3.5 shows the results. 

Frequency (Hz) 

Figure 3.5. Frequency analysis of sound produced by generation of two bubbles of 2.4 

and 6 mm diameter. 
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The peak frequencies were 2583 Hz for 2.4 mm bubbles and 103 3 Hz for 6.0 m m 

bubbles. Given that both bubble sizes were generated under the same conditions, equation 

3.2 reduce s t o sayin g tha t frequenc y an d diamete r ar e inversel y proportional . Thi s i s 

verified here by noting that the sam e product o f frequency and diameter i s foun d (6,19 9 

mm/s vs . 6,19 8 mm/s) . Thi s mean s signal s ar e properl y recorde d an d correspon d t o 

Minnaert pulsations. 

3.5.2 Signal recognition 

The nex t ste p wa s to identify soun d trace s with actua l events . Fo r this , a  high -

speed camera (TroubleShooter HR ) was used . Figure 3. 6 show s a  sequence o f images, 1 

ms apart , o f bubbl e formation : i n fram e 3  the firs t bubbl e detache s fro m the capillar y 

tube, in frame 4  the subsequent bubble starts growing, contacting the first one for the next 

7 ms (frame s 5 to 11 ) with n o coalescence . A t the momen t o f detachment (fram e 3) the 

bubble surfac e start s pulsatin g generatin g th e pressur e perturbation s tha t propagat e 

through th e surroundin g water . Thes e pressur e perturbation s recorde d wit h th e 

hydrophone give the sound trace in Figure 3.7. 
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5 m m 

Figure 3.6. Sequence of images (1 ms apart) of bubble formation without coalescence . 

Dowfroth 250, 0.09 mmol/L, 1 0 seem. 

Figure 3.7. Sound trace corresponding to image sequence in Figure 3.6 . 

The surfac e pulsations hav e amplitude s muc h smalle r than th e bubbl e diameter . 

Leighton an d Walton (1987 ) estimate, fo r a 2 mm ai r bubble in water, an initial pulsation 

amplitude o f orde r o f magnitude 10" 8 m (10" 5 mm). Th e amplitude o f pulsation, togethe r 

with the frequency, which for a 2.4 mm bubble is about 2.5 kHz (Figure 3.5) , and the fact 

that the bubbl e i s moving , mak e i t extremely difficul t to recor d these surfac e pulsations 

(Minnaert pulsations ) responsibl e fo r th e soun d emission s eve n wit h high-spee d 
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cinematography. The high-speed imaging did show surface oscillations on bubbles having 

amplitudes o f an order o f magnitude o f 10" 4 m (10" ' mm) . These surface oscillations wer e 

not detected i n the soun d recording s becaus e the y involv e onl y loca l liqui d movemen t 

while the Minnaert pulsations lea d to long-range liquid movemen t (Leighton an d Walton, 

1987) (the detectable surface oscillations are covered in Chapter 5) . 

Figure 3. 8 show s a  sequenc e o f image s ( 1 m s apart ) o f bubbl e formation with a 

coalescence event: in frame 3 the first bubble detaches from the capillary tube, in frame 4 

the subsequen t bubbl e starts growing , contacting th e firs t bubbl e (frame s 4  an d 5) , an d 

coalescing wit h i t i n frame  6 . Tha t is , coalescenc e occur s withi n 1- 2 ms . Th e 

characteristic soun d trace fo r this sequence of bubble formation and coalescence i s show n 

in Figure 3.9 . 
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Figure 3.8. Sequence of images (1 ms apart) of bubble formation and coalescenc e 

(frame 6). Dowfroth 250, 0.02 mmol/L, 1 6 seem. 

Time (ms) 

Figure 3.9. Sound trace corresponding to image sequence in Figure 3.8 . 

In Figure 3.9 the sound trace corresponds to release o f the firs t bubble (frame 3 in 

Figure 3.8) , whos e amplitude o f oscillation i s simila r to that i n Figur e 3. 7 (i.e. , i t i s the 

same event) , followe d by the secon d bubbl e coalescin g with the firs t (frame 6 i n Figur e 

3.8). Coalescence occur s while the secon d bubbl e i s still attached to the capillary tip an d 

is followe d b y immediate detachment. Th e combination o f coalescenc e an d detachmen t 

give the coalescence-formed bubble an initial impulse higher than the one received by the 
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first bubble , indicate d b y th e highe r oscillatio n amplitude . Th e techniqu e i s clearl y 

capable of detecting the coalescence event within the 1- 2 ms time frame. 

Figure 3.1 0 show s a  sequenc e o f image s ( 1 m s apart ) o f bubbl e formatio n wit h 

two coalescenc e events . I n fram e 3  the first  bubbl e detaches fro m the capillar y tube , i n 

frame 4 the second bubble starts growing and coalescence occurs between frames 4 and 5 . 

In frame 6, a third bubble emerge s and also coalesces with the predecessor bubbl e (frame 

8). Figur e 3.1 1 show s th e characteristi c soun d trac e fo r thi s sequenc e o f events . Th e 

coalescence event s occu r befor e the pulsations o f the preceding bubbl e full y decay, thi s 

makes th e syste m resonate , whic h combine d wit h th e highe r initia l impuls e du e t o 

coalescence give s the third bubbl e a n oscillation amplitud e eve n highe r than the secon d 

one. 
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Figure 3.10. Sequence of images (1 ms apart) of bubble formation and coalescence with 

two subsequent bubbles (frames 5 and 8  of sequence). Dowfroth 250, 0.04 mmol/L, 21 

seem. 

Time (ms) 

Figure 3.11. Sound trace corresponding to image sequence in Figure 3.10 . 

A sequenc e o f bubble production a t the capillary tube generates soun d recording s 

like those show n i n Figure s 3.1 2 an d 3.13 . I n the first , the figur e depicts a  serie s o f 5 

bubbles bein g forme d without coalescence . Zoomin g i n o n on e bubbl e formation event , 

Figure 3.12 would give a sound trace like that in Figure 3.7 . 
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Time (ms) 

Figure 3.12. Sound recording of bubble formation without coalescence. F-150 , 0.02 4 

mmol/L, 7.8 seem. 

50 100 150 20 0 

Time (ms) 

250 300 350 

Figure 3.13. Sound recording of bubble formation and coalescence with one subsequen t 

bubble. F-150, 0.005 mmol/L, 7.8 seem . 

The trace in Figure 3.13 shows 5 single coalescence events. Expanding, this figure 

would giv e a  soun d trace lik e the on e in Figure 3.9 . Note that the soun d recording s als o 

allow determination o f the bubblin g frequency , which give n the ga s flo w rate i s known , 

gives a check on the size of bubble. For example, for a gas flow rate of 9.4 seem, a bubble 
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is produced eac h ca . 4 6 ms , whic h give s a  bubble siz e o f 2. 4 mm , whic h wa s the sam e 

size determined by image analysis . 

The visua l confirmatio n o f wha t th e acousti c signal s revea l mean s the y ca n b e 

used t o stud y coalescence . Thi s ha s som e advantage s ove r usin g high-spee d imaging : 

sound recordings require little disk space (for instance, the sound recording of 1  minute of 

bubble generatio n a t 12 8 kbp s require s ca . 1  MB , wherea s 1  minut e o f high-spee d 

imaging requires ca. 13. 6 GB (13,600 MB) at a resolution of 640 x 480); off-line analysis 

of the imag e sequenc e to identify coalescence event s i s tedious compare d to the simpl e 

signal for m o f th e soun d recording ; an d high-spee d imagin g equipmen t i s expensiv e 

compared t o a  hydrophon e (th e hydrophon e use d i n this wor k cos t les s than 5 % o f the 

high-speed camera) . 

3.6 Results and Discussion 

3.6.1 Reliability 

Full repea t test s wer e conducte d fo r Pentano l t o establis h th e precisio n o f th e 

technique (Table 3.2) . Figure 3.14 shows the results, including error bars representing the 

standard deviation . Th e lin e represent s th e boundar y betwee n coalescenc e event s tha t 

occur above the line with the non-coalescence region below the line. 
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Figure 3.14. Repeat test for Pentanol. 

Table 3.2. Concentration vs . gas flow rate: repeat test results for Pentanol. 

Concentration 
(mmol/L) 

Run 1 
Gas flow rate (seem) 

Run 2 
Gas flow rate (seem) 

Run 3 
Gas flow rate (seem) 

0.00 6.2 6.7 6.2 

0.03 6.2 6.7 6.2 

0.06 6.2 6.7 6.8 

0.09 7.8 7.8 7.3 

0.11 8.3 8.3 8.8 

0.14 9.4 9.4 9.4 

0.17 9.9 9.9 9.4 

0.23 10.4 10.9 9.9 

0.28 10.4 10.9 9.9 

0.34 10.4 10.9 10.9 

0.40 11.5 12.0 12.0 

0.45 12.5 13.0 13.6 

0.51 13.6 14.1 14.1 

0.57 14.1 14.6 14.1 

0.62 14.6 14.6 14.1 

E <j u 

cs 
C£ 
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«> 
05 
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3.6.2 Concentration  vs . gas flow rate 

Figure 3.1 5 present s th e result s fo r Pentanol an d fo r three commo n frother s i n 

flotation (MIBC , Dowfroth 250 an d F-150) . I n the figure , the large r the are a belo w th e 

curve, the larger the non-coalescence region. In other words, the larger the area associated 

with a  reagent the more effective is that reagent i n preventing coalescenc e i n the presen t 

set-up (i.e. , betwee n subsequen t bubble s a t a  capillar y tip) . Fo r th e frother s tested, th e 

ability t o preven t coalescenc e increase s wit h chai n length , s o the y ca n b e ordere d a s 

follows: Pentanol , MIBC , Dowfrot h 250 , an d F-150 . Previou s finding s (Nesse t e t al. , 

2007) show the same order in coalescence prevention using the CCC95  concep t fo r these 

reagents. Othe r author s (Moy o e t al. , 2007 ; Azgom i e t al. , 2007 ) wh o ranke d thes e 

frothers accordin g t o wate r carryin g rat e an d ga s holdup , respectively , als o foun d th e 

same order . Thi s orde r i s als o foun d i n equilibriu m surfac e tension reductio n (Figur e 

3.16). Th e results sugges t that coalescenc e prevention increase s with increasin g surfac e 

activity. 
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Figure 3.15. Coalescence plot for frothers. 
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Figure 3.16. Surface tension data for Pentanol (Tuckermann, 2007) ; MIBC, Dowfroth 

250, F-150 (Zhang, 2008) . 
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The results of coalescence prevention for the ^-alcohol s are show n in Figure 3.17 . 

MIBC, an isomer of Hexanol, i s also included. Coalescence prevention increases with the 

number o f carbon s i n th e molecul e (chai n length ) u p t o Heptano l (C7) , whic h give s a 

result simila r to Octanol (Cg) . The sam e behavior was found by Keitel and Onke n (1982 ) 

studying the inhibition of bubble coalescence by various solutes in a bubble column. They 

found that for ^-alcohol s (Ci-Cs) the limiting concentration, identified as that producing a 

decrease i n Saute r mea n diameter , decrease s fo r increasin g numbe r o f carbons , bu t 

appears to approac h a  limiting valu e fo r molecules with mor e than 6  carbons . Drogari s 

and Weiland (1983 ) studied coalescenc e (visually ) between bubble pairs generated a t two 

adjacent capillar y orifice s i n stagnan t liqui d an d als o foun d that coalescenc e inhibitio n 

improves with increasing chain length for ^-alcohols . 
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Figure 3.17. Coalescence plot for ^-alcohol s (MIBC included) . 

Figure 3.17 shows that the two 6-C alcohols, MIBC an d Hexanol , have somewha t 

different trends , MIB C bein g mor e effectiv e i n preventin g coalescenc e a t lowe r 

Z^""*-' i?"" X *  X  ° 

V •• +** y r 

/ — a — Octano l 

/ — • — Heptano l 
— « — Hexano l 

— 0 — Pentano l 
—®—Butanol 

. . . . . . . 

--•+-•• MIB C 
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concentration tha n Hexano l (comparabl e t o Octanol) . Thi s ma y b e attribute d t o th e 

branched structure o f MIBC . Comle y e t al . (2002 ) postulate that because o f the different 

structure, fewer molecules o f MIBC are needed per unit area to cover a bubble, compare d 

to Hexanol. Assuming monolayer coverage they calculate the area per frother molecule to 

be 0.3 3 nm 2 fo r MIBC an d 0.2 2 nm 2 fo r Hexanol. Thi s ma y explai n wh y coalescenc e i s 

prevented a t a  lowe r concentration o f MIB C than Hexanol . A  differenc e between MIB C 

and Hexano l wa s no t see n i n th e mor e macroscopi c measurement s o f ga s hold-u p 

(Azgomi et al., 2007) and water overflow rate from a column (Moyo et al., 2007) . 

Figure 3.1 8 show s th e equilibriu m surfac e tensio n dat a fo r th e w-alcohol s 

(Tuckermann, 2007) . Note that ^-alcohol s reduce equilibrium surfac e tension in the sam e 

order tha t the y retar d coalescence . Hence , a s th e result s fo r the commo n frother s als o 

suggested, coalescence prevention increases with increasing reagent surface activity. 

50 I  1 1 1 1 I  1  1  1 1  I  1  '  1  1  I  1  1  1  1  I  1  1  1  1  I  1  1 1  1  I  '  1  1  1  I 

0 0. 1 0. 2 0. 3 0. 4 0. 5 0. 6 0. 7 

Concentration, mmol/ L 

Figure 3.18. Surface tension data for the homologous series of ^-alcohol s (Tuckermann , 

2007). 

75 
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The correspondenc e wit h surfac e tensio n i s onl y qualitative , however . Fo r 

example, note that Heptanol an d Octanol sho w a  larg e differenc e in equilibrium surfac e 

tension (Figure 3.18 ) but their ability to prevent coalescence i s comparable (Figur e 3.17) . 

Figure 3.1 9 show s th e equilibriu m surfac e tensio n versu s ga s flo w rat e a t th e 

coalescence/non-coalescence boundar y fo r th e ^-alcohols , whic h furthe r suggest s tha t 

reduction i n surfac e tension alon e does no t explain the effec t on coalescence prevention . 

Previous work s (Macho n e t al. , 1997 ; Swee t e t al. , 1997 ; Gra u e t al. , 2005 ) hav e als o 

shown that coalescence prevention is not related to surface tension alone . 
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Figure 3.19. Surface tension (after Tuckermann, 2007) vs. gas flow rate at the 

coalescence/non-coalescence boundar y (Figure 3.17) for ^-alcohols . 

The total stress , with its elastic an d viscou s components , offer s a way to explai n 

coalescence preventio n i n presenc e o f surfactants . Contactin g bubble s (e.g. , fram e 5 , 

Figure 3.8) have a liquid film between them. This liquid film has two liquid-air interfaces 

- correspondin g t o the bubbl e surface s - wit h som e surfactant adsorbed o n them an d a n 
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internal regio n tha t ma y b e assume d t o hav e th e bul k liqui d surfactan t concentration . 

Figure 3.20 shows a schematic o f the liquid film and the frother action. As a consequence 

of the collisio n the fil m i s stretched, the loca l concentration o f surfactant decrease s an d 

elasticity arise s becaus e o f the surfac e tension gradients generated (elasti c componen t o f 

the tota l stress) . Fo r bubble s a t th e momen t o f creatio n th e surfac e concentration o f 

frother wil l probably b e well below the equilibrium valu e but i t is not zero and there wil l 

be some frother molecules there to initiate the action described . 

da d a 

p H — i — i — 

Liquid film trapped ^  /  j ^ j j ^ J jj®- " /  Diffusion-Adsorotio n 
between bubble s 

da d a 

Figure 3.20. Schematic o f frother action on coalescence prevention. 

The lin k to surfac e tension ma y be that the more surfac e active the surfactant the 

higher the surfac e tension gradien t that i s likely generated. I n other words , the elasticity 

component o f th e tota l stres s i s expecte d t o increas e i n valu e fo r increasin g surfac e 

activity, whic h generall y mean s increasin g surfactan t chai n length . O n th e othe r hand , 

increasing chai n length i s accompanied b y a  reduction i n diffusion-adsorption rate: larg e 

surfactant molecules take longe r to diffuse-adsorb onto the film  surfaces , and the proces s 

of strengthenin g th e 'organized ' regio n o f wate r i s retarded . Hence , th e viscou s 

component o f the total stress is expected to decrease i n value fo r increasing chain length . 
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Therefore, th e orde r foun d fo r th e commo n flotatio n frother s an d th e ^-alcohol s i n 

coalescence preventio n ma y b e explaine d b y a  combinatio n o f elasti c an d viscou s 

component o f th e tota l stres s theor y (Eq . 3.3) . T o illustrate , th e clos e result s o f 

coalescence prevention fo r Heptanol an d Octanol sugges t the contributions o f the elastic 

and viscous components are offset, i.e., the increase in elasticity due to the higher surface 

activity o f Octano l i s counterbalance d b y th e reductio n i n diffusion-adsorptio n rat e 

(viscous component) due to the larger size of the molecule . 

3.6.3 Salt vs.  frother 

Electrolytes, i n sufficien t concentration, ar e als o know n t o reduc e bubbl e siz e 

(Keitel an d Onken , 1982) . Fo r example , Quin n e t al . (2007 ) foun d that 0. 4 mol/ L NaC l 

was equivalent to ca. 8-10 ppm MIBC (0.08-0.10 mmol/L) . I n order to elucidate whether 

electrolytes hav e the sam e effec t as surfactants o n coalescenc e inhibition i n the presen t 

set-up, sodium chloride was tested. The coalescence plot for sodium chloride is presented 

in Figure 3.21 . 
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Figure 3.21. Coalescence plot for sodium chloride . 

Unlike th e frother s tested , sodiu m chlorid e doe s no t sho w a  shar p transitio n 

between non-coalescence an d coalescence but rather a  partial-coalescence regio n giving a 

signal lik e tha t i n Figur e 3.22 , whic h show s thre e coalescenc e event s an d fou r non -

coalescence events. 

Time (ms) 

Figure 3.22. Sound recording of bubble formation showing partial coalescenc e 

prevention. NaCl 0.3 mol/L, 9.4 seem . 
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This resul t suggest s tha t sodiu m chlorid e i s les s effectiv e tha n frother s i n 

preventing coalescence. The total stress theory helps provide an explanation. 

According to Weissenbor n an d Pug h (1996) , surfac e tension gradient s generate d 

in presenc e o f electrolyte s ar e significantl y smalle r tha n thos e generate d i n presenc e 

surfactants. This woul d mak e the elastic componen t o f the total stres s les s important fo r 

electrolytes (NaCl ) tha n i t i s fo r frothers . Th e viscou s componen t require s specia l 

attention: sodiu m chloride , unlik e surfactants, does not adsorb on the liquid-ai r interface, 

the surfac e having a  lowe r concentration o f sal t than th e bul k (referre d to a s 'negativ e 

adsorption') an d th e surfac e tensio n increases . Th e fil m trappe d betwee n contactin g 

bubbles shoul d hav e a  regio n wit h th e compositio n o f th e bul k (interna l regio n o f th e 

film) an d tw o externa l region s wit h a  lowe r sal t concentratio n (liquid-ai r interfaces) . 

Figure 3.2 3 show s a  schemati c o f th e liqui d fil m betwee n tw o collidin g bubble s i n 

presence of salt. 

Liquid film trapped 

between bubbles 
-< 

da da 

- a * o ® O  „ < 
. ' o ^ J o J . 

Om'O 

da da 

Low salt conc . 

High salt conc. 

Low salt conc. 

Figure 3.23. Schematic of salt action on coalescence prevention. 
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In this cas e the water molecule s ma y be pictured, b y analogy , to b e assuming th e 

role o f surfactant, i.e. , they wil l diffus e from the internal regio n o f the film  toward s th e 

surfaces to restore equilibrium surfac e tension, further increasing the sal t concentration i n 

the inne r layer s o f the fil m and s o increasing the film  viscosity , whic h i n turn increase s 

the tim e neede d t o drai n an d ruptur e th e film.  Thi s mechanis m i s countere d b y th e 

osmotic pressure that opposes the diffusion of water to the external layers . 

The total stres s generate d i n presence o f salt , therefore , shoul d b e lowe r than i n 

the case of surfactants since the elastic component i s less significant because o f the smal l 

surface tensio n gradient s generated , an d th e viscou s componen t i s no t a s effectiv e 

because o f th e differen t nature o f th e electrolyte molecules . Thi s ma y accoun t fo r th e 

results o f coalescenc e preventio n showin g sodiu m chlorid e i s les s effectiv e than th e 

frothers. 

Nevertheless, i n actua l flotatio n condition s sal t (NaCl , 0. 4 mol/L ) i s equall y 

effective a s MIB C (0.1 0 mmol/L ) i n reducin g bubbl e siz e (Quin n e t al. , 2007) . Unde r 

those conditions bubble s continue to interact awa y from  the generation point, coalescin g 

and breaking, and this may contribute to the difference from the idealized condition here . 

3.7 Conclusion s 

The characteristi c soun d trac e foun d whe n bubble s coalesc e a t a  capillar y ti p 

allowed developmen t o f a  novel technique to study bubbl e coalescence without incurrin g 

the high costs an d dis k spac e requirements o f high-speed imaging . Th e technique use s a 
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hydrophone to record sounds , which are shown to be related to coalescence events. Signa l 

recognition i s straightforwar d an d th e techniqu e ha s a  resolutio n hig h enoug h t o 

discriminate events that occur within 1  to 2 milliseconds. 

The ga s flo w rat e markin g th e boundar y betwee n coalescenc e an d non -

coalescence was determined a s a function of reagent concentration. Th e results sho w that 

for commo n flotatio n frother s an d ^-alcohol s (C4-Cg ) coalescenc e preventio n increase s 

with increasing concentration and chain length. 

The tota l stres s model , whic h consider s elasti c an d viscou s component s an d 

represents th e interna l force s tha t appea r a s a  reactio n t o fil m stretching , i s use d t o 

describe the process. The elastic component o f the total stress increases in magnitude with 

increasing surfactan t surfac e activity, whic h generall y correlate s wit h increasin g chai n 

length. O n the other hand , the viscous componen t become s les s important fo r increasin g 

chain length becaus e o f the lowe r diffusion-adsorption rates. Th e relative importanc e o f 

both effects appears eviden t i n the similar results o f coalescence prevention fo r Heptanol 

and Octanol , wher e i t ca n b e argue d the increas e i n elasticity du e to the highe r surfac e 

activity o f Octano l i s counterbalance d b y th e reductio n i n it s diffusion-adsorptio n rate 

(viscous component) due to the larger size of the Octanol molecule . 

Results fo r sodiu m chlorid e d o no t sho w suc h a  well-defined boundar y betwee n 

coalescence an d non-coalescence a s the surfactants. The total stress generated i n presence 

of sodium chloride i s expected to be lower than with surfactants; the elastic component i s 

insignificant because of the smal l surfac e gradients generated, and the viscous componen t 
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is not as effective because of the different nature of the electrolyte molecules compared to 

frothers. 
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Chapter 4 - Bubbl e break-up and the role of frother and sal t 

Chapter 3  showe d th e effec t o f frother s o n coalescenc e prevention , whic h i s 

considered a  major contributor to the production o f smal l bubble s i n flotation machines . 

This Chapter entertains the other possibility, that frothers may influence bubble break-up . 

4.1 Introductio n 

Frothers ar e surface-activ e agent s (surfactants ) widel y use d i n flotatio n t o ai d 

generation o f smal l bubble s (ca . 0 . 5 - 3 mm ) an d t o hel p for m an d stabiliz e th e frot h 

phase. Eve n thoug h smal l bubble s ar e crucia l fo r th e flotatio n performance , littl e i s 

known about how frothers act in their formation. Analysis o f froth formation emphasize s 

mechanisms that retard coalescenc e (Pugh , 1996 ; Harris , 1982) , a n explanation extende d 

to bubbl e generatio n (Mets o Mineral s CBT , 2002) . Thi s i n tur n ha s le d t o apparen t 

quantification by introducing the critical coalescenc e concentration (CCC) , whic h i s the 

frother concentratio n producin g th e minimu m bubbl e siz e i n a  swar m (Ch o an d 

Laskowski, 2002; Grau and Laskowski, 2006) . Nesset et al. (2007) substitute CCC95,  i.e. , 

concentration achievin g 95 % o f bubbl e siz e reduction compare d t o wate r alone , a s th e 

basis of more systematic measurement. The name infer s that the function of the frother is 

to preserv e th e siz e o f bubbl e produce d (b y whateve r mechanism ) b y preventin g 

coalescence. Others have made the sam e claim (Gome z e t al. , 2000) an d the reference to 

non-coalescing system s (e.g . Parthasarathy e t al. , 1991 ) may als o impl y this mechanism . 

Laskowski (2003 ) states that at frother concentrations lowe r than CCC , the bubble siz e is 
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determined b y coalescence ; whil e a t concentrations highe r than CCC  th e bubbl e siz e i s 

determined b y th e generatio n devic e an d hydrodynami c conditions . H e propose d th e 

critical coalescence concentration concept , together with foaming properties, a s a  way o f 

characterizing flotation frothers. 

Studying bubbl e swarms , a s i n determinin g CCC , doe s no t permi t coalescenc e 

prevention to be separated fro m the other possibility, that frothers may ac t on break-up, a 

mechanism that has not received much attention (Finch et al., 2006; Acuna et al., 2007). 

It i s als o know n tha t sal t solution s ca n reduc e bubbl e siz e i n flotation system s 

(Quinn e t al. , 2007) . Thus , investigation o f the mechanism shoul d conside r both frothers 

and salts. 

4.2 Coalescenc e 

Coalescence i s th e proces s b y whic h tw o o r mor e bubble s com e togethe r t o 

generate a  ne w bubble . Th e mos t commo n coalescenc e ac t i s probabl y betwee n tw o 

bubbles, whic h i s know n a s binar y coalescence . Coalescenc e occur s i n thre e steps : 

collision, fil m thinning, an d fil m rupture (Oolma n an d Blanch , 1986 ; Prince an d Blanch , 

1990; Machon e t al. , 1997 ; Ts e e t al. , 1998) . O n collision , the opposin g bubbl e surface s 

are flattened , leavin g a  thi n fil m separatin g them . Th e initia l thicknes s o f thi s film  i s 

typically 10" 3 to 10" 4 cm. Collision i s controlled b y the hydrodynamics o f the bulk liqui d 

phase. I n the next step, the film  mus t thin until approximately 10" 6 cm in thickness whe n 

it ruptures. The contact time has to exceed the time required for the film to thin to rupture, 
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otherwise coalescenc e doe s no t occur . Thi s secon d ste p i s controlle d b y th e 

hydrodynamics o f the liqui d film  an d force s associated with surfac e tension gradients o r 

surface visco-elastic effects if surfactants are present (Fruhner et al., 1999) . Once the film 

is sufficientl y thi n i t rupture s du e t o instabilit y mechanisms , resultin g i n bubbl e 

coalescence. This last step is very fast compared to the other two. 

4.3 Break-up 

Break-up (breakage ) refer s to bubble s (o r a n ai r stream ) breakin g int o smalle r bubbles . 

The break-u p mechanis m i s modele d considerin g eithe r collisio n o f bubble s wit h 

turbulent eddie s o r bubble s interactin g wit h wake s i n a  swarm . Th e studie s base d o n 

collision wit h turbulen t eddie s deriv e fro m th e wor k o f Hinz e (1955) . Th e eddie s 

considered responsibl e fo r break-u p ar e those o f comparabl e siz e to th e bubble . Large r 

eddies transpor t group s o f bubbles , whil e eddie s muc h smalle r tha n th e bubbl e d o no t 

have enoug h energ y to caus e break-up . Th e studies base d o n wak e interactions ar e from 

experimental observation s that sugges t the wak e environmen t provide s the drivin g forc e 

in bubble-bubble interactions, including coalescence and break-up (Stewart, 1995) . 

Walter an d Blanc h (1986 ) observe d wit h high-spee d photograph y tha t break-u p 

occurred b y a  dumbbell stretching mechanism, with break-up time o f the order o f 25 ms . 

Figure 4. 1 i s taken fro m that wor k identifying one dumbbel l dividin g (an d als o showin g 

the difficulty in imaging the event in bubble swarms) . 
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(a) (b) (c) (d) (e) 

Figure 4.1. Sequence of images of bubble break-up by dumbbell stretching mechanism , 

(a) t = 0 ms, (b) t = 8 ms, (c) t = 20 ms, (d) t = 22 ms, and (e) t = 25 ms (Walter and 

Blanch, 1986 . Reprinted with permission from  Elsevier) . 

In the presence o f frother, the dumbbel l stretching mechanis m wil l caus e uneve n 

frother distribution , whic h generate s surfac e instabilitie s tha t ma y promot e o r retar d 

break-up (Mille r an d Neogi , 1985 ; Dukhi n e t al. , 1998 ; Finc h e t al , 2008) . Th e sam e 

general argumen t applie s to salts , i n this cas e with water molecule s substituting fo r the 

frother i n term s o f surfac e activity (Finc h e t al. , 2008) . Thi s chapte r explore s frothe r 

effects on bubble break-up . 

A break-u p mode l mus t includ e no t onl y the break-u p rat e bu t als o the daughte r 

size distribution (Wan g e t al. , 2003) . Wan g e t al . lis t fou r characteristics o f the daughte r 

bubble size distribution: 

1. A  loca l minimu m shoul d exis t a t equa l (50:50 ) break-u p fractio n becaus e th e 

surface are a an d therefor e surfac e energ y increas e i s the highes t o f al l possibl e 

break-up fractions . (Th e break-u p fractio n refer s t o th e volum e fraction  o f th e 

mother bubble that becomes the daughter bubbles. ) This local minimum shoul d be 
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greater than zer o becaus e th e probability o f equal-siz e break-up , whil e small , i s 

not zero . 

2. Th e generation of small bubbles requires high energy because of the high capillary 

(internal) pressure . Therefore , the daughter bubbl e size distribution shoul d vanis h 

before the break-up fraction approaches zero . 

3. Th e daughter bubbl e siz e distribution depend s o n the mother bubbl e siz e and the 

energy dissipatio n rate . Becaus e o f th e restrictio n i n generatin g smal l bubble s 

(high capillar y pressures) , th e equal-siz e break-u p probabilit y increase s wit h 

decreasing mothe r bubbl e size . I n the cas e o f energ y dissipation rate , the highe r 

the rate the higher the probability of unequal-size break-up . 

4. Th e daughter bubbl e siz e distribution shoul d no t hav e an y singularity point , i.e. , 

the frequency  vs . size plot should be smooth and well defined. 

The daughter bubbl e siz e distribution i s determined b y the break-u p fraction , s o 

modeling thi s functio n i s require d fo r the correc t representatio n o f th e physic s o f th e 

process. Lu o an d Svendse n (1996) , fo r instance , generate d a  break-u p mode l withou t 

considering th e capillar y pressur e restriction ; consequently , thei r daughte r bubbl e siz e 

distributions do not vanish for break-up fractions approaching zero . 

77 



4.4 Experimenta l 

4.4.1 Apparatus 

The experimenta l set-u p (Figur e 4.2 ) comprise s a  30 L acryli c tan k wher e ai r 

bubbles are injected through a glass capillary tube of 0.4 mm internal diameter. Gas flow 

rate is regulated with a mass flow meter controller (Sierra, model 840DL1V1) . The aim of 

the experiment s i s t o stud y ho w a  mono-siz e distributio n o f bubbles , generate d a t th e 

capillary, change s when expose d to turbulence with and without the presence o f frothers 

or salts . A  sleev e i s installed t o delive r bubble s int o th e impelle r whil e protecting th e 

capillary fro m turbulenc e tha t tend s t o alte r th e bubbl e siz e produced . Turbulenc e i s 

introduced by the use of a three-bladed axial flow impeller (Figure 4.3). 

Imp"11'"-

Capillary 
' tub e 

Acrylic Tank 

Figure 4.2. Experimental set-up. 
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10 mm 

Figure 4.3. Impeller . 

Figure 4.4 show s the protective effec t of the sleeve . I n Figure 4. 4 (a ) the impelle r 

is off (stationary), s o the bubbles are all of the same size . In Figure 4.4 (b ) the impeller i s 

on an d th e bubble s generate d a t th e capillar y remai n th e sam e siz e befor e leavin g th e 

sleeve, but the distribution clearly changes in the vicinity of the rotating impeller . 

Figure 4.4. Capillary-sleeve system used to generate mono-size distribution of bubbles: 

(a) impeller off, (b) impeller on (420 RPM) . 
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4.4.2 Procedure 

The gas flow rate delivered to the system was kept constant at 11. 8 seem (standard 

cubic centimete r pe r minute) , th e highes t ga s flo w rate a t whic h coalescenc e betwee n 

subsequent bubble s di d no t occur . Thi s ga s flow  rat e wa s determine d acousticall y (se e 

Chapter 3) . Th e additio n o f frothe r o r sal t di d no t alte r th e bubblin g frequenc y 

(determined acoustically) henc e they di d no t alter the bubbl e siz e being generated a t the 

capillary, which was 2.5 m m volum e equivalen t diameter . These ar e the mother bubble s 

and constitut e a  mono-siz e distribution . Onc e th e bubble s leav e th e sleeve , the y ar e 

exposed to the turbulence induce d b y the impeller ; this results i n coalescence an d break -

up event s tha t alte r th e origina l mono-siz e distribution producin g a  wide r distribution . 

The overall resul t o f the coalescence -  break-u p events may b e inferre d from comparing 

the resulting distribution to the origina l one : we ca n conclud e that al l the bubble s large r 

than 2.5 mm are associated to coalescence events whereas all the bubbles smaller than 2.5 

mm imply break-up events. Repeated coalescence and break-up events are possible but do 

not change this general conclusion . 

Bubble siz e distributions wer e measure d usin g imag e analysis : th e acryli c tan k 

was rear illuminated an d the region between the sleeve and the impeller was imaged with 

a digital still camera (Digital SL R Camera Canon EOS30D) o f 8. 2 mega pixels equippe d 

with a macro lens of 10 0 mm. Two hundred pictures were taken per test, which allows for 

about 3,00 0 bubble s to b e size d i n orde r to mee t statistic requirements i n determining a 

reliable bubbl e siz e distribution (Hernandez-Aguila r e t al. , 2004 ; Hernandez-Aguila r e t 
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al., 2005) . A  specia l macr o (se e Appendi x 5 ) wa s develope d t o proces s th e image s off -

line with the software ImageJ, and thus yield bubble size distribution data. 

4.4.3 Reagents 

Table 4.1 summarizes the reagents used. These represent the fou r different classes 

of surfactants (frothers ) used i n flotation a s identified b y Moy o e t al . (2007) : Pentanol , 

MIBC (methy l isobuty l carbinol) , Dowfrot h 25 0 (polyglyco l ether) , F-15 0 (polyglycol) . 

In addition, sal t (sodiu m chloride ) wa s tested a s high concentrations (fo r example, abov e 

ionic strength of ca. 0.4) decrease bubble size much as frothers do (Quinn et al., 2007) . 

Table 4.1. Summary of reagents used . 

Reagent Formula 
Molecular 

weight 
(g/gmol) 

Supplier 

Pentanol CH3(CH2)4OH 88.15 Fisher 

MIBC (CH3)2CHCH2CH(OH)CH3 102.18 Dow 

Dowfroth 2501 CH3(PO)4OH 264.35 Dow 

F-1501 H(PO)7OH 425 Flottec 

Sodium Chlorid e NaCl 58.44 Fisher 

1 PO is propylene oxide (propoxy) [-O -CH2-CH2-CH2-] 

Solutions wer e mad e usin g Montreal tap water an d the temperature wa s se t a t 2 0 

degree Celsius , controlled b y mixing war m an d col d water (experiments wer e performe d 

during winter). Between tests, the tank was emptied and carefully cleaned. 
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The frothe r concentrations employe d cove r the rang e o f interest i n flotation an d 

were chose n base d o n th e ability o f these reagent s t o preven t coalescenc e i n industria l 

cells (Nesse t e t al. , 2007) , henc e th e concentrations var y fro m frother to frother . A s a 

guide t o th e concentrations used , Tabl e 4. 2 show s typica l concentration s expresse d i n 

terms o f th e critica l coalescenc e concentratio n (CCC).  I n th e table , th e numbe r 

accompanying CCC  (e.g . CCC95)  correspond s to the percentage of bubble siz e reduction 

in th e flotatio n machin e (Nesse t e t al. , 2007) ; CCC95,  thus , correspond s t o a 

concentration achieving 95 % of bubble size reduction. Fo r the case of sodium chloride , a 

concentration o f 0.4 mol/L was tested, based on the comparison between MIBC and salts 

made by Quinn et al. (2007). 

Table 4.2.Typical frother concentrations (mmol/L) used in flotation systems expressed o n 

CCC scale (adapted from Nesset et al., 2007). 

Reagent CCCS0  CCC75  CCC95  CCC9 9 

Pentanol 0.07 7 0.15 3 0.33 1 0.50 9 

MIBC 0.02 6 0.05 1 0.11 1 0.17 1 

Dowfroth 250 0.00 9 0.01 8 0.03 9 0.09 1 

F-150 0.00 2 0.00 5 0.01 0 0.01 6 

82 



4.5 Results 

4.5.1 Reliability 

Full repeat tests were conducted fo r F-150 at a  concentration o f 0.012 mmol/L ( 5 

ppm) and an impeller speed of 420 RPM to establish the precision of the technique (Table 

4.3). Figure 4.5 plots the mean values with error bars representing the standard deviation. 

The pooled relative standard deviation was 0.68%, which shows the technique give s high 

precision. 

40 

0.0 0. 5 1. 0 1. 5 2. 0 2. 5 3. 0 3. 5 4. 0 

Bubble Diameter, mm 

Figure 4.5. Repeat test for F-150: 0.012 mmol/L, 420 RPM. 
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Table 4.3. Number frequency vs. bubble size: repeat test results for F-150, 0.012 

mmol/L, 420 RPM. 

Bubble size 1 Number frequency (%) 

(mm) Run 1 Run 2 Run 3 Run 4 

0.3 4.3 4.2 4.0 2.4 

0.5 0.6 0.6 0.8 0.9 
0.7 1.8 1.7 1.1 1.8 
0.9 3.5 4.3 2.9 4.2 
1.2 7.7 6.4 6.6 6.7 
1.5 7.7 6.4 7.3 8.1 
1.7 5.1 4.4 5.1 4.9 
1.8 3.4 3.0 3.0 3.4 
2.0 2.5 2.3 2.5 2.3 
2.1 2.0 1.9 2.1 1.5 
2.2 3.1 3.2 2.5 1.8 
2.4 27.7 28.1 26.8 27.9 
2.5 25.7 29.2 30.6 29.6 
2.9 4.0 3.7 3.7 3.5 
3.1 0.9 0.6 0.8 0.9 
3.6 0.1 0.1 0.1 0.1 
4.0 0.0 0.0 0.0 0.0 

' mean bubble size per bin class 

4.5.2 Effect of  frother type  and salt (NaCl)  on bubble size distribution 

Figure 4.6 shows how frother addition (Dowfroth 250, 0.038 mmol/L) changes the 

bubble siz e distributio n compare d t o wate r alone . Th e figur e include s th e lin e 

representing the original mono-siz e distribution (2. 5 mm ) a s a  reference . In eac h bubbl e 

size distribution, the sizes larger than 2.5 mm are the result o f coalescence events and the 

sizes smalle r than 2. 5 m m ar e du e to break-u p events . Th e shade d regio n i n Figur e 4. 6 
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corresponds to the difference between coalescence fractions with and without frother,  i.e. , 

the reduction of coalescence in the presence of frother. 

40 

« 3 0 fr 
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Break-up t 

/ 
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0.0 0. 5 1. 0 1. 5 2. 0 2. 5 3. 0 

Bubble Diameter , mm 

3.5 4. 0 

Figure 4.6. Frother effect (Dowfroth 250) on bubble size distribution, 420 RPM. 

The action of frother in reducing coalescence i s captured i n the images i n Figure s 

4.7 an d 4.8 . Figur e 4. 7 show s tw o bubble s coalescin g i n water ; th e image s i n th e 

sequence ar e 1  ms apart . Note tha t th e bubble s com e i n contac t betwee n th e thir d an d 

fourth frame in the sequenc e an d have coalesced b y the fifth frame, giving a  coalescenc e 

time of one to two milliseconds . 

Figure 4.7. Sequence of images (1 ms apart) of bubble coalescence. Water (no-frother), 

420 RPM. 
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Figure 4.8 shows two bubbles interacting in presence of frother. The images in the 

sequence ar e 2  ms apart. I n this case , bubble s com e an d sta y together fo r 1 5 frames (30 

ms), betwee n th e fifth  an d nineteent h frames  i n th e sequence , befor e bouncin g apar t 

without coalescence (last frame). 

Figure 4.8. Sequence of images (2 ms apart) of bubble coalescence. Dowfroth 250, 0.038 

mmol/L, 420 RPM. 

From Figur e 4.6 , i n contras t t o th e clea r effec t o n preventin g coalescence , th e 

presence o f frother  doe s no t see m to hinde r bubbl e break-up , although i t doe s affec t the 

output of the break-up process. Figure 4.6 shows a substantial increment in the fraction o f 

bubbles o f 2. 4 mm , whic h increase s from  7 % t o 23 % whe n frothe r i s present . Thi s 

observation suggests that frother alters the size distribution o f daughter bubbles generated 

by break-up . Note that a  bubbl e o f 2. 4 m m i n diameter ha s a  volum e equa l to 90%  th e 

volume of a 2.5 mm bubble . 

The simples t approac h t o modelin g th e break-u p proces s i s to assum e tha t eac h 

bubble breaks only once and that break-up is binary, i.e. , only two bubbles are formed per 

break-up event. In that case, any increment in the fraction o f bubbles of 2.4 mm shoul d be 

accompanied b y an incremen t i n the fraction of bubbles o f 1. 2 mm, which represents the 
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size o f bubbles havin g 10 % o f the volum e o f a  2.5 m m bubble . Inspection o f Figure 4. 6 

does sho w a n incremen t i n the fraction of bubble s o f 1. 2 m m i n the presence o f frother 

(roughly fro m 5 % t o 7%) . However , thi s differenc e i s smal l compare d t o th e 16 % 

increment i n th e fractio n o f bubble s o f 2. 4 mm . Thi s mean s tha t eithe r a  bubbl e ma y 

break mor e tha n onc e o r mor e tha n on e bubbl e ma y b e generate d pe r break-u p event ; 

whatever th e case , th e resul t i s th e same : a  mothe r bubbl e generatin g mor e tha n tw o 

daughter bubbles, which complicates the analysis . 

Figures 4. 9 an d 4.1 0 illustrat e th e event s jus t described , namel y highl y 

asymmetric break-u p an d break-u p generatin g thre e bubble s (tw o consecutiv e break-u p 

events), respectively. 

Unlike th e differenc e observe d i n th e sequence s o f image s o f 

coalescence/bouncing between systems with and without frother, the break-up of a bubble 

in the presenc e o f frothe r (Figur e 4.11 ) doe s no t sho w a  majo r differenc e compared t o 

bubble break-up in water. 

5 mm 

Figure 4.9. Sequence of images (1 ms apart) of bubble break-up in water (no -

frother) at 420 RPM showing a break-up event giving one large and one small bubbl e 

(frames 9-10). 
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5 mm 

Figure 4.10. Sequence of images (1 ms apart) of bubble break-up in water (no -

frother) at 420 RPM showing 3 daughter bubbles (frame 10) being produced fro m one 

mother bubble (frame 1). 

Figure 4.11. Sequence of images (1 ms apart) of bubble break-up. Dowfroth 250, 

0.038 mmol/L, 420 RPM. 

Figures 4. 9 t o 4.1 1 sho w break-u p o f bubble s tha t interac t directl y wit h th e 

impeller blade . This i s not always the situation; Figur e 4.12 show s a  bubble breaking-u p 

in the proximity o f the impeller blade, but without ever touching it. This i s an example o f 

bubble break-u p b y collisio n wit h a  turbulen t edd y generate d b y th e actio n o f th e 

impeller. 

5 mm 

Figure 4.12. Sequence of images (1 ms apart) of bubble break-up in vicinity of blade. 

Dowfroth 250, 0.038 mmol/L at 420 RPM . 
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In the break-u p sequence s shown , bubble s d o appea r t o brea k b y th e dumbbel l 

stretching mechanis m reporte d b y Princ e an d Blanc h (1986) . Th e break-u p tim e her e 

ranges between 5  and 1 0 ms, which is shorter than the 25 ms reported by those authors. 

Figure 4.1 3 show s th e effec t o f differen t frothers (Pentanol , MIBC , an d F-150 ) 

(concentrations clos e t o th e CCC9 5 (Nesse t e t al. , 2007)) . Al l thre e frothers  hinde r 

coalescence, Pentano l bein g th e weakes t on e a s judge d b y th e increase d fractio n o f 

bubbles large r tha n 2. 5 mm . Moy o e t al . (2007 ) an d Azgom i e t al . (2007 ) previousl y 

classified Pentanol as a weak frother compared to the other surfactants tested. 

As wit h Dowfrot h 250 , thes e frothers  modif y th e daughte r bubbl e siz e 

distribution, favoring the generation of 2.4 mm bubbles . 

Figure 4.13. Frother effect (Pentanol, MIBC, F-150) on bubble size distribution, 42 0 

RPM. 

40 
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For all the reagents tested, the output bubble size distribution show s a minimum a t 

2.0 mm , whic h correspond s t o equa l break-u p (50:50) . Thi s i s i n accor d wit h th e 

conditions liste d b y Wan g e t al . (2003 ) fo r daughter bubbl e siz e distributions generate d 

by break-up. 

The effec t of 0. 4 mol/ L NaC l o n bubbl e siz e distribution i s show n Figur e 4.1 4 

together with the results for MIBC and water for comparison. The Figure shows similarity 

between th e bubbl e siz e distributions generate d wit h sal t an d MIBC . Thi s i s consisten t 

with the observations of Quinn et al. (2007) who found that salt solutions of ionic strength 

ca. 0.4 , i.e. , 0. 4 mol/ L NaCl , an d ca . 0.1 0 mmol/ L MIB C (1 0 ppm ) giv e simila r ga s 

dispersion properties. The similarity implies that whatever the mechanism(s) affecting the 

coalescence -  break-u p processes , the y shoul d appl y no t onl y t o surfactants bu t als o t o 

salts, which otherwise give solutions of a very different nature compared to frothers. 

40 

30 

Water 

-•—NaCl, 0. 4 mol/L 

a - MIBC , 0.09 8 mmol/ L 

2 0 -
O" £ u. 
i-o> .fi 
I 1 0 
z 

0 
0.0 0. 5 1. 0 1. 5 2. 0 2. 5 3. 0 3. 5 4. 0 

Bubble Diameter, mm 

Figure 4.14. Effect of salt (NaCl) on bubble size distribution, 420 RPM . 

90 



4.5.3 Effect of  frother concentration  on  bubble size distribution 

The effec t of frother concentration (Dowfrot h 250) o n bubble siz e distribution i s 

shown i n Figur e 4.15 . Th e concentration s rang e from  CCC5 5 (0.01 1 mmol/L ) t o 

CCC99.9 (0.09 5 mmol/L) , i.e. , from  a n expected wea k effec t on bubble siz e to a  strong 

effect. 

u s u 
3 

8" 
tb u w 
E 

40 

30 

20 

10 

0 

-Dowfroth250, 0.01 1 mmol/ L 

-Dowfroth250, 0.03 8 mmol/L 

- Dowfroth 250, 0.05 7 mmol/ L 

Dowfroth 250, 0.09 5 mmol/ L 

0.0 0. 5 1. 0 1. 5 2. 0 2. 5 3. 0 

Bubble Diameter, mm 

3.5 4. 0 

Figure 4.15. Effect of frother (Dowfroth 250) concentration on bubble size distribution, 

420 RPM. 

No majo r difference s ar e observe d i n term s o f coalescenc e preventio n (i.e. , 

fraction to righ t o f 2. 5 mm ) fo r the concentration s tested ; however , a s see n fro m th e 

fraction left at 2.5 mm, which increases with concentration, and that generated at 0.3 mm, 

which decreases , th e fraction  o f bubble s create d b y break-u p decrease s fo r increasin g 

frother concentration. I n terms o f volume frequency,  the fraction  decrease s from  47 % to 

37% over the range o f concentration. Th e reduction i n break-up cause s the Sauter mea n 

diameter (ds2 ) t o increas e wit h frothe r concentration , from  1. 9 m m a t th e lowes t 
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concentration t o 2. 1 m m a t th e highest . Thi s resul t differ s fro m th e observed , an d 

expected, resul t i n studie s i n flotation machine s wher e bubbl e siz e (d.32)  reduce s wit h 

increasing frother  concentration. Break-u p retardation ma y be associated with the know n 

tendency o f surfactan t t o oppos e bubbl e deformatio n (i n thi s cas e oppos e dumbbel l 

formation). Th e bubbl e ris e tim e i n th e experiment s her e ma y allo w mor e frothe r 

adsorption than i s typical fo r bubble generation i n a  flotation machin e thu s inducin g a 

retardation effect. 

4.5.4 Effect of  impeller speed  on  bubble size  distribution 

Impeller spee d control s bot h th e probabilit y o f break-u p an d coalescence . Th e 

overall result will depend on the relative importance of these two events. 

Figure 4.1 6 show s th e effec t o f impelle r spee d o n bubbl e siz e distributio n i n 

absence of frothers. The impeller speed was varied from 380 RPM (impeller tip speed 1. 3 

m/s) to 50 0 RPM (1. 7 m/s) . The fraction of bubbles generated b y coalescenc e i s see n to 

decrease wit h increasin g impelle r spee d wit h a  correspondin g increas e i n th e fractio n 

generated b y break-u p (fraction to the lef t of 2.5 mm) , from  42 % a t 38 0 RP M (15 % b y 

volume) to 60% at 500 RPM (25% by volume). The overall impression, therefore, is that 

break-up is favored over coalescence as impeller speed is increased. 
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Bubble Diameter, mm 

Figure 4.16. Effect of impeller speed on bubble size distributions. Water only . 

Figure 4.1 7 show s th e effec t o f impelle r spee d o n bubbl e siz e distributio n i n 

presence o f frother (F-150). Her e the fraction of bubbles generated b y coalescenc e i s no t 

significantly affected by the impelle r speed . There i s a diminishing fraction of bubbles o f 

the original siz e (2.5 mm) with increasing impeller spee d and an increasing fraction of the 

smallest bubbles ( <  0.3 mm), suggesting again that break-up i s favored as impeller spee d 

is increased. 
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Figure 4.17. Effect of impeller speed on bubble size distributions. F-150 , 0.012 mmol/L . 

This decreas e i n bubbl e siz e wit h increasin g impelle r spee d accord s wit h th e 

results o f Gorai n e t al . (1995 ) an d Gra u an d Laskowsk i (2006) ; bu t apparently no t wit h 

those o f Nesset e t al . (2007 ) wh o foun d bubble siz e wa s independen t o f impelle r speed . 

The reconciliatio n i s t o conside r th e energ y rang e (impelle r speed ) ove r whic h th e 

experiments wer e conducted . A t lo w energ y (i.e. , lo w impelle r speed) , th e effec t o f 

impeller spee d i s mor e obviou s (Gra u an d Laskowski , 2006 ) tha n a t highe r impelle r 

speeds (Grau and Laskowski, 2006 ; Nesset et al., 2007). The practical range is a tip spee d 

of 5- 7 m/ s (Nesse t e t al. , 2007) , consequentl y th e presen t result s represen t lo w energy . 

Another differenc e from practice i s that the impelle r here i s 'unconstrained' , i.e. , there i s 

no stator as in industrial mechanical machines. The stator will intensify the turbulence. 

94 



4.6 Discussion 

4.6.1 Qualitative  Observations 

The experiments have show n that the turbulence surroundin g the impelle r create s 

an environmen t favorin g bot h coalescenc e an d break-up . I n th e absenc e o f frother , 

coalescence dominates with more than half the volume o f output bubble siz e distribution 

being large r than the inpu t siz e (2. 5 m m diameter) . Nevertheless there i s siz e reductio n 

with a daughter population extending down to <  0.3 mm. 

The presence o f frother significantly alters the daughter bubbl e siz e distribution. 

The mos t immediat e effec t i s t o bloc k th e coalescenc e events , wit h sufficien t frother 

effectively eliminating them altogether. This corresponds to the commo n explanation fo r 

the role of frothers (Metso Minerals CBT, 2002; Cho and Laskowski, 2002) . 

There i s als o a n effec t o n th e break-u p process . Compare d t o wate r only , th e 

fraction o f bubbles of 2.4 mm (i.e. , 90% the volume of the mother bubble) increases with 

a correspondin g increas e i n bubble s les s than ca . 1. 2 m m (i.e. , 10 % the volum e o f th e 

mother bubble) . Otherwise , ther e i s broa d similarit y wit h th e break-u p fraction 

distribution give n i n water only . Thu s overall , frother  damp s coalescenc e an d modifie s 

breakage to favor <  10% volume fraction break-up. 

The set-up was designed to try to access the process(es ) occurrin g i n mechanica l 

flotation machines. Th e connection deserve s comment . I n this set-up the inpu t (mother ) 
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bubble siz e i s know n wherea s i n reality thi s i s unknown , indee d woul d b e conceptual . 

One advantag e i s tha t a  break-u p distribution function , analogou s t o th e breakag e (o r 

appearance) functio n i n comminutio n models , ca n b e determined . Th e distribution s 

presented ar e i n essenc e just that. B y taking a  serie s o f inpu t bubbl e sizes , the break-u p 

function coul d b e determined a s a  function of inpu t bubbl e size , whic h coul d for m the 

basis for modeling bubble size distribution in mechanical machines . 

Apart fro m inputting a  singl e bubbl e size , the experimen t introduce s on e othe r 

distinction fro m reality: the bubbl e i s allowed to rise durin g whic h time frother adsorbs . 

Consequently th e surfac e concentratio n (adsorptio n density ) a t break-u p i s probabl y 

higher than in practice. This may have introduced a n artifact, namely that with increasing 

frother dosage the bubble siz e i s expected to decrease whereas here i t slightly increased . 

The dumbbell stretching mechanism may be opposed by high frother adsorption density. 

Increasing impelle r spee d gav e wha t migh t b e considere d th e expecte d result , 

namely bubbl e siz e reduced . However , thi s appear s to b e dependen t o n the rang e ove r 

which the energ y i s expended : a t lo w energie s a n effec t is see n (Gra u an d Laskowski , 

2006) while at high energy i t is not (Grau and Laskowski, 2006; Nesset e t al., 2007). The 

latter case appears to correspond more closely to industrial practice. 

4.6.2 Quantitative  Examination 

The rol e o f frothe r i n preventin g coalescenc e i s reasonabl y interprete d b y a 

combination o f surfac e tensio n gradien t drive n phenomen a (Gibb s elasticit y an d 
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Marangoni effect) and viscosity-related effects (Fruhner et al., 1999) . These are describe d 

in som e detai l i n Chapte r 3 . Her e th e break-u p mechanis m i s examine d t o explor e a 

possible role of frother, and salt. 

It is proposed that the change in daughter bubble size distributions generated whe n 

frother i s presen t i s du e t o difference s in surfac e tension associate d wit h th e dumbbel l 

break-up mechanism . Figur e 4.1 8 show s a  stretche d bubbl e befor e ruptur e whic h wil l 

generate daughte r bubble s 1  an d 2 . Sinc e stretchin g i s no t uniform , th e surfac e 

surrounding 1  and 2  wil l hav e differen t frother  concentration an d thu s differen t surface 

tension. Th e sam e argumen t fo r a  differenc e i n surfac e tensio n fo r section s 1  an d 2 

applies to salt solutions also. 

According t o th e Laplac e equation , th e pressur e insid e eac h bubbl e (assume d 

spherical) immediately after break-up is : 

Figure 4.18. Stretched bubble before break-up. 

(Eq. 4.1) 
r. 

(Eq. 4.2) 

97 



where r i an d r 2 are the radi i o f bubbles 1  and 2  after break-up, an d a i an d a 2 correspon d 

to the surface tension of bubbles 1  and 2. 

Equations 4. 1 an d 4. 2 represen t th e pressur e insid e eac h en d o f th e stretche d 

bubble jus t prio r t o break-up . Generatin g a  pressur e differenc e insid e a  bubbl e cost s 

energy, an d the highe r th e pressur e differenc e the highe r the energ y neede d t o generat e 

that difference. From geometry, when a bubble breaks into two daughter bubbles the total 

bubble surfac e are a increases . Unles s th e origina l bubbl e break s int o tw o equa l siz e 

bubbles (break-up fraction equal to 50%), the increase in surface area contributed by both 

daughter bubbles is not the same and depends on the relative size of the daughter bubbles . 

Figure 4.1 9 represent s a n origina l (mother ) bubbl e divide d b y a  plan e int o tw o 

regions (two spherical caps ) that will generate the two daughter bubbles after break-up. I t 

will b e assume d tha t th e break-u p occurre d b y th e dumbbel l mechanis m (Figur e 4.18) , 

and tha t equation s 4. 1 an d 4. 2 represen t th e pressure s insid e bubbl e 1  and 2  i n Figur e 

4.19. 

Bubble 2 

Bubble 1 

Figure 4.19. Schematic of bubble break-up . 
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If the origina l bubbl e ha s a  radius equa l to ro , the are a corresponding to spherica l 

caps 1  and 2 are: 

A:aPr=l7thr0 (Eq . 4.3) 

ACapl=2j[{2r0-h)r0 (Eq . 4.4) 

The volumes associated to caps 1  and 2 correspond to the volumes of the daughter 

bubbles 1  and 2, and may be expressed as : 

V, = 7ih\rn -—h (Eq. 4.5) 

f ^ 
V2 =  x (2> o - hf  r o " - (2r 0 - h) 

V j 
(Eq. 4.6) 

The bubble s generate d afte r break-u p (bubble s 1  an d 2  i n Figur e 4.19 ) hav e 

volumes of: 

77 4  ^ Vl =  -7Trx 

7/ 4  ^ Vl =  3 ^ 2 

(Eq. 4.7) 

(Eq. 4.8) 

where ri an d r2 are the radii of bubble 1  and 2, respectively. These radii may be calculated 

by equating to equations 4.5 and 4.6: 

r, = -h21 r n--h 

r2 = 
'3 i ( 1 
4 V  J 

(Eq. 4.9) 

(Eq. 4.10) 
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The area ratios between the newly generated bubble s and the original bubbl e caps 

are: 

A Ir 1 

a = u (Eq . 4.11) 
AcaP i nr 0 

A 2J "l AcaP2 r o(2ro~h) (Eq . 4.12) 

Equations 4.1 1 an d 4.1 2 represen t the relative chang e i n area with respec t to the 

original bubbl e caps . Figur e 4.2 0 show s th e differenc e between th e are a ratio s versu s 

break-up fraction, for the case relevant to the situation here , namely ro = 1.2 5 mm. In the 

analysis, bubbl e 2  i s alway s th e large r o f th e two . Th e result s sho w tha t th e relativ e 

change in area is greater for the large daughter bubble for all break-up fractions. 

Break-up fraction, % 

Figure 4.20. Difference between relative change in area for two daughter bubble s 

generated from a 2.5 mm diameter mother bubble. Bubble 2 is the larger of the two 

bubbles. 
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Since the break-up proces s occur s ove r a  very shor t period o f time, < 1 0 ms , i t i s 

unlikely that the new area generated wil l be replenished with frother, thus the two ends of 

the dumbbell , an d th e daughte r bubble s immediatel y afte r break-up , hav e differen t 

surface concentration o f frother and different surface tensions. For the analysis, therefore, 

adsorption of fresh frother molecules on the dumbbell wil l be neglected an d the dumbbel l 

will b e assumed to shar e the sam e frother load a s the mother bubble . Base d o n this, i t i s 

possible t o evaluate th e differenc e in pressur e insid e th e daughte r bubble s immediatel y 

after break-up, for both cases with and without frother or salt. 

The general expression for the difference in pressure is : 

( 
AP = 2 

cr, <J 2 

\rX r 2 J 

(Eq. 4.13) 

If the surface tension i s assumed to be linearly proportional to the surfac e loading 

(adsorption density) r (mol-m" 2) (Comley e t al., 2002), the surface tension may be written 

as: 

(7 = o-0-kyr (Eq. 4.14) 

where G o correspond s t o th e surfac e tensio n o f (uncontaminated ) wate r an d k y 

(mN-m- mol"1) i s the chang e i n surfac e tension wit h loading . Equatio n 4.1 3 ma y b e re -

written as : 

AP = 2 
crn - k„  r, cr n - k„  r,N nyx 2 (Eq. 4.15) 
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But, following the assumption made, fj and /~ 2 may be expressed as : 

j-< ^Cap\  p (Eq. 4.16) 

r2 = 
A:apl 
A, r (Eq. 4.17) 

where i"* represents the surface loading of the mother bubble, immediately prior to break-

up. 

Combining equations 4.15, 4.16, and 4.17 yields: 

AP = 2 
V 1  r 2 J 

A A ^cap\ cap  2 

r\ A r 2 A 
(Eq. 4.18) 

The first term on the right hand side of equation 4.18 corresponds to the difference 

in capillary pressure between two bubbles generated by break-up in water only: 

Op <?( ) 

V r 2 J 

(Eq. 4.19) 

hence, the difference in capillary pressure between two bubbles generated b y break-up i n 

the presence of frothers is : 

A/> =  AP ,  -2k  T ^^ frother  ^^  water 

A. cap\ cap2 (Eq. 4.20) 
rx A, r 2 A2 j 

The second term on the right hand sid e of equation 4.20 i s always positive (k y and f* ar e 

both positive an d Figure 4.21 show s values fo r the parenthesis ar e always positive), thus 

it follows that fo r any break-up fraction different from 0% (no break-up) an d 50 % (equa l 
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size break-up) , AP  i s greater fo r water alon e than fo r frother solutions meanin g that les s 

energy is needed to break bubbles in the presence of frothers. 

Break-up fraction, % 

Figure 4.21. Evaluation of parenthesis in Equation 4.20 . 

This translate s t o th e fac t tha t i t require s les s energ y t o brea k bubble s i n th e 

presence o f frothers. While this is not a  new argument, Figure 4.2 1 doe s introduce a  ne w 

component. Th e decreas e i n energ y neede d t o brea k bubble s i s accentuate d toward s 

highly asymmetric break-up, i.e. , small break-up fractions (<  10%) . This is in accord with 

the increase i n the number o f bubbles o f 90 % an d 10 % (or less ) o f the origina l (mother ) 

bubble volum e generated i n the presence o f frothers compared to water onl y observe d i n 

this study. 

The focu s has bee n o n frothers but the analysis fo r salts i s analogous , with wate r 

molecules substitutin g fo r th e frothe r i n term s o f surfac e activity . I n thi s case , th e 
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maximum surfac e tension value i s that o f the electrolyte solution a t equilibrium, wherea s 

Co represents the minimum value ai an d 02 can take. 

4.7 Conclusion s 

An experimental set-u p delivering a  single siz e bubble (2. 5 mm diameter) into a n 

impeller i s use d fo r a  basi c stud y o f the coalescence/break-u p event s i n the mechanica l 

production o f smal l bubbles . I t i s the first  suc h stud y aime d a t a  basic understanding o f 

fine bubbl e productio n i n mechanica l flotatio n machines . Th e approac h permit s 

coalescence and break-up events to be distinguished. 

The observations confir m the commo n explanatio n tha t frother s and sal t (NaCl ) 

prevent coalescence . I n the current set-up they are also show n to influence break-up. Th e 

evidence point s t o a  predominanc e o f break-u p event s favorin g a n asymmetri c 90:1 0 

volume division o r higher i n the presence o f frothers  an d sal t (NaCl) ; i.e. , for the starting 

bubble siz e o f 2. 5 m m diameter , th e outpu t siz e i s dominate d b y 2. 4 m m diamete r 

bubbles. 

An analysis o f the break-up even t i s presented base d o n the dumbbel l model . I t i s 

determined tha t les s energ y i s neede d i n th e presenc e o f frothe r t o generat e strongl y 

asymmetric break-up which corresponds to the 90:10 division observed . 
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Chapter 5 - Bubbl e ris e velocity and shape 

Chapter 3  employe d a  capillary-generated bubbl e to examin e coalescence . I n the 

course o f thos e experiments , phenomen a associate d wit h th e bubbl e i n th e fe w 

milliseconds afte r release wer e recorded . Subsequen t analysi s showe d frother s effect on 

shape (aspec t ratio ) an d loca l velocit y tha t appeare d t o b e related . Thi s possibilit y 

stimulated th e wor k tha t form s Chapte r 5 . Th e finding s ar e relate d t o coalescenc e an d 

break-up event s a s they poin t to the time-dependence o f frother (and salt)-accumulatio n 

on a bubble surface. 

5.1 Introductio n 

Frothers ar e surface-activ e agent s (surfactants ) widel y use d i n flotatio n t o ai d 

generation o f smal l bubble s an d t o hel p for m an d stabiliz e th e frot h phase . The y als o 

influence how bubbles move in a liquid (Frumkin and Levich , 1947 ; Dukhin e t al., 1998) . 

Clift et al . (2005) , summarizin g data spanning 7 0 years , sho w a  decrease i n terminal ris e 

velocity of single air bubbles over the size (diameter) range ca. 1  to 1 0 mm in water in the 

presence o f so-calle d 'surface-activ e contaminants' . Othe r author s hav e foun d tha t 

bubbles mov e a t differen t terminal velocitie s dependin g o n frothe r typ e (Zho u e t al. , 

1992; Sa m e t al. , 1996 ; Zhan g e t al. , 1996) . Azgom i e t al . (2007 ) observe d that , fo r a 

given ga s rate , differen t frothers ma y generat e th e sam e ga s holdu p bu t wit h differen t 

bubble size , whic h suggest s tha t bubbl e swar m velocit y i s affecte d b y th e presenc e o f 

frothers. Zhou e t al . (1993 ) mad e a  simila r claim . Acun a an d Finc h (2008 ) generating a 
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2D swar m confirme d this frother type effect. The time history o r loca l velocity profile s 

and bubble shap e also depend o n frother type and concentration (Sa m et al. , 1996 ; Krzan 

et al. , 2004). These prior studies tracked bubbl e rise fo r at leas t one second . This chapter 

shows th e effec t tha t commo n frother s (Pentanol , MIB C (methy l isobuty l carbinol) , 

Dowfroth 250 (polyglyco l ether), F-150 (polyglycol) ) an d sal t (sodium chloride ) have o n 

bubble shap e an d ris e velocit y ove r th e first  ca . 0. 4 seconds . Sal t i s include d a s hig h 

concentrations ( >  0.4 ionic strength) also reduce bubble size (Quinn et al., 2007). 

5.2 Bubble shape and rise velocity 

Bubble motio n ma y b e classifie d into three regime s dependin g o n ris e velocit y 

(Kulkarni and Joshi, 2000). The bubble Reynolds (Re)  and Eotvos (Eo)  numbers are used 

in the characterization, calculated from (Clift et al., 2005): 

g { p < ~ p J d e ; (Eq . 5.1) 

<7 

R c = P i d e , v (Eq . 5.2) 

M 

where g  i s th e acceleratio n o f gravity , pi  an d p air ar e th e liqui d an d ai r densit y 

respectively, d eq i s the bubbl e equivalen t spherica l diameter , c  th e surfac e tension, pi the 

liquid viscosity, an d v  the bubble ris e velocity. The range o f Eotvos numbe r fo r bubbles 

in this study is 0.78 <Eo< 0.87 , and the range in Reynolds number is 210 <  Re <  900. 

According to Tomiyama e t al . (2002 ) the rol e o f surfactants o n bubbl e dynamic s i n 

the three regimes can be summarized as follows: 
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1. Viscou s force dominant regime (smal l spherical bubble , Eo <  0.25): Accumulation 

of surfactants on bubble surface , together with the bubble motion, induce s surfac e 

tension gradien t effect s that mak e the surfac e immobile an d the bubbl e ris e a s a 

rigid sphere . Th e surfac e goe s fro m free-slip to no-sli p condition, resulting i n a n 

increase in viscous drag and decrease in terminal velocity. 

2. Surfac e tension force dominant regime (intermediate size bubble, 0.25 < E o <  40) : 

Surfactants reduc e th e shap e oscillation , makin g bubble s mor e spherical . Th e 

terminal velocit y become s clos e t o tha t o f bubble s i n clea n system s wit h smal l 

initial shap e deformation . Termina l velocit y graduall y decrease s wit h increasin g 

bubble siz e i n this regime (the authors giv e a  range o f bubbl e size s (1. 3 m m -  6 

mm) base d o n a  previou s stud y (Peeble s an d Garber , 1953)) . Mos t bubble s i n 

flotation practice fall into categories 1  and 2. 

3. Inertia l forc e dominant regim e (larg e bubble , Eo  >  40): Hig h inerti a reduce s th e 

impact o f surfactant in bubble motion an d shape . The dra g du e to inertia i s muc h 

higher than the viscous drag induced by surface tension gradient effects. 

At Reynold s number s highe r tha n 20 0 (Re  >  200) , bubbl e buoyanc y i s 

complicated b y bubbl e shap e variation an d bubbl e path instability (Dukhi n e t al. , 1998) . 

In a  qualitative approach , i t i s suggeste d (Dukhi n e t al. , 1998 ; Linto n an d Sutherland , 

1957; Frumkin and Levich, 1947 ) that surfactants are swept to the rear of a rising bubble , 

generating a  region of low surface concentration at the leading surface of the bubble and a 

region o f larg e concentratio n a t th e rea r pol e o f th e bubble . Th e lo w concentratio n 
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(leading) regio n remain s mobile , wherea s th e hig h concentratio n (rear ) regio n i s 

characterized b y retarded surfac e mobility (rear stagnant cap) . 

Acuna (2007 ) studie d the effec t of surfactants (frothers) on singl e bubble s o f ca . 

3.5 mm diameter generated a t a capillary tip over the first 50 ms or so . Bubbles blown i n 

tap water an d i n surfactant solution (0. 1 mmol/ L polyglycol , F-150 ) behave d identicall y 

in term s o f aspec t rati o an d loca l velocit y ove r th e firs t 1 0 m s followin g bubbl e 

detachment. Afte r this the bubbl e i n surfactan t solution becam e mor e spherica l than it s 

water onl y cousi n an d slowe d dow n significantly . Th e observatio n reveal s tha t frothe r 

requires time to adsorb sufficiently to produce effects on bubble behavior . Although ove r 

much shorter time periods, this work is in agreement with others (Sam et al., 1996 ; Zhang 

et al., 2001; Krzan et al., 2004, 2007) . 

Krzan e t al . (2004 , 2007 ) studie d loca l (instantaneous ) velocitie s an d shap e 

variations o f bubble s risin g i n presenc e o f surfactants . The y confirme d th e previou s 

findings of Sam e t al . (1996) an d Zhang e t al . (2001 , 2003) that after initial acceleration , 

bubbles eithe r attained a  constan t velocit y (termina l velocity ) a t hig h concentrations o f 

surfactant, or passed through a  maximum i n the local velocity followe d by a  deceleration 

prior to reaching terminal velocity fo r low concentrations o f surfactant. The maximum i n 

local velocity indicates that the dynamic steady state structure o f the adsorption laye r o n 

the risin g bubbl e i s no t ye t established . Bubbl e shap e als o stabilize d onc e termina l 

velocity was reached. 
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Differences in loca l ris e velocity ar e no t restricted to surfactant systems. W u an d 

Gharib (2002 ) produce d spherica l an d ellipsoida l bubble s o f equivalen t volum e i n 

purified water an d found that the spherica l bubble s move d significantly slowe r than their 

ellipsoidal counterparts. 

Figure 5. 1 i s taken fro m W u an d Ghari b (2002) , an d show s the correlatio n tha t 

exists between bubble rise velocity an d bubble shape : spherical bubbles rose more slowl y 

than ellipsoida l bubble s (not e th e latte r reache s th e to p o f th e fram e soone r tha n th e 

spherical bubble) . 

Figure 5.1. Bubbles of equivalent volume rising in water. The size of each image is 

0.32 cm x 0.88 cm. (Wu and Gharib, 2002. Reprinted with permission from the American 

Institute of Physics). 

De Vrie s e t al . (2002 ) studied the influenc e of bubbl e shap e oscillations o n loca l 

velocities o f bubble s i n th e absenc e o f surfactants . The y foun d tha t shap e oscillation s 
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correlated wit h a n oscillatin g bubbl e ris e velocit y an d deduce d tha t th e oscillation s i n 

velocity wer e cause d b y variation s i n th e added-mas s term , whic h correspond s t o a n 

inertia effect originating as the rising bubble has to push water out of the way. The virtual 

or added-mas s ter m i s take n int o accoun t t o calculat e th e exac t rat e o f exchang e o f 

momentum o f object s (bubbles ) accelerating , rotatin g o r oscillatin g i n fluids , whic h 

depends on the shape of the bubbles (Kendoush, 2007) . 

From numerica l analysis , Dijkhuize n e t al . (2005 ) predicte d oscillation s i n bot h 

shape and velocity o f bubbles o f 3  mm an d large r i n initially quiescent pur e water. The y 

considered the drag and virtual mass forces in their calculations. 

The works of Wu and Gharib (2002) , De Vries et al . (2002) , and Dijkhuizen et al . 

(2005) therefore suggest i t is bubble shape that controls velocity. The action of surfactant 

is then see n as one of modulating shape , making a  bubble mor e spherica l (du e to surface 

tension gradient effects) that cause the bubble to slow down as opposed to the more direc t 

effect of increasing drag due to surface tension gradient effects. 

In this study, bubble shape and rise velocity ove r the first ca. 400 ms from release 

is examined in the presence of frothers and (separately) salt. 
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5.3 Experimental 

5.3.1 Apparatus 

The experimenta l set-u p (Figur e 5.2 ) comprise s a  30 L acryli c tan k wher e ai r 

bubbles are injected through a  glass capillary tube of 0.2 mm internal diameter. Gas flow 

rate i s regulate d b y controllin g th e pressur e i n th e lin e wit h a  pressur e regulato r t o 

generate a  bubbl e growt h rat e o f ca . 6. 2 cc/mi n t o produc e bubble s o f ca . 2. 4 m m 

diameter (i.e. , a  growing time of ca. 70 ms). The tank i s rear illuminated an d bubbles ar e 

imaged wit h a  high-spee d camer a (TroubleShoote r HR ) a t a  rat e o f 1,00 0 frame s pe r 

second and a resolution of 128 0 x 512 pixels. 

Acrylic Tank 

o 

Lamp 

o 

o 

High-speed 
Camera 

o 

o 

Capillary tube 

Figure 5.2. Experimental set-up . 
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5.3.2 Reagents 

Table 5. 1 summarize s th e reagent s used . Thes e represen t th e fou r classe s o f 

frothers fro m 'weakest ' t o 'strongest ' a s identifie d b y Moy o e t al . (2007) : Pentanol , 

MIBC (methy l isobuty l carbinol) , Dowfrot h 25 0 (polyglyco l ether) , F-15 0 (polyglycol) , 

and a  member o f the clas s o f salts (sodiu m chloride ) that a t high concentration hav e th e 

same effec t on producing fine  bubble s a s frothers (Quinn e t al. , 2007) . The HL B numbe r 

(hydrophile-lipophile balance ) i s include d a s a  scal e o f solubilit y o f surfactan t i n wate r 

(Rao, 2004) : the higher the HL B numbe r the mor e water solubl e (i.e. , hydrophilic) i s the 

reagent. 

Table 5.1. Summary of reagents used . 

Reagent Formula 
Molecular 

weight 
(g/gmol) 

HLB 
number 

Supplier 

Pentanol CH3(CH2)4OH 88.15 6.5 Fisher 

MIBC (CH3)2CHCH2CH(OH)CH3 102.18 6.1 Dow 

Dowfroth 2501 CH3(PO)4OH 264.35 7.8 Dow 

F-1501 H(PO)7OH 425 8.5 Flottec 

Sodium 
Chloride 

NaCl 58.44 Fisher 

PO is propylene oxide (propoxy) [-O -CH2-CH2-CH2-] 

Solutions wer e mad e usin g Montreal tap water an d the temperature wa s se t a t 2 0 

degree Celsius , controlled b y mixing war m an d col d water (experiments wer e performe d 

during winter). Between tests, the tank was emptied and carefully cleaned. 
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The frother concentrations employe d cove r the rang e o f interest i n flotation an d 

were chose n base d o n the abilit y o f these reagent s t o preven t coalescenc e i n industria l 

cells (Nesse t e t al. , 2007) , henc e th e concentrations var y fro m frother to frother . A s a 

guide to the concentrations used, Table 5.2 shows concentrations corresponding to a scale 

based o n th e critica l coalescenc e concentratio n (CCC) . I n th e table , th e numbe r 

accompanying CCC  (e.g . CCC95)  correspond s to the percentage o f bubble siz e reduction 

compared t o wate r alon e (Nesse t e t al. , 2007) ; CCC95,  thus , correspond s t o a 

concentration achievin g 95 % o f bubbl e siz e reduction. Fo r the cas e o f sodiu m chloride , 

concentrations u p to 1  mol/L wer e tested, base d o n the compariso n between MIB C an d 

salts made by Quinn et al. (2007). 

Table 5.2. Typical frother concentrations (mmol/L) used in flotation systems expressed 

on CCC scale (adapted from Nesset et al., 2007). 

Reagent CCC50  CCC75 CCC95  CCC99 

Pentanol 0.07 7 0.15 3 0.33 1 0.50 9 

MIBC 0.02 6 0.05 1 0.11 1 0.17 1 

Dowfroth 250 0.00 9 0.01 8 0.03 9 0.09 1 

F-150 0.00 2 0.00 5 0.01 0 0.01 6 

5.3.3 The  Technique 

Bubble shap e an d velocit y wer e recorde d wit h th e high-spee d camer a ove r a 

distance o f 8 5 m m from  th e capillar y tip (equivalen t t o 3 5 times the bubbl e diameter) . 

Each vide o wa s processed off-lin e with ImageJ to yield bubbl e position, and dimension s 
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(i.e., maximum and minimum diameter) vs. time. The position (x , y) was determined from 

the cente r poin t o f th e bubble , an d th e maximu m an d minimu m diameter s wer e 

determined b y th e best-fitted ellips e t o th e 2D-bubbl e image . Th e best-fitted ellips e i s 

determined directl y b y ImageJ , whic h als o determines the angl e between the maximu m 

diameter and the >>-axi s (vertical axis). This allows not only calculation of the aspect ratio 

but whethe r th e maximu m o r minimu m diamete r correspond s t o th e directio n o f 

movement o f the bubbl e (d v). Th e aspec t rati o (AR)  is define d a s the ratio betwee n th e 

diameters dh  an d d v, th e diameter s perpendicula r an d paralle l t o th e directio n o f 

movement of the bubble respectively (Figure 5.3) : 

A=djL (Eq . 5.2) 

* d v 

1 

indicates direction of movement. 

The rise velocity (v ) is calculated fro m the vertical position (y ) of the bubble ove r 

two consecutive frames (/, /+1) as: 

v = y , + i - y , (Eq . 5.3) 

At 

where At is the time interval between the two frames (1 ms). 
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The equivalen t diamete r (d eq) i s calculate d assumin g axia l symmetr y ove r th e 

direction of movement: 

4 , - b x Y ( E q - 5 - 4 ) 

For th e purpos e o f thi s chapter , bubble s wil l b e describe d a s 'spherical ' i f th e 

aspect ratio lies within 15 % of unity (A R <  1.15) ; otherwise, the bubble wil l be describe d 

as 'ellipsoidal' . Othe r bubbl e geometries, presented b y Clif t et al . (2005) , ar e spherical -

cap an d ellipsoidal-cap , bu t thes e correspon d t o larg e bubble s (>1 0 mm ) tha t ten d t o 

adopt flat or indented bases; these geometries were not observed in this study. 

5.4 Results 

The measurements, repeated 5  times for each condition (5 bubbles were recorded) , 

were consistent ; fo r instance , fo r Dowfrot h 25 0 (0.09 5 mmol/L) , th e poole d standar d 

deviation for the aspect ratio, equivalent diameter, and velocity were 0.009, 0.01 mm, and 

0.59 cm/s respectively. 

5.4.1 Effect of  frother type  and salt 

Figure 5. 4 shows images of bubbles in tap water, Pentanol (0.4 0 mmol/L), and F-

150 (0.01 2 mmol/L) . I t i s clea r that F-15 0 ha s a  dramatic effec t on shap e stabilization, 

whereas Pentanol has virtually no effect and is comparable to tap water. Note that for the 

region clos e t o th e capillar y (th e firs t 3  bubbles ) th e bubbl e motio n fo r th e thre e 

conditions look similar, differences appearing after this, as Acuna (2007) noted. 
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Figure 5.4. Example of recorded images (taken from video each 30 ms). Tap water (no 

frother), Pentanol (0.40 mmol/L), and F-150 (0.012 mmol/L) . 

Figure 5. 5 show s the results o f velocity an d aspec t ratio fo r a bubble i n tap water 

(without frother) . The velocit y increase s rapidl y ove r the firs t ca . 4 0 ms , afte r which i t 

continues t o slowl y increas e (unti l ca . 15 0 ms) , whe n i t decrease s fro m 3 8 cm/ s t o 2 6 

cm/s followe d b y a n increas e agai n i n wha t seem s t o b e a n oscillatin g pattern . Th e 

reported bubbl e ris e velocity fo r bubbles o f 2. 4 m m diamete r i n clea n water i s 2 8 cm/ s 

(Gift e t al. , 2005) . Not e tha t th e aspec t rati o varie s i n accor d wit h th e velocity . Th e 

bubble leave s th e capillar y a s a  spherica l bubble , bu t afte r ca . 1 0 m s i t become s 

ellipsoidal an d retains that genera l shap e (AR  >  1.15 ) fo r all other times, reaching a  peak 

aspect ratio of 2.6. 
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Figure 5.5. Velocity and aspect ratio. Tap water. (Note symbols are used to identify the 

curves and have no other significance.) 

The hig h frequenc y oscillatio n observe d i n aspec t rati o an d velocit y ove r th e 

whole perio d correspon d t o hig h frequenc y oscillations i n d v (diamete r i n th e vertica l 

direction). 

Figure 5.6. Sketch of high frequency oscillations of vertical diameter d v. 

Tap water wil l contain impurities bu t they evidently ar e not sufficien t to stabilize 

the bubbl e shape . Figur e 5.7 , o n th e othe r hand , present s th e significan t impac t tha t 

deliberately added surfactant (Dowfroth 250, 0.095 mmol/L) has on velocity and shape . 
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Figure 5.7. Velocity and aspect ratio. Dowfroth 250, 0.095 mmol/L . 

In this case , afte r detaching fro m the capillar y a s a  spherica l bubbl e (AR  ~  1) , i t 

changes shap e to ellipsoida l betwee n ca . 1 0 -  4 0 ms , afte r which it s spherica l shap e i s 

reestablished, varying around a mean AR ~ 1.1 . The high frequency  oscillations associated 

to rapid change s i n d v detected i n water onl y ar e dampe d i n the presence o f frother.  Thi s 

further confirm s tha t th e presenc e o f frothe r stabilize s th e bubbl e shape . I n term s o f 

velocity, after accelerating fo r the first ca. 30 ms, the bubble reaches a maximum velocity 

of 2 5 cm/s , muc h lowe r than the maximu m velocit y i n tap wate r (3 8 cm/s ) (thi s lowe r 

velocity means it stays in the frame for 400 ms rather than ca. 250 ms as in the water-only 

case). This is followed by deceleration to a minimum velocity of 1 0 cm/s prior to starting 

to oscillate about a  mean of ca. 20 cm/s. For a 2.4 mm diameter bubble in 'contaminated ' 

water, Clif t e t al . (2005 ) giv e a  velocity o f ca . 1 7 cm/s . Again , observ e ho w the aspec t 

ratio oscillates in accord with the velocity. 
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Figure 5. 8 show s results fo r F-150 (0.01 2 mmol/L) : again , after an initial perio d 

(ca. 75 ms) the presence of frother stabilizes a spherical bubble shape with an aspect ratio 

varying in accord with velocity. 

Time, ms 

Figure 5.8. Velocity and aspect ratio. F-150, 0.012 mmol/L . 

Figure 5. 7 an d Figur e 5. 8 sho w ho w frothe r (Dowfrot h 250 , F-150 ) influence s 

bubble shap e an d velocity ; howeve r no t al l frother s have the sam e magnitude o f effect. 

Figure 5. 9 show s the result s fo r Pentanol (0.4 0 mmol/L) . Compare d t o wate r alon e th e 

presence o f thi s frothe r di d no t restor e th e origina l spherica l shap e (althoug h di d stil l 

dampen the high frequenc y oscillations) o r reduce velocity significantly. The correlatio n 

between shape (aspect ratio) and velocity nevertheless remains . 
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Figure 5.9. Velocity and aspect ratio. Pentanol, 0.40 mmol/L . 

The work o f Quinn e t al . (2007) showe d that 0.098 mmol/L MIB C gav e the sam e 

bubble siz e (an d ga s holdup ) a s 0. 4 mol/ L NaCl . Result s fo r these tw o condition s ar e 

shown in Figure 5.10 and Figure 5.11 respectively. 

E o 
£ > 2 0 -
u 
> 

50 10 0 15 0 20 0 25 0 30 0 35 0 40 0 

Time, ms 

Figure 5.10. Velocity and aspect ratio. MIBC, 0.098 mmol/L . 
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Figure 5.11. Velocity and aspect ratio. NaCl, 0.4 mol/L. 

Even though frother (MIBC) an d sodiu m chlorid e behav e differently with regar d 

to th e bubbl e surfac e (frothe r positivel y adsorbs , sal t negativel y adsorbs) , the y giv e 

similar results, for example the bubble accelerating ove r the firs t 50 ms to reach a  simila r 

mean velocity an d showin g oscillations i n shape and velocity o f similar frequency . Their 

effect is comparable to Pentanol and less than for F-150 and Dowfroth 250. 

The images in Figure 5.4 suggested simila r behavior regardless o f conditions ove r 

the firs t few milliseconds. Thi s i s explore d i n Figure 5.1 2 an d Figur e 5.13 , whic h sho w 

the velocity an d aspec t ratio fo r tap water an d Dowfroth 250 (the two extremes) ove r the 

first 20 ms. No differenc e is observed i n the velocity o r aspect ratio profile over the first 

ca. 1 5 ms. The finding conforms with the observation of Acuna (2007) . 
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Figure 5.12. Velocity over first 20 ms. Tap water; Dowfroth 250, 0.095 mmol/L . 
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Figure 5.13. Aspect ratio over first 20 ms. Tap water; Dowfroth 250, 0.095 mmol/L . 

126 



5.4.2 Effect of  frother concentration 

Figure 5.1 4 visualize s the effec t on bubbl e ris e velocity a s frother concentration 

increases. Not e wit h increasin g frothe r concentratio n tha t th e bubble s becom e mor e 

spherical and slow down (more bubbles in the frame). 

o O 
| H H 1 H H I 

I P — 
| H H | H H 

gggjHp H H 
% t . 

0.023 mmol/L 0.038 mmol/L 0.095 mmol/L 

5 m m 

Figure 5.14. Images showing impact of frother concentration (taken from video 

each 25 ms). Dowfroth 250. 

Figure 5.1 5 (Dowfroth 250) an d Figur e 5.1 6 (F-150 ) sho w ho w the acceleratio n 

period an d maximu m velocit y decreas e a s concentration i s increased . Subsequently , th e 

oscillations appear to be similar in frequency and amplitude. 
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Figure 5.15. Velocity profile as a function of frother concentration. Dowfroth 250: 0.023 , 

0.038, and 0.095 mmol/L . 

Figure 5.16. Velocity profile as a function of frother concentration. F-150 : 0.005, 0.012 , 

and 0.024 mmol/L. 

Note tha t bubble s reac h a  differen t maximu m velocit y tha t depend s o n 

concentration. Th e time a t whic h bubble s reac h thi s maximu m als o depend s o n frother 
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concentration. Bubbles seem to behave alike again after ca. 15 0 ms simply being offset in 

time. 

This shift in the first peak (maximum velocity) to shorter time is not so evident for 

the other reagents tested, namel y MIBC , Pentanol , an d sodiu m chloride . Th e results fo r 

MIBC ar e show n i n Figur e 5.1 7 a s a n example . Thi s i s evidenc e o f a  weake r effec t of 

these reagents o n bubbl e shap e stabilization. Th e response i n velocity continues to hav e 

its counterpart in shape. 

Figure 5.17. Velocity profiles as a function of frother concentration. MIBC: 0.024, 0.049 , 

and 0.098 mmol/L. 

5.4.3 Bubble rise  velocity versus  aspect  ratio 

The results indicate bubbl e shap e varie s i n time i n lik e manne r a s velocity. Th e 

literature (W u and Gharib , 2002 ; De Vries e t al. , 2002; Dijkhuizen e t al. , 2005) suggest s 
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that there i s a  relationship between bubbl e shap e an d velocity regardles s o f the presenc e 

of surfactant. To explore, data were processed to yield the average velocity correspondin g 

to each aspect ratio, the standard deviation also being computed. Onl y data collected after 

the first deceleration period (i.e. , following the initial maximum velocity) are considered , 

i.e., conditions where frother concentration o n the bubble surface is approaching dynami c 

equilibrium with the bulk. 

Figure 5.18 shows the relationship between velocity and aspect ratio fo r Dowfroth 

250. Note that all the concentrations follow the same trend. 
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Figure 5.18. Velocity vs. aspect ratio. Dowfroth 250: 0.011, 0.038, 0.057, and 0.09 5 

mmol/L 

Figure 5.1 9 show s th e dat a fo r MIBC ; i n thi s case , unlik e Dowfrot h 250 , th e 

highest concentratio n (0.19 6 mmol/L ) exhibit s a  slightl y differen t behavio r tha n th e 
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others. However , th e aspec t ratio (bubbl e shape ) -  velocit y relationshi p stil l hold s wit h 

perhaps a secondary effect of frother concentration entering. 
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Figure 5.19. Velocity vs. aspect ratio. MIBC: 0.024, 0.049, 0.098, 0.196 mmol/L . 

As a  summary , Figur e 5.2 0 show s th e velocit y versu s aspec t rati o fo r th e 

maximum concentratio n teste d fo r eac h reagent . Th e Figur e confirm s th e stron g 

relationship between shap e and bubble velocity, a n increasing aspec t ratio (bubble s mor e 

ellipsoidal) resultin g i n a n increasin g velocity . Thi s support s th e dependenc e recentl y 

reported in the literature. 
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Aspect Ratio 

Figure 5.20. Velocity vs. aspect ratio. F-150, 0.024 mmol/L; Dowfroth 250, 0.09 5 

mmol/L; MIBC, 0.196 mmol/L; Pentanol, 0.567 mmol/L; sodium chloride 1. 0 mol/L; and 

tap water. 

5.5 Discussio n 

The experiment s hav e show n tha t th e presenc e o f surfactan t (frother ) stabilize s 

bubble shape , in particular eliminating the high frequency shape (aspec t ratio) oscillation 

shown i n wate r only . I n th e cas e o f F-15 0 an d Dowfrot h 25 0 th e shap e wa s eve n 

maintained nea r spherica l (aspec t ratio 1.1) . Bubble shap e stabilization ma y be explaine d 

in terms o f surfac e tension gradien t drive n phenomen a (Gibb s elasticity an d Marangon i 

effect). The bubble is not stabilized instantaneously bu t after ca. 1 5 ms. The bubbles sho w 

a maximu m i n velocity followe d by a  deceleration associated with frother adsorption o n 

the risin g bubbl e i n accor d wit h previou s observation s (Sa m e t al. , 1996 ; Zhan g e t al. , 

2001; Krza n e t al. , 2004 , 2007) . Th e ris e velocit y i n Pentanol , MIBC , an d sodiu m 

chloride doe s not decreas e a s much a s fo r the cas e o f Dowfroth 250 o r F-150 . This ma y 
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be du e to the time rang e tested ( <  40 0 ms) ; fo r longe r times th e velocity i n MIBC , fo r 

example, is expected to decrease further (Sam et al., 1996) . 

With increasing frother concentration the maximum velocity decreases as does the 

time a t which i t is reached. Th e deceleration after the maximum velocity i s associated t o 

bubble shap e stabilization, whic h appear s to b e the facto r affecting bubble velocity . D e 

Vries e t al . (2002 ) argue d that bubbl e shap e oscillations influence d bubbl e velocity a s a 

consequence o f variation s i n th e adde d mas s whic h change s wit h bubbl e shape . Th e 

results her e sho w tha t fo r al l conditions , ther e i s a  correlatio n betwee n bubbl e shap e 

(aspect ratio, AR) and velocity: the more spherica l the bubble the lowe r its velocity. Thi s 

behavior is typical of bubbles in the surface tension force dominant regime (Tomiyama e t 

al., 2002). For the concentrations tested, Dowfroth 250 and F-150 are strong bubble shap e 

stabilizers; indeed both make bubbles spherical according to the criterion used (AR  <  1.15 ) 

within 10 0 ms and produce the lowest rising velocities within the time frame measured. A 

lesser effect on bubble shape is observed fo r MIBC; even for the maximum concentration 

tested (0.19 6 mmol/L ) bubble s d o no t becom e spherica l an d th e risin g velocitie s ar e 

higher than those observe d fo r Dowfroth 250 an d F-150 . Finally , Pentanol , an d sodiu m 

chloride ar e the weakes t i n terms o f bubbl e shap e stabilization an d the aspec t ratios fo r 

these reagents ar e comparabl e to those i n tap water. Consequently , Pentano l an d sodiu m 

chloride give the highest velocities. The order of effect on shape and velocity mirror those 

for coalescence prevention for these same reagents (Chapter 3) . 

The Eotvos numbe r fo r bubbles i n this study fal l within the rang e correspondin g 

to th e surfac e tensio n dominan t regim e (Tomiyam a e t al . 2002) , hence , th e curren t 
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findings appl y to bubble s i n this regime . Accordin g t o Tomiyam a e t al. , the effec t that 

frothers have i s to make bubbles more spherical which reduces their velocity. Figure 5.2 0 

confirms this primary effect of shape on velocity; however, given there is some difference 

between frother  type s (an d salt ) i t appear s syste m chemistr y play s a t leas t a  secondar y 

role to shape. The findings  suppor t that an important role of surfactant (and salt) in bubble 

velocity i s through control o f bubble shape . In the case of smaller Eotvos number (i.e. , i n 

the viscous force dominant regime) , bubbles present a more spherical shape regardless the 

presence o f surfactant; hence the effec t of system chemistry i s expected to become mor e 

relevant. 

5.6 Conclusion s 

New findings  ar e presented o n the effect of frother (and salt) on bubble shape an d 

velocity immediatel y afte r creation a t a n orific e (time <  40 0 ms) . Th e result s sho w n o 

effect for the first ca. 1 5 ms after bubble detachment for any reagent tested. Bubbles reac h 

different maximu m velocitie s a t differen t time s dependin g o n frothe r typ e an d 

concentration. Th e maximu m velocit y i s followe d b y a  deceleratio n perio d an d the n 

oscillation about a mean velocity. 

The oscillatio n i n velocit y i s matche d b y oscillatio n i n shap e (aspec t ratio) . A 

relationship between bubbl e shap e an d loca l velocity i s observed: the mor e spherica l th e 

bubble, the slowe r i t rises i n agreement with W u an d Ghari b (2002 ) wh o showe d this i n 

the absence o f surfactants. Dowfroth 250 an d F-15 0 have a  strong effec t on stabilizing a 

spherical shape , an d consequently they produce the lowes t velocities. Th e other reagent s 
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tested, MIBC , Pentanol , an d sal t (NaCl) , ar e les s abl e to produc e a  spherica l shap e an d 

consequently velocity i s higher. Nevertheless the correlation between shap e an d velocity 

is maintained. 

For the tested conditions (i.e. , bubbles in the surface tension dominant regime) the 

findings suppor t th e recen t argumen t tha t surfactants , to whic h ca n no w b e adde d salt , 

affect bubble ris e velocity primaril y throug h contro l o f bubbl e shape , with a  secondar y 

effect of system chemistry. 
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Chapter 6 - Unifyin g discussion 

6.1 Introductio n 

The previous Chapters showe d divers e aspects o f frothers in bubble coalescence , 

break-up, bubbl e shap e an d loca l ris e velocity . Th e discussio n an d conclusion s i n eac h 

Chapter appl y fo r th e specifi c condition s studie d wit h littl e cross-referenc e betwee n 

Chapters. This chapter provides some unification. 

6.2 Summary o f frother effects 

Chapter 3  presents result s o f coalescenc e preventio n fo r differen t frothers at th e 

generation stage . Increasin g frothe r concentratio n prove d t o protec t bubble s agains t 

coalescence. Th e concentration s teste d cove r a  rang e muc h wide r tha n th e rang e o f 

concentrations usuall y foun d i n flotation  systems . I n Chapte r 4 , coalescenc e i s almos t 

completely suppresse d i n presenc e o f frother s a t concentration s typica l o f flotatio n 

systems; frother s were als o observe d to promote strongl y asymmetrica l break-u p (90:1 0 

in volume ) attribute d t o th e uneve n frothe r distributio n ove r th e bubbl e surfac e 

immediately prio r to break-up . Chapte r 5  shows n o effec t of frother over the first  ca . 1 5 

ms afte r bubbl e detachmen t from a  capillar y tube , effect s du e t o syste m chemistr y 

appearing afte r this initia l time . Th e concentrations teste d i n Chapte r 5  als o cove r th e 

typical flotation range. 
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6.3 Commentar y 

Results fro m Chapter 5  indicate reaching steady state in the presence o f frother is 

not instantaneous. Th e adsorption rate i s increased with increasin g frothe r concentration 

because i t promote s frothe r diffusio n (mas s transfer ) t o th e bubbl e surface , an d thu s 

dynamic equilibrium reached earlier . 

Newly forme d bubbles , however , ar e no t fre e o f frother . A t th e momen t a n ai r 

surface is introduced into a  frother solution i t will have a  surface concentration reflective 

of th e bul k concentratio n (conside r frothe r molecule s a s point s i n a  3 D arra y (bul k 

concentration), on introducing a  plane (air surface) some frother molecules wil l be on that 

plane). A s a  first-orde r approximation , th e bubbl e ma y b e considere d t o 'sweep ' th e 

frother molecule s that are in the liquid region displaced by the bubble during the growin g 

process (Figure 6.1) . 

Figure 6.1. Schematic of initial frother surfac e concentration a t bubble surface, (a) before 

bubble starts growing (dashed circle shows region that will be occupied by bubble), (b ) 

during bubble growth, (c) bubble immediately after detachment. 

(b) 

\ r ^ % \ 
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If al l the frother molecules 'swept ' b y the bubble whil e growin g ar e considered capture d 

and neglectin g diffusio n from  th e bul k solution , th e initia l frother  loa d (surfac e 

concentration o r adsorption density ) ma y b e estimated from  th e bubbl e volum e an d th e 

bulk frother concentration. For instance, bubbles of 2.5 mm diameter in an MIBC solution 

of 0.09 8 mmol/ L woul d hav e a n initial frother  loa d o f 4.08e-1 5 mol/cm 2, whic h i s fou r 

orders o f magnitud e lowe r tha n th e Gibb s equilibriu m loadin g (1.10e-l l mol/cm ) 

(Wang, 2006) . (Th e Gibb s equilibriu m loadin g (T m) i s calculate d fro m th e Langmui r 

isotherm: 

r (Eq . 6.1 ) 
m s \+bc 

where the jHs is saturation loadin g (5.00e-1 0 mol/c m )  (Comley e t al. , 2002), c  is the bul k 

frother concentration, and b  is the Langmuir equilibrium constant (0.230 L/mmol) (Wang , 

2006).) Hence , regardles s o f the fac t that n o differenc e in properties i s observe d durin g 

the first  ca . 1 5 ms afte r bubbl e releas e from  th e capillary , i t i s eviden t tha t the surfac e 

frother concentratio n a t bubbl e detachmen t i s differen t from  zero . Wit h a  non-zer o 

surface concentration, phenomen a associate d wit h th e presenc e o f frother  ar e initiated . 

This conclusion i s supported by the results in Chapter 3 , where this initial surfac e frother 

concentration i s sufficien t to preven t coalescenc e a t the generatio n point . Thes e result s 

may b e presente d a s evidenc e tha t coalescenc e preventio n i s a  mor e sensitiv e wa y o f 

detecting presenc e o f contaminants compare d to bubbl e velocity a s proposed b y Zawal a 

et al. (2007) . 

Increasing th e frother  concentratio n (i n th e bul k solution ) increase s th e bubbl e 

surface load a t detachment. Thi s i s why i n Chapter 3  increasing bul k concentration wa s 
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able to counter the increasingly intense coalescence conditions as flow rate was increased . 

When th e bubbl e surfac e i s stretched a s bubble s ar e force d together, th e highe r frothe r 

load help s creat e sufficien t surfac e concentration gradient s an d visco-elasti c effect s to 

oppose coalescence . Th e concentration s ar e take n wel l abov e thos e encountere d i n 

flotation practice suggestin g th e coalescenc e condition s ar e mor e intens e i n the curren t 

experiments. Note that in Chapter 3  the new bubble is pushed agains t the prior one before 

the latte r start s acceleratin g t o leav e th e regio n clos e t o th e capillary . Estimatin g th e 

energy involved i n the coalescence event may permit an estimate o f the apparent energie s 

involved in bubble production in flotation systems. 

Chapter 4  emphasize s tha t eve n lo w frothe r concentration s ca n preven t 

coalescence. Thi s ma y b e du e t o th e tim e tha t elapse s betwee n bubbl e generatio n an d 

interaction with the impeller , which allows additional frother to adsorb. Alternatively, the 

energy involve d i n th e impeller-induce d coalescenc e event s i s mor e reflectiv e o f th e 

energy i n actua l practic e (whic h i n mechanica l flotatio n machine s i s likewis e impelle r 

driven); bubble s mov e an d interact becaus e o f the turbulence generated b y the action o f 

the impelle r an d fro m observation , thes e interaction s ar e wea k compare d t o thos e i n 

Chapter 3 . Again , thi s simplifie d experimen t ma y allo w th e energ y involve d t o b e 

estimated. 

In Chapter 3  sodium chloride (NaCl) does not present the same behavior as frother 

(MIBC) a s reported i n the literature (Quin n e t al. , 2007) , ye t i n Chapte r 4  i t does . Th e 

difference may b e du e to the alread y mentioned differen t intensity o f the bubble-bubbl e 

interactions in each set-up. 
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In Chapter 3 , further frother adsorption is said to take place during film stretching; 

however, i n Chapte r 4  adsorptio n o f ne w frothe r molecule s ont o th e surfac e o f th e 

stretching bubbl e i s neglecte d i n th e analysis . Sinc e i n Chapte r 3  th e frothe r surfac e 

concentration i s fa r fro m equilibrium , frothe r molecule s i n th e liqui d film  trappe d 

between touchin g bubble s wil l hav e the possibility t o adsor b ont o th e bubbl e surfaces , 

affecting the regio n o f 'organized ' wate r an d th e viscou s componen t i n th e total stres s 

theory. Th e adsorptio n o f ne w frothe r molecule s i s expecte d t o hav e onl y a  margina l 

effect o n surfac e tension , otherwis e th e elasti c componen t woul d b e compomised . I n 

Chapter 4  the frother surface concentration o n the stretching bubbl e (dumbbell ) i s close r 

to equilibrium than i n Chapter 3 , hence the driving forc e for further frother adsorption i s 

lessened. Eve n though som e ne w frother molecules ma y adsor b onto the dumbbell , the y 

again can be considered to have a minimal effect, so both ends of the dumbbel l wil l hav e 

different surface tension when break-up is asymmetrical. 
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Chapter 7 - Conclusions , contributions, and future work 

7.1 Conclusion s 

This thesis addressed the effect of frothers  an d sal t on bubble coalescence , break -

up and initial rise velocity. The following conclusions can be drawn from the study: 

1. Th e characteristi c soun d trac e foun d whe n bubble s coalesc e a t a  capillar y ti p 

allowed developmen t o f a  nove l techniqu e t o stud y bubbl e coalescenc e withou t 

incurring the high costs an d dis k spac e requirements o f high-speed imaging . Th e 

technique use s a  hydrophon e to recor d sounds , whic h ar e show n to b e related t o 

coalescence events . Signa l recognition i s straightforward an d the technique ha s a 

resolution hig h enoug h t o discriminat e event s tha t occu r withi n 1  t o 2 

milliseconds. 

2. Th e ga s flo w rat e markin g th e boundar y betwee n coalescenc e an d non -

coalescence wa s determine d a s a  function o f reagen t concentration . Th e result s 

show that commo n flotation frothers  an d ^-alcohol s (C4-Cg ) prevent coalescenc e 

and tha t th e effectivenes s increase s wit h increasin g concentratio n an d chai n 

length. 

3. Th e tota l stres s model , whic h consider s elasti c an d viscou s component s an d 

represents the internal force s that appear as a reaction to film stretching, i s used to 
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describe th e process . Th e elasti c componen t o f th e tota l stres s increase s i n 

magnitude wit h increasin g surfactan t surfac e activity, whic h generall y correlate s 

with increasing chai n length. O n the other hand , the viscous componen t become s 

less importan t fo r increasin g chai n lengt h becaus e o f th e lowe r diffusion -

adsorption rates . Th e relativ e importanc e o f bot h effect s appear s eviden t i n th e 

similar results o f coalescenc e prevention fo r Heptanol an d Octanol , wher e i t ca n 

be argued the increase in elasticity du e to the higher surfac e activity o f Octanol i s 

counterbalanced b y th e reductio n i n it s diffusion-adsorptio n rat e (viscou s 

component) due to the larger size of the Octanol molecule . 

4. Result s fo r sodiu m chlorid e d o no t sho w suc h a  well-defined boundar y betwee n 

coalescence an d non-coalescenc e a s the surfactants. The total stres s generated i n 

presence o f sodiu m chlorid e i s expecte d t o b e lowe r tha n wit h surfactants ; th e 

elastic componen t i s insignifican t becaus e o f th e smal l surfac e gradient s 

generated, an d the viscou s componen t i s not a s effective because o f the different 

nature of the electrolyte molecules compared to frothers. 

5. A n experimental set-u p delivering a  single siz e bubble (2. 5 mm diameter) into a n 

impeller i s use d fo r a  basi c stud y o f th e coalescence/break-u p event s i n th e 

mechanical production o f smal l bubbles . I t is the firs t such study aimed a t a  basic 

understanding o f fin e bubbl e productio n i n mechanica l flotatio n machines . Th e 

approach permits coalescence and break-up events to be distinguished. 
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6. Th e observations confir m the commo n explanatio n tha t frothers  an d sal t (NaCl ) 

prevent coalescence . I n the curren t set-up they ar e also show n to influence break-

up. Th e evidenc e point s t o a  predominanc e o f break-u p event s favorin g a  90:1 0 

volume division (or higher) in the presence o f frothers and salt (NaCl); i.e. , for the 

starting bubbl e siz e o f 2. 5 mm diameter, the output siz e i s dominated b y 2. 4 m m 

diameter bubbles . 

7. A n analysis o f the break-up event i s presented base d o n the dumbbel l model . I t i s 

determined tha t les s energ y i s neede d i n th e presenc e o f frother  t o generat e 

strongly asymmetric break-up which corresponds to the 90:10 division observed . 

8. Ne w findings are presented o n the effect of frother  (an d salt) on bubble shap e an d 

velocity immediately after creation at an orifice (time <  400 ms). The results sho w 

no effec t for the firs t ca . 1 5 ms afte r bubble detachmen t fo r an y reagen t tested . 

Bubbles reac h differen t maximu m velocitie s a t differen t time s dependin g o n 

frother typ e an d concentration . Th e maximu m velocit y i s followe d b y a 

deceleration period and then oscillation about a mean velocity. 

9. Th e oscillatio n i n velocit y i s matche d b y oscillatio n i n shap e (aspec t ratio) . A 

relationship betwee n bubbl e shap e an d loca l velocit y i s observed : th e mor e 

spherical the bubble , the slowe r i t rises in agreement with W u an d Ghari b (2002 ) 

who showe d thi s i n the absenc e o f surfactants. Dowfroth 25 0 an d F-15 0 hav e a 

strong effec t on stabilizing a  spherica l shape , an d consequentl y they produc e th e 

lowest velocities. The other reagents tested, MIBC, Pentanol, an d sal t (NaCl) , ar e 
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less abl e t o produc e a  spherica l shap e an d consequentl y velocit y i s higher . 

Nevertheless the correlation between shape and velocity i s maintained. 

10. For the tested conditions (i.e. , bubbles in the surface tension dominant regime) the 

findings support the recent argument that surfactants, to which ca n now be adde d 

salt, affec t bubble rise velocity primarily through contro l o f bubble shape , with a 

secondary effec t of system chemistry. 
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7.2 Contributions to original knowledg e 

• Developmen t o f a  techniqu e base d o n soun d bubble s emi t t o stud y bubbl e 

coalescence at the generation point (capillary tube). 

• Provide d experimenta l evidenc e t o suppor t tha t frother s preven t bubbl e 

coalescence ove r time intervals s o shor t (ca . 1- 2 ms) that other surfactant-related 

properties are not detectable 

• Developmen t o f a  technique , base d o n imag e analysis , abl e t o discriminat e 

between bubble coalescence and break-up in a turbulent field. 

• Demonstrate d experimentally that frothers (and salt) affec t the output distribution 

of bubble s afte r break-up , favorin g th e generatio n o f strongl y asymmetrica l 

daughter bubbles . 

• Provide d a  theoretical framewor k to explai n th e effec t o f frother s (an d salt ) o n 

bubble break-up . 

• Provide d experimental evidenc e of the relationship between bubble shape and rise 

velocity in the presence of frothers (and salt). 
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7.3 Suggestions for future work 

The soun d technique t o stud y bubbl e coalescenc e open s a n entirel y ne w wa y t o 

approach the problem . A  rol e o f soli d particles i n bubbl e formatio n i s often speculated . 

The presenc e o f solid s make s i t difficult , i f no t impossible , t o us e imag e analysi s bu t 

sound could provide a method of attack. 

Another possibility i s to use the sound technique as an indirect method to measure 

frother concentration. Frother concentration ma y be inferred from the maximum ga s flow 

rate prior to coalescence . 

There i s no mode l to predic t bubbl e siz e generated i n flotation machines. Thi s i s 

necessary t o complet e CF D simulation s tha t currentl y inpu t a  bubbl e size . Chapte r 4 

speculated tha t measurin g th e daughte r bubbl e siz e a s a  function o f mother bubbl e siz e 

may ope n a n opportunity. T o avoi d frother adsorption du e to bubbl e ris e (i n the curren t 

experiment) th e distanc e betwee n bubbl e inpu t an d impelle r shoul d b e shortened . T o 

approach the industrial situation a n impeller-stator assembl y shoul d be substituted fo r the 

unconstrained impelle r used here . 

The bubbl e shape-velocit y relationship shoul d b e re-visited fo r the data fa r from 

the generatio n poin t (capillary ) wher e th e possibility o f frother s affecting bubble shap e 

and bubbl e shap e affectin g velocity i s generall y disregarded . Conversely , experiment s 

should b e performe d o n bubble s o f identical shap e (spherica l i s the obviou s one ) i n the 

presence o f surfactants (frothers) to determine i f the secondar y rol e o f system chemistr y 
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ascribed her e become s apparen t unde r thes e conditions . Th e larg e differenc e i n ga s 

holdup observe d b y Azgom i e t al . (2007 ) between F-15 0 an d Pentano l a t concentration 

where bot h reagent s likel y giv e equa l size d (ca . 1  m m diameter ) spherica l bubble s 

suggests a chemistry effect persists. 
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Appendixes 

Appendix 1  - Reagen t structur e 

Butanol (CH 3(CH2)3OH) Pentanol (CH 3(CH2)4OH) 

Hexanol (CH 3(CH2)5OH) Heptanol (CH 3(CH2)6OH) 

>*>* Ij V 

Octanol (CH 3(CH2)7OH) MIBC ((CH 3)2CHCH2CH(OH)CH3) 

Dowfroth 250 (CH3(PO)4OH) : 

F-150 (H(PO) 7OH)": 

* Carbon atoms are represented in grey, oxyge n atoms in black, an d hydrogen atoms i n white. 
** PO is propylene oxide (propoxy ) [-0-CH 2-CH2-CH2-] 



Appendix 2 - Hig h speed camera specification s 

Model: 

Sensor: 

Shutter speed : 

Recording rate (fps): 

Playback rates: 

Display: 

I/O Connectors: 

Mounts: 

Power supply : 

Size & weight: 

TroubleShooter HR . 

CMOS array up to 128 0 x 102 4 pixels, 8  bit resolution 

(monochrome). 

lx, 2x , 3x, 4x, 5x, lO x and 20x the recording rate. 

16,000; 8,000; 4,000; 2,000; 1,000 ; 500; 250; 125 . 

1 to 1,00 0 frames per second forward and reverse . 

Built-in 5" LC D color digital display . 

USB 2.0 port, compact flash memory. 

Standard C-mount lens mount, V4-2 0 tripod mount. 

Four (4) D-cell batteries or 110/22 0 VAC adapter. 

6 " W  x 5" H  x 4" D , 2.2 lbs. without batteries. 

Table A2.1. Recording rate (fps) and image size configurations. 

Frames per second Sensor Standard Memory- lg b 

Recording rat e Resolution Total frames Record time (sec ) 

125 1280x1024 1,022 8.2 
250 1280x1024 1,022 4.1 
500 1280 x 102 4 1,022 2.0 
1000 1280x512 2,044 2.0 
2000 1280x256 4,088 2.0 
4000 1280x128 8,176 2.0 
8000 1280 x 64 16,352 2.0 
16000 1280x32 32,704 2.0 

125 640 x 480 4,368 34.9 
250 640 x 480 4,368 17.5 
500 640 x 480 4,368 8.7 
1000 640 x 480 4,368 4.4 
125 320 x 240 17,472 139.8 
250 320 x 240 17,472 69.9 
500 320 x 240 17,472 34.9 
1000 320 x 240 17,472 17.5 
2000 320 x 240 17,472 8.7 
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Appendix 3 - Experimenta l result s of coalescence inhibitio n 

Table A3.1. Gas flow meter calibration. 

Set poin t Reading, % Vol, cm 3 Time, mi n Q, see m 
5.1 4.71 63 9.5 6.2 
5.5 5.05 53 6.0 8.2 
5.8 5.37 64 6.0 9.9 
6.1 5.67 62 5.0 11.6 
6.4 5.98 56 4.0 13.0 
6.7 6.28 63 4.0 14.7 
7.0 6.59 69 4.0 16.1 

Set point, % 

Figure A3.1. Gas flow meter calibration curve . 



Table A3.8. Boundary between coalescence and no-coalescence region for 1-octanol. 

Concentration, pp m Concentration, mmol/ L Gas flow  rat e se t poin t Gas flow  rate , see m 

0 0 5.1 6.2 
2.5 0.034 5.1 6.2 
5 0.068 5.1 6.2 

7.5 0.101 5.1 6.2 
10 0.135 5.1 6.2 
15 0.202 5.1 6.2 
20 0.270 5.6 8.8 
25 0.337 5.8 9.9 
30 0.405 5.8 9.9 
35 0.472 5.8 9.9 
40 0.540 5.9 10.4 
45 0.607 5.9 10.4 
50 0.675 5.9 10.4 
60 0.810 6 10.9 
70 0.944 6.2 12.0 
80 1.079 6.3 12.5 
90 1.214 6.6 14.1 
100 1.349 6.6 14.1 
110 1.484 6.7 14.6 
125 1.687 6.7 14.6 

Table A3.3. Boundary between coalescence and no-coalescence regio n fo r 

1-pentanol (ru n 1) . 

Concentration, pp m Concentration, mmol/ L Gas flow  rat e se t poin t Gas flow  rate , see m 

0 0 5.1 6.2 
2.5 0.028 5.1 6.2 
5 0.057 5.1 6.2 

7.5 0.085 5.4 7.8 
10 0.113 5.5 8.3 

12.5 0.142 5.7 9.4 
15 0.170 5.8 9.9 
20 0.227 5.9 10.4 
25 0.284 5.9 10.4 
30 0.340 5.9 10.4 
35 0.397 6.1 11.5 
40 0.454 6.3 12.5 
45 0.511 6.5 13.6 
50 0.567 6.6 14.1 
55 0.624 6.7 14.6 
60 0.681 6.7 14.6 
65 0.737 6.7 14.6 
70 0.794 6.7 14.6 
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Table A3.4. Boundary between coalescence and no-coalescence region for 

1 -pentanol (run 2) . 

Concentration, pp m Concentration, mmol / L Gas flow  rat e se t poin t Gas flow  rate , see m 

0 0 5.2 6.7 
2.5 0.028 5.2 6.7 
5 0.057 5.2 6.7 

7.5 0.085 5.4 7.8 
10 0.113 5.5 8.3 

12.5 0.142 5.7 9.4 
15 0.170 5.8 9.9 
20 0.227 6 10.9 
25 0.284 6 10.9 
30 0.340 6 10.9 
35 0.397 6.2 12.0 
40 0.454 6.4 13.0 
45 0.511 6.6 14.1 
50 0.567 6.7 14.6 
55 0.624 6.7 14.6 
60 0.681 6.8 15.1 
65 0.737 6.8 15.1 
70 0.794 6.8 15.1 

Table A3.5. Boundary between coalescence and no-coalescence region fo r 

1-pentanol (ru n 3) . 

Concentration, pp m Concentration, mmol/ L Gas flow  rat e se t poin t Gas flow  rate , see m 

0 0 5.1 6.2 
2.5 0.028 5.1 6.2 
5 0.057 5.2 6.7 

7.5 0.085 5.3 7.3 
10 0.113 5.6 8.8 

12.5 0.142 5.7 9.4 
15 0.170 5.7 9.4 
20 0.227 5.8 9.9 
25 0.284 5.8 9.9 
30 0.340 6 10.9 
35 0.397 6.2 12.0 
40 0.454 6.5 13.6 
45 0.511 6.6 14.1 
50 0.567 6.6 14.1 
55 0.624 6.6 14.1 
60 0.681 6.6 14.1 
65 0.737 6.6 14.1 
70 0.794 6.7 14.6 



Table A3.8. Boundary between coalescence and no-coalescence region fo r 1-octanol. 

Concentration, pp m Concentration, mmol / L Gas flow  rat e se t poin t Gas flow  rate , see m 

0 0 5.1 6.2 
1 0.010 5.1 6.2 

2.5 0.025 5.1 6.2 
5 0.049 5.3 7.3 

7.5 0.073 5.4 7.8 
10 0.098 5.7 9.4 
15 0.147 5.9 10.4 
20 0.196 6.1 11.5 
25 0.245 6.3 12.5 
30 0.294 6.6 14.1 
35 0.343 6.7 14.6 
40 0.392 6.7 14.6 
45 0.440 6.7 14.6 
50 0.489 6.7 14.6 

Table A3.7. Boundary between coalescence and no-coalescence region for 1-heptanol. 

Concentration, pp m Concentration, mmol/ L Gas flow  rat e se t poin t Gas flow  rate , see m 

0 0 5.2 6.7 
2.5 0.022 5.3 7.3 
5 0.043 5.4 7.8 
10 0.086 5.8 9.9 
15 0.129 6 10.9 
20 0.172 6.5 13.6 
25 0.215 6.7 14.6 
30 0.258 6.7 14.6 
35 0.301 6.7 14.6 
40 0.344 6.8 15.1 
45 0.387 6.8 15.1 
50 0.430 6.9 15.7 
55 0.473 7 16.2 
60 0.516 7 16.2 
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Table A3.8. Boundary between coalescence and no-coalescence region fo r 1-octanol. 

Concentration, pp m Concentration, mmol/ L Gas flow  rat e se t poin t Gas flow  rate , see m 

0 0 5.1 6.2 
2.5 0.019 5.1 6.2 
5 0.038 5.4 7.8 
10 0.077 5.8 9.9 
15 0.115 6 10.9 
20 0.154 6.4 13.0 
25 0.192 6.7 14.6 
30 0.230 6.7 14.6 
35 0.269 6.8 15.1 
40 0.307 6.8 15.1 
45 0.346 6.8 15.1 
50 0.384 6.9 15.7 
55 0.422 7 16.2 
60 0.461 7.1 16.7 
65 0.499 7.2 17.2 
70 0.538 7.2 17.2 

Table A3.9. Boundary between coalescence and no-coalescence region fo r F-150. 

Concentration, pp m Concentration, mmol/ L Gas f lo w rat e se t poin t Gas flow  rate , see m 

0 0 5.2 6.7 
0.25 0.001 5.2 6.7 

1 0.002 5.2 6.7 
2 0.005 5.2 6.7 
3 0.007 5.2 6.7 
4 0.009 5.2 6.7 
5 0.012 5.2 6.7 

7.5 0.018 5.2 6.7 
10 0.024 5.4 7.8 

12.5 0.029 5.5 8.3 
15 0.035 5.5 8.3 
20 0.047 5.7 9.4 
25 0.059 5.9 10.4 
30 0.071 5.9 10.4 
35 0.082 6.1 11.5 
40 0.094 6.2 12.0 
45 0.106 6.4 13.0 
50 0.118 6.6 14.1 
55 0.129 6.7 14.6 
60 0.141 6.8 15.1 
65 0.153 6.9 15.7 
70 0.165 7 16.2 
75 0.177 7 16.2 
80 0.188 7 16.2 
90 0.212 7 16.2 
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Table A 3 .8 . Boundar y between coalescence and no-coalescence region for 1-octanol. 

Concentration, pp m Concentration, mmol/ L Gas flow  rat e se t poin t Gas flow  rate , see m 

0 0 5.2 6.7 
1 0.010 5.2 6.7 

2.5 0.025 5.2 6.7 
5 0.049 5.6 8.8 

7.5 0.073 5.8 9.9 
10 0.098 6 10.9 
15 0.147 6.1 11.5 
20 0.196 6.4 13.0 
25 0.245 6.6 14.1 
30 0.294 6.9 15.7 
35 0.343 6.9 15.7 
40 0.392 6.9 15.7 
45 0.440 6.9 15.7 

Table A3. l l . Boundar y between coalescence and no-coalescence region for 

Dowfroth 250. 

Concentration, pp m Concentration, mmol/ L Gas flow  rat e se t poin t Gas flow  rate , see m 

0 0 5.3 7.3 
1 0.004 5.3 7.3 

2.5 0.010 5.2 6.7 
5 0.019 5.2 6.7 

7.5 0.028 5.3 7.3 
10 0.038 5.4 7.8 

12.5 0.047 5.5 8.3 
15 0.057 5.7 9.4 
20 0.076 5.9 10.4 
25 0.095 6 10.9 
30 0.114 6.1 11.5 
35 0.132 6.2 12.0 
40 0.151 6.4 13.0 
45 0.170 6.6 14.1 
50 0.189 6.9 15.7 
55 0.208 6.9 15.7 
60 0.227 7 16.2 
70 0.265 7 16.2 
80 0.303 7 16.2 
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Appendix 4 - Experimenta l result s of bubble coalescence and break-u p 

Table A4.1. Bubble size distribution. Water: 380, 420, and 500 RPM. 

B u b b l e s i z e , 

m m 

N u m b e r F r e q u e n c y , % 
B u b b l e s i z e , 

m m 
W a t e r 

B u b b l e s i z e , 

m m 
3 8 0 R P M 4 2 0 R P M 5 0 0 R P M 

0.3 3.0 4.5 9.6 
0.5 0.9 0.7 1.8 
0.7 0.5 0.9 2.0 
0.9 1.6 1.8 4.4 
1.2 3.7 4.5 8.3 
1.5 5.3 7.0 9.0 
1.7 5.2 5.7 5.5 
1.8 3.7 4.2 3.7 
2.0 3.9 3.8 2.9 
2.1 2.4 2.7 2.5 
2.2 4.4 4.7 3.4 
2.4 7.3 7.1 7.8 
2.5 20.1 21.0 17.8 
2.9 21.4 19.7 16.7 
3.1 9.5 7.9 3.6 
3.6 4.4 3.1 0.8 
4.0 1.7 0.7 0.1 
4.3 0.5 0.1 0.1 
4.5 0.4 0.0 0.0 
4.8 0.2 0.0 0.0 

Table A4.2. Bubble size distribution. F-150: 380,420, and 500 RPM. 

B u b b l e s i z e , 

m m 

N u m b e r F r e q u e n c y , % 
B u b b l e s i z e , 

m m 
F - 1 5 0 , 0 . 0 1 2 m m o l / L 

B u b b l e s i z e , 

m m 
3 8 0 R P M 4 2 0 R P M 5 0 0 R P M 

0.3 8.2 3.7 9.1 
0.5 0.3 0.7 1.2 
0.7 0.9 1.6 3.0 
0.9 2.3 3.7 5.9 
1.2 3.9 6.9 8.2 
1.5 4.8 7.4 6.9 
1.7 4.8 4.9 3.1 
1.8 3.8 3.2 1.8 
2.0 2.7 2.4 1.6 
2.1 2.1 1.9 1.1 
2.2 2.7 2.6 1.5 
2.4 20.4 27.6 27.5 
2.5 35.8 28.8 24.5 
2.9 5.7 3.7 3.7 
3.1 1.2 0.8 0.7 
3.6 0.5 0.1 0.2 
4.0 0.0 0.0 0.0 
4.3 0.0 0.0 0.0 
4.5 0.0 0.0 0.0 
4.8 0.0 0.0 0.0 



Table A4.3. Bubble size distribution. Dowfroth 250. 

B u b b l e s i z e , 

m m 

N u m b e r F r e q u e n c y , % 
B u b b l e s i z e , 

m m 
D o w f r o t h 2 5 0 

B u b b l e s i z e , 

m m 
0 . 0 1 1 m m o l / L 0 . 0 3 8 m m o l / L 0 . 0 5 7 m m o l / L 0 . 0 9 5 m m o l / L 

0.3 9.0 7.5 6.0 3.4 
0.5 1.2 1.1 1.1 0.9 
0.7 1.7 1.8 2.1 1.7 
0.9 4.1 3.6 3.5 2.7 
1.2 7.6 6.7 6.5 6.0 
1.5 6.7 6.9 6.2 7.1 
1.7 4.5 4.3 4.4 4.4 
1.8 2.6 3.1 3.1 3.0 
2.0 2.2 2.3 2.1 1.9 
2.1 1.9 1.7 1.4 1.2 
2.2 3.9 2.0 2.0 1.9 
2.4 24.0 23.4 21.7 23.1 
2.5 25.7 29.7 32.6 37.0 
2.9 4.0 4.9 6.1 4.9 
3.1 0.9 0.7 0.9 0.6 
3.6 0.0 0.2 0.2 0.2 
4.0 0.0 0.0 0.0 0.0 
4.3 0.0 0.0 0.0 0.0 
4.5 0.0 0.0 0.0 0.0 
4.8 0.0 0.0 0.0 0.0 

Table A4.4. Bubble size distribution. Pentanol, MIBC, F-150 , NaCl . 

B u b b l e s i z e , 

m m 

N u m b e r F r e q u e n c y , % 
B u b b l e s i z e , 

m m 
P e n t a n o l , M I B C , F - 1 5 0 , N a C l , 

B u b b l e s i z e , 

m m 
0 . 3 9 7 m m o l / L 0 . 0 9 8 m m o l / L 0 . 0 1 2 m m o l / L 0 . 4 M 

0.3 2.4 2.5 3.7 2.8 
0.5 0.7 1.1 0.7 0.9 
0.7 1.3 2.0 1.6 1.0 
0.9 2.9 3.7 3.7 2.7 
1.2 6.4 6.9 6.9 6.3 
1.5 7.3 8.4 7.4 9.6 
1.7 6.1 5.3 4.9 7.4 
1.8 4.5 4.8 3.2 3.9 
2.0 3.8 4.9 2.4 4.5 
2.1 4.0 6.0 1.9 4.6 
2.2 8.6 13.2 2.6 9.6 
2.4 13.6 17.1 27.6 14.6 
2.5 23.9 17.9 28.8 19.0 
2.9 12.9 5.5 3.7 9.8 
3.1 1.6 0.6 0.8 2.5 
3.6 0.2 0.0 0.1 0.6 
4.0 0.0 0.0 0.0 0.1 
4.3 0.0 0.0 0.0 0.1 
4.5 0.0 0.0 0.0 0.0 
4.8 0.0 0.0 0.0 0.0 



Appendix 5 - Macr o code for ImageJ 

The following code allows processing bubble size for multiple tests with ImageJ : 

macro "Multi Bubble Size Analyzer" { 

D i r r =  getDirectory("Choose Sourc e Directory ") ; 

listfolder = getFileList(Dirr); 

D i r w =  D i r r ; 

//Prompt for Information 

Dialog.create("Parameters fo r multiple tests"); 

Dialog.addNumber("Pixels pe r mm.", 50.0 , 2, 10,"") ; 

Dialog.addNumber("Min. Circularity", 0.65 , 2,10,"") ; 

Dialog.addNumber("Min. Objec t diameter", 5 , 0,10, "pixels") ; 

Dialog.addNumber("Files to skip", 0, 0, 10 , ""); 

Dialog.addString("File Extension", "JPG") ; 

Dialog.addMessage("\n") ; 

Dialog.addCheckbox("Substract Background" , false) ; 

Dialog.addCheckbox("Save Results in same folder", true); 

Dialog.show(); 

Cal = Dialog.getNumber(); 

Circ = Dialog.getNumber(); 

mindiam =  Dialog.getNumber(); 

s = Dialog.getNumber(); 

extension = Dialog. getString(); 

BG = Dialog.getCheckbox(); 

Keepfolder = Dialog.getCheckbox(); 

if (Keep_folder = false ) { 

Dir w  = getDirectory("Choose Destination for Results ") ; 
} 



if (s != (round(s))||(s<0) ) { 

exit("Files to skip must be a positive integer"); 
} 

min_area = (min_diam/Cal)*(min_diam/Cal)/4*3.1416 ; 

run("Clear Results") ; 

j = 0; 

for (f=0; f<listfolder.length ; f++) { 

//Get Subfolder Name 

n = lengthOf(listfolder[f]); 

subfolder = substring(listfolder[f], 0, n-1); 

Subdir =  Dir_r + subfolder + "\\" ; 

list = getFileList(Sub_dir) ; 

if (s>=list.length ) { 

exit("Too many files to skip" ) 
} 

for (i=s; i<list.length ; i++) { 

if (endsWith(list[i], extension) == 1 ) { 

open(Sub_dir +  list[i]); 

run("Out"); 

run("Out"); 

run("Out"); 

run("8-bit"); 

if (BG = true ) { 

run("Subtract Background..." , "rolling=5 0 white"); 
} 

//run("Threshold..."); 



set AutoThreshold(); 

if (j—0){ 

run("Set Scale..." , "distance=" + Cal + "  known=l pixel= l unit=m m global") ; 

j = i ; 
} 

run("Set Measurements...", "are a perimeter circularity feret's display 

redirect=None decimal=3") ; 

run("Analyze Particles...", "size= " + min_area + "-Infinity circularity-' +  Circ + 

"-1.00 show=Nothing display exclude include") ; 

close(); 

} 
} 
//instructions to generate only one big txt-file per test 

saveAs("Measurements", Dir_ w + subfolder + ".txt"); 

run("Clear Results"); 

} 
} 
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