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Abstract	
Easy	 bubble	 size	 regulation	 defines	 an	 efficient	 control	 of	 flotation	 column	 and	 renders	 it	 as	
economic	 processing	way	 to	 recover	 the	 fine	mineral	 particles.	 Strong	 interaction	 occurs	 between	
superficial	 gas	 (Jg)	 and	 feed	 velocities	 (Jl)	 for	 bubble	 size.	 The	 optimum	operating	 conditions	must	
accordingly	be	maintained	to	prevent	the	bubble	coalescence	leading	to	average	bubble	size	increase	
or	 carryover	 of	 small	 bubbles	 into	 the	 tailings.	 This	 paper	 discusses	 the	 interaction	 between	 the	
parameters	employed	to	characterize	 the	dispersion	of	 the	sparged	air.	The	differences	of	 the	two	
majors	bubble	size	analysing	techniques	 (bubble	viewer	and	drift	 flux	model)	are	also	 investigated.	
Four	different	approaches	using	the	drift	flux	analysis	are	compared	with	experimental	data	collected	
from	a	5,5	m	height	pilot	flotation	column.		The	changes	of	bubble	size	as	a	function	of	column	height	
in	 frother	 and	 salt	 solution	 are	 also	 reported.	 The	 advantages	 of	 the	 numerical	 method	 are	
highlighted.	

INTRODUCTION		
Bubble	column	reactor	is	a	multiphase	contactor	where	gas	comes	into	contact	with	liquid	or	liquid-
solid	 (slurry)	 system,	which	 is	widely	 used	 in	 chemical	 (e.g.	 oxidation,	 polymerization,	 chlorination	
etc.),	petrochemical,	biochemical	(e.g.	wastewater	treatment,	fermentation),	and	mineral	processing	
(Kantarci	et	al.,	2005;	Shah	et	al.,	1982).	The	main	advantages	of	these	rectors	are	the	low	operation	
and	maintenance	costs,	the	compact	design,	the	easy	operation,	the	adjustable	residence	time	and	
the	high	heat	and	mass	transfer	rate	(Shah	et	al.,	1982).		

Bubble	column	reactor	has	been	successfully	used	in	mineral	processing	industry	since	the	early	80’s,	
particularly	 in	 the	 cleaning	 phase	 of	 flotation	 circuit.	 Bubble	 column	 reactor	 used	 in	 the	 flotation	
process	 is	most	 commonly	called	 flotation	column.	Compared	 to	 the	mechanical	 flotation	cells	 the	
flotation	columns	are	more	effective	with	fine	particles,	has	lower	capital	and	operation	cost	due	to	
lack	 of	 moving	 parts,	 has	 less	 floor	 space	 demand,	 and	 it	 is	 easier	 to	 control	 automatically.	 It	 is	
extensively	 used	 for	 final	 cleaning	 in	 copper	 and	 zinc	 sulphide	 flotation,	 in	molybdenite	 cleaning,	
phosphate	flotation	and	iron	ore	flotation	(Dobby,	2002).	

During	the	flotation	process	the	interacting	phases	are	the	continuous	liquid	phase	and	the	dispersed	
gas	and	solid	phase.	The	 liquid	phase	or	medium	 is	 responsible	 for	 carrying	 the	 solid	particles	and	
also	for	providing	a	suitable	chemical	environment	for	the	successful	process.	The	solid	phase	is	the	
one	 to	 be	 separated	 and	 removed	 from	 the	 liquid	 phase	 while	 the	 actual	 separation	 process	 is	
fulfilled	by	 the	gas	phase	 (bubbles).	The	air	 is	 sparged	 into	 the	slurry	at	 the	bottom	of	 the	column	
and	 the	 buoyancy	 force	makes	 the	 bubbles	 rise	 to	 the	 top	of	 the	 cell	while	 colliding	with	mineral	
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particles	 that	can	attach	 to	 the	bubbles	and	rise	 to	 the	surface	creating	a	mineralised	 froth	phase.	
The	efficiency	of	the	process	is	strongly	determined	by	the	size	and	the	velocity	of	the	rising	bubbles:		

- the	smaller	the	bubble	the	bigger	the	active	surface	area	where	particle-bubble	collision	can	
take	place	

- the	 slower	 the	 bubble	 rise	 velocity	 the	 longer	 the	 bubble	 residence	 time	 resulting	 longer	
particle-bubble	interaction	time	(higher	grade	and	selectivity	can	be	obtained).	

The	 parameters	 determine	 bubble	 size	 and	 velocity	 can	 be	 categorized	 into	 five	 major	 groups:	
column	design,	operation	parameters,	gas-phase-,	liquid-phase-	and	solid-phase	property.	

THE	FIVE	MAJOR	PARAMETERS	AFFECT	COLUMN	OPERATION	

Design	parameters	
Flotation	columns	consist	of	two	distinct	zones	Figure	1:	the	collection	zone,	and	the	forth	zone.	The	
collection	 zone	 is	 between	 the	 feed	 zone	where	 the	particles	 are	 suspended	 in	 the	water	 and	 the	
sparger	technology	where	the	air	bubbles	are	dispersed	into	the	water.	In	this	zone	bubble	–	particle	
collision,	particle	attachment	and	detachment	takes	place	leading	to	the	formation	of	bubble-particle	
aggregates	 that	 will	 rise	 up	 above	 the	 feeding	 zone	 to	 the	 froth	 zone	 forming	 mineralized	 froth	
phase.		

	

Figure	1.	Schematic	of	flotation	column	[Based	on	(Dobby,	2002;	Sastri,	1998)]	

There	are	multiple	sparger	technologies	used	to	disperse	air	into	the	column	but	they	can	be	divided	
into	two	major	groups:	 internal	and	external	spargers.	 Industry	prefers	external	sparger	to	 internal	
one	due	to	the	cheaper	and	faster	maintenance.	Most	widely	employed	 industrial	spargers	are	the	
Microcell™	 (Metso),	 the	 CPT	 Slamjet®	 and	 the	 CPT	 CavTube™	 (Eriez)	 (Wills	 and	 Finch,	 2015).	 In	
Microcell™	 (Metso)	 and	 CavTube™	 (Eriez)	 the	 slurry	 that	 is	 extracted	 from	 the	 column	 is	
reintroduced	 via	 the	 sparger	 technology	 while	 air	 is	 mixed	 into	 the	 medium	 while	 the	 Slamjet®	
system	forcing	a	high	pressure	air	through	a	tube	and	jetting	air	into	the	slurry.		

Industrial	bubble	columns	usually	operate	with	a	 length-to-diameter	ratio	 (H:D).	Typical	height	and	
diameter	varies	between	6	to	14	m	and	0.5	to	5	m	respectively	(Finch	and	Dobby,	1990).	Choosing	
the	 right	 length-to-diameter	 will	 have	 an	 effect	 on	 the	 gas-liquid	 surface	 area,	 axial	 dispersion	
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coefficient	of	gas	and	solid,	bubble	size,	rising	velocity	and	fluid	dynamic	(Pangarkar,	2015;	Shah	et	
al.,	1982).	

Operational	parameters	
This	 group	 collects	 all	 of	 the	 parameters	 that	 can	 be	 directly	 controlled	 or	 regulated	 during	 the	
measurement,	 e.g.	 volumetric	 gas	 flow	 rate	 (Qg),	 volumetric	 liquid	 flow	 rate	 (Ql),	 operational	
temperature	and	pressure,	 solid	 to	 liquid	portion	 in	slurry	etc.	The	 increase	of	Qg	will	enhance	the	
volume	of	dissolved	air	 in	the	continues	phase	however	its	effect	on	the	size	distribution	and	rising	
velocity	of	the	bubbles	is	strongly	determined	by	the	property	of	the	liquid	phase.	Since	most	of	the	
flotation	column	used	in	mineral	processing	is	counter-current	column	the	increase	in	Ql	will	have	a	
significant	 effect	 on	 the	 rising	 velocity	 of	 the	 bubbles.	 The	 operational	 pressure	 or	 the	 operation	
temperature	can	not	be	as	easily	regulated	as	Qg	or	Ql	but	both	have	a	significant	effect	on	bubble	
size	 and	 rising	 velocity	 so	 these	parameters	have	 to	be	 considered	during	 column	operation.	Both	
operational	temperature	and	operational	pressure	tends	to	decrease	bubble	size	as	they	increasing.	
The	 increase	 of	 operational	 temperature	 decreases	 liquid	 velocity	 leading	 to	 smaller	 bubble	 size	
while	 the	 increase	of	operational	pressure	 increases	 the	gas	density	 leading	 to	 smaller	bubble	size	
(Schafer	 et	 al.,	 2002).	 The	 efficiency	 of	 froth	 flotation	 is	 strongly	 influenced	 by	 the	 solid	
concentration	 that	 usually	 varies	 between	 25	 to	 40%	 (COCHILCO,	 2009).	 Increasing	 the	 solid	
concentration	reduces	liquid	viscosity	leading	to	more	frequent	bubble	coalescence	and	therefore	to	
increased	bubble	size	(Kara	et	al.,	1982;	Kato	et	al.,	1972;	Pino	et	al.,	1992).			

Gas	phase	property	
Gas	density	(ρg)	has	a	pronounced	effect	on	bubble	size	and	hence	on	bubble	rising	velocity	(Schafer	
et	 al.,	 2002).	 The	 increasing	 gas	 density	 increases	 inertia	 forces	 in	 the	 bubbles	 leading	 to	 smaller	
stable	bubble	diameter.		

Liquid	phase	property	
There	 are	 three	 crucial	 properties	 affecting	 flotation	 performance:	 density,	 viscosity	 and	 water	
quality/impurity.	The	increase	of	liquid	density	or	viscosity	reduces	the	turbulence	in	the	liquid	phase	
leading	 to	 increased	bubble	 size	 (Kantarci	et	al.,	 2005;	Schafer	et	al.,	 2002).	The	complexity	of	 the	
action	 of	 water	 quality	 on	 bubble	 properties	 cannot	 be	 explained	 in	 term	 of	 the	 usual	 viscosity,	
density	 or	 surface	 tension	 properties	 of	 the	 liquid	 (Pino	 et	 al.,	 1992).	 Certain	 impurities	 such	 as	
surface-active	agent	or	dissolved	electrolytes	can	diminish	bubble	size	by	preventing	the	coalescence	
between	 colliding	 bubbles.	 In	 case	 of	 surface-active	 agents	 (surfactant),	 the	 adsorbed	 molecules	
changes	the	boundary	condition	of	air	/liquid	interface	from	slip	condition	to	partial-slip	or	non-slip	
leading	 to	slower	drainage	speed	 (Henry	et	al.,	2007).	The	 film	thinning	 is	 conducted	by	such	 local	
hydrodynamic	properties	of	the	interface	as	surface	elasticity	and	surface	tension	gradient.	In	case	of	
dissolved	electrolytes,	 the	decrease	of	bubble	 coalescence	 frequency	has	been	extensively	 studied	
but	 the	 phenomena	 responsible	 for	 the	 decrease	 is	 still	 not	 well	 understood.	 There	 are	 many	
different	theories	but	none	of	them	has	the	potential	to	fully	explain	the	phenomena.	The	theories	
can	 be	 divided	 into	 three	 groups:	 colloidal	 force	 effects,	 ions	 specific	 effect	 on	 air/liquid	 interface	
properties	 and	 ion-pair	 effects.	 There	 are	 four	 colloidal	 forces	 associated	 with	 the	 bubble-bubble	
interactions	the	Van	der	Waals	attraction	force,	the	repulsive	electrostatic	double	layer	force	(EDL),	
the	 attractive	 hydrophobic	 pressure	 and	 the	 repulsive	 hydration	 pressures.	 The	 attractive	 forces	
mostly	 enhance	drainage	 time	 therefore	 it	 is	 not	necessarily	 responsible	 for	 the	decreased	bubble	
size.	The	repulsive	EDL	can	inhibit	bubble	coalescence	by	keeping	the	air-liquid	interfaces	away	from	
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each	other	but	upon	addition	of	0.01	M	of	salt	the	repulsive	EDL	became	negligible	and	since	most	of	
the	salt	prevent	bubble	coalescence	above	this	concentration	this	force	cannot	be	responsible	for	the	
phenomena	(Creux	et	al.,	2007).	The	other	repulsive	force	is	the	hydration	pressure	that	arise	from	
the	bonded	water	molecules	around	the	air-liquid	interface	and	that	only	act	from	the	distance	of	5	–	
6	Å	therefore	their	influence	is	can	not	be	significant	(Israelachvili	and	Wennerstrom,	1996).	An	other	
explanation	for	the	prevention	of	bubble	coalescence	is	the	decreased	strength	of	the	hydrophobic	
attraction	force	however	there	is	not	too	much	know	about	the	length	and	magnitude	of	this	force	to	
fully	 explain	 the	 bubble	 coalescence	 prevention	 (Craig	 et	 al.,	 1993;	 Firouzi	 et	 al.,	 2015;	 Pugh	 and	
Yoon,	1994).	The	 ion	effect	on	air-liquid	 interface	properties	are	 focusing	on	the	change	of	surface	
mobility	 that	 can	 be	 altered	 effectively	 even	 at	 small	 surface	 tension	 gradients	 (Klaseboer	 et	 al.,	
2000;	Yaminsky	et	al.,	2010).	However	in	case	of	electrolyte	solutions	there	are	not	enough	evidence	
to	prove	this	theory	some	studies	showed	that	the	surface	mobility	of	bubbles	in	electrolyte	solution	
close	to	the	one	observed	in	pure	uncontaminated	water	solutions	 (Henry	et	al.,	2008)	while	other	
works	highlighted	changes	 in	 the	 interface	mobility	 in	KCl	 solution	while	approaching	 solid	 surface		
(Parkinson	and	Ralston,	2010).	The	ion-pairs	effect	on	bubble	coalescence	was	studied	extensively	by	
Craig	and	co-authors	(V.	S.	J.	Craig,	Ninham,	&	Pashley,	1993a;	Vincent	S.J.	Craig,	Ninham,	&	Pashley,	
1993b).	The	anions	and	cations	were	separated	into	two	categories,	α	and	β,	based	on	their	effect	on	
bubble	coalescence.	While	αα	and	ββ	electrolytes	inhibit	coalescence,	the	mixed	combination	of	the	
two	type	electrolytes,	αβ	and	βα,	has	no	effect.	The	designations	α	and	β	are	empirical	based	on	the	
results	of	bubble	coalescence	experiments	and	they	have	not	been	successfully	associated	with	any	
physical	parameter	of	the	ion.	The	ion	pars	effect	on	bubble	coalescence	was	linked	to	the	hydration	
level	 of	 the	 ion-pairs	 by	 Collins	 (Collins,	 2004).	 Salts	 are	 built	 up	 of	 opposite	 charge	 of	 ions	 that	
relative	 radii	 size	 to	 each	 other	 can	 have	 a	 great	 effect	 on	 the	 hydration	 level	 of	 ion-pairs.	 It	 is	
considered	 that	 two	 strongly	 hydrated	 small	 ions	 (hard	 ions)	 of	 opposite	 charge	 or	 two	 weakly	
hydrated	large	ions	(soft	ions)	of	opposite	charge	would	strongly	attract	to	each	other	forming	direct	
ion	pairs	that	expelling	the	hydration	water	between	them.	When	mixed	ion-pairs	(small	–	large)	are	
in	 contact	 the	 large	 ion	 is	 not	 sufficient	 to	make	 the	 small	 ion	 to	 lose	 its	 hydration	 shell	 so	 they	
remain	apart	from	each	other.	Based	on	this	matching	ion-pair	idea	the	bigger	the	different	between	
the	mixed	ion-pairs	the	less	successful	the	prevention	of	bubble	coalescence. 

Solid	phase	property	
While	particle	size,	liberation,	shape	and	surface	properties	have	a	significant	effect	on	the	collision,	
attachment	and	detachment	probability;	there	are	certain	particle	properties	that	already	affect	the	
gas	 dispersion	 therefore	 affecting	 the	 collision	 probability	 by	 influencing	 the	 bubble	 size.	 These	
parameters	are	the	particle	size	and	chemical	composition.	Particles	with	the	size	smaller	than	1	mm	
promote	bubble	coalescence	that	resulting	bigger	bubbles	with	higher	rising	velocity	and	therefore	
lower	gas	holdup	while	big	particles	promote	bubble	coalescence	leading	to	smaller	bubble	size	and	
hence	 higher	 gas	 holdup	 (Imafuku	 et	 al.,	 1968;	 Kato	 et	 al.,	 1972;	 Viswanthan	 et	 al.,	 1964).	 The	
dissolvent	of	the	solid	phase	can	modify	the	property	and	purity	of	the	liquid	phase	resulting	change	
in	bubble	size	and	rising	velocity.		

The	 current	 work	 focuses	 on	 parameters	 affecting	 bubble	 properties	 in	 two-phase	 (air-water)	
systems	 and	 compares	 the	 existing	 industrial	 methods	 used	 for	 monitoring	 bubble	 properties	 in	
flotation	column.		
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HYDRODYNAMIC	IN	FLOTATION	COLUMN			
Gas	dispersion	parameters	(Figure	2)	are	employed	to	determine	how	well	the	introduced	air	(Qg)	is	
distributed	in	the	flotation	machine.	The	introduced	air	will	be	distributed	in	the	given	cross	section	
of	the	flotation	machine	(Ac)	by	forming	air	bubbles.	As	the	result	of	the	buoyancy	force	the	bubbles	
will	 rise	 to	 the	 top	 of	 the	 cell	 but	 it	 rising	 velocity	 will	 be	 affected	 by	 the	 size	 (db)	 and	 shape	 of	
bubbles	 (Maldonado	 et	 al.,	 2013).	 	 As	 the	 bubble	 size	 decreases	 the	 rising	 velocity	 increases	 and	
resulting	increase	of	air	fraction	in	the	air-liquid	mixture.	This	ratio	of	gas	fraction	to	liquid	fraction	is	
called	gas-holdup	(ɛg).	These	parameters	together	determine	the	active	surface	area	where	particle-
bubble	 collision	 can	 take	 place	 and	 together	 with	 the	 particle	 floatability	 (P)	 will	 determine	 the	
flotation	rate	constant.				

	

Figure	2.	The	four	gas	dispersion	parameters	used	by	industry	to	characterize	how	effectively	the	gas	phase	is	dispersed	in	
the	liquid	phase	

Bubble	size	(db)	and	its	rising	velocity	(Ut)	together	are	the	main	factors	determine	the	flow	regime	
and	therefore	the	hydrodynamic	in	the	flotation	column	(Besagni	and	Inzoli,	2016)	which	govern	the	
performance	of	bubble	column	reactor.	Flow	regime	according	to	the	structure	of	the	gas	holdup	is	
either	homogeneous	or	heterogeneous.	The	former	indicate	gentle	mixing	over	the	cross	section	of	
the	column	and	associated	with	low	superficial	gas	velocity	(Jg).	The	bubbles	in	this	flow	regime	are	
uniformly	 sized	 small	 bubbles	 with	 limited	 interactions	 and	 uninform	 Ut	 where	 the	 db	 is	 mostly	
determined	by	sparger	(column	design)	and	physical	properties	of	the	system	(Hyndman	et	al.,	1997;	
Thorat	 and	 Joshi,	 2004)	 and	 it	 is	 frequently	 referred	as	bubble	 flow.	The	 letter	 is	 the	 result	of	 the	
increased	Jg	leading	to	more	frequent	bubble	coalescence	and	broader	bubble	size	distribution.	The	
wide	 range	 of	 bubble	 size	 distribution	 leads	 to	 differences	 in	Ut	 and	 hence	 to	 bubble	 segregation	
where	bigger	bubbles	with	higher	Ut	move	 to	 the	centre	of	 the	column	while	 smaller	bubbles	stay	
close	 to	 the	wall	 of	 the	 column.	 The	 segregation	 phenomena	 is	 strongly	 depends	 on	 the	 size	 and	
shape	of	the	bubbles	(Sekoguchi	et	al.,	1974).		

It	is	crucial	to	bear	in	mind	that	the	bubble	size	in	the	column	is	not	necessary	homogenous	even	in	
the	homogenous	zone.	Homogenous	zones	can	be	either	perfect,	when	the	size	of	the	bubbles	are	
actually	uniform	and	it	 is	only	possible	if	no	coalescence	occurs	between	the	bubbles	therefore	the	
bubble	size	 is	determined	by	sparger	system,	or	 imperfect,	when	there	 is	some	variation	 in	bubble	
size	as	a	result	of	random	bubble	coalescence.	Perfect	bubble	flow	can	be	reached	when	the	airflow	
rate	is	sufficiently	low	so	there	is	no	interaction	between	bubbles	that	would	lead	to	coalescence	or	
if	 the	 possible	 coalescence	 is	 prevented	 by	 the	 addition	 of	 sufficient	 amount	 of	 chemicals	 or	
impurities.	 In	 mineral	 processing	 these	 substances	 are	 flotation	 frothers	 or	 electrolytes.	 The	
concentration	where	the	perfect	bubbly	 flow	 is	 reached	 is	called	critical	coalescence	concentration	
(Cho	 and	 Laskowski,	 2002),	 in	 case	 of	 flotation	 frothers,	 or	 transition	 concentration	 (Prince	 and	
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Blanch,	1990),	 in	case	of	electrolytes.	 Imperfect	bubbly	 flow	forms	when	coalescence	between	the	
colliding	bubbles	can	take	place	either	due	to	the	increased	Jg	or	due	to	the	insufficient	frothers	or	
electrolytes.	The	varying	Ut	across	 the	cross	section	of	 the	column	 is	 leading	 to	 internal	circulation	
and	 turbulent	eddies	 (energy	cascade)	encouraging	 further	bubble-bubble	coalescence	and	 leading	
to	 slug	 flow	 that	will	 result	 lover	 gas-liquid	mass	 transfer	 coefficient	 in	 the	 column.	 Therefore	 the	
change	from	imperfect	bubbly	flow	to	slug	flow	is	not	just	a	function	of	increasing	Jg	as	a	function	of	
ɛg	 and	 dc	 as	 it	 was	 stated	 by	 Deckwer	 et	 al.	 (Deckwer	 et	 al.,	 1980)	 but	 also	 the	 function	 of	 the	
chemicals	 effect	 on	 bubble	 coalescence	 as	 a	 function	 of	 increasing	 turbulent	 intensity	 as	 it	 was	
highlighted	by	Javor	and	Filippov	(Javor	and	Filippov,	2017).	

In	 case	 of	 imperfect	 homogeneous	 system	 the	 determination	 of	 average	 bubble	 size	 is	 not	 that	
obvious	as	in	case	perfect	homogeneous	system.	Determining	only	the	mean	bubble	diameter	(d10)	in	
imperfect	homogeneous	system	can	be	misleading	since	it	do	not	considers	that	not	all	bubbles	has	
the	same	size	or	the	same	concentration.	Therefore	the	Sauter	mean	diameter	(d32)	was	introduced	
(Hernandez-Aguilar	 et	 al.,	 2005)	 that	 is	 a	 surface,	 volume	 diameter	 that	 is	 suitably	 represents	 the	
whole	 imperfectly	 homogenous	 bubble	 population.	 Figure	 3	 demonstrates	 an	 average	 bubble	 size	
distribution	can	be	obtained	in	an	imperfect	homogenous	bubble	flow.			

	

Figure	3.	Mean	diameters	representing	the	whole	size	distribution	of	the	bubbles	

THE	KEY	PARAMETERS	DETERMINE	HYDRODYNAMIC	IN	FLOTATION	COLUMN			
Even	though	froth	flotation	is	a	three-phase	process	gas	dispersion	is	often	measured	in	two-phase	
systems.	There	are	multiple	reasons	why	studying	two-phase	systems	is	essential.	The	main	reason	is	
the	complexity	of	the	system.	Already	in	two-phase	system,	the	gas	dispersions	is	affected	by	many	
factors	 (Figure	4)	and	some	of	 them	are	still	not	well	understood	 like	 the	water	quality	effect	 that	
currently	became	a	really	important	issue	in	mineral	processing	as	the	result	of	fresh	water	scarcity	
and	increasing	water	demand	(since	the	water	requirement	in	froth	flotation	is	determined	by	water	
to	solid	ratio	the	decreasing	grade	of	the	available	minerals	leading	to	the	higher	water	demand).		
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Figure	4.	Schematic	of	the	complexity	of	column	flotation	in	2-phase	system	

Linking	the	obtained	two-phase	system	data	to	three-phase	system	data	 is	not	easy	since	the	solid	
already	affects	the	property	of	the	 liquid	phase	and	consequently	 the	hydrodynamic	 in	the	column	
therefore	the	interactions	between	the	five	major	parameters	affecting	column	operation	have	to	be	
understood	perfectly	(Figure	5).		

	

Figure	5.	Schematic	of	the	complexity	of	column	flotation	in	3-phase	system	

MEASURING	OF	BUBBLE	SIZE	
There	 are	multiple	methods	 used	 for	 determining	 bubble	 size	 in	 flotation	 column,	 however	 these	
methods	 can	 be	 divided	 into	 two	major	 groups	 based	 on	 the	 data	 extraction	 routine:	 direct	 and	
indirect	method.		

The	direct	method	allows	measuring	the	bubbles	one	by	one	so	the	bubble	size	distribution	can	be	
precisely	determined	however	to	do	so	the	bubble	population	in	the	column	have	to	be	sampled	and	
extracted	one	by	one.	The	sampling	process	can	disturb	column	operation	and	hence	affecting	on	the	
obtained	 results.	 Additional	 errors	 arise	 as	 the	 result	 of	 bubble	 extraction	 such	 as	 the	 change	 in	
volume	due	to	the	increase	in	vertical	displacement,	the	change	in	coalescence	probability	due	to	the	
restricted	 lateral	 movement	 and	 increased	 manipulation	 of	 the	 bubbles	 (Sovechles	 and	 Waters,	
2015).	Other	disadvantage	of	the	direct	method	is	the	expansive	and	sensitive	instrumentation	that	
usually	associated	with	these	methods	that	many	time	do	not	suitable	for	 industrial	conditions	and	
can	 be	 challenging	 to	 use	 it	 during	 continuous	 operation.	 Machine	 vision	 technique	 (Grau	 and	
Heiskanen,	2002;	Hernandez-Aguilar	et	al.,	2002)	 is	the	most	widely	used	direct	method	where	the	
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bubbles	 are	 collected	 with	 a	 sampling	 tube	 and	 ushered	 into	 a	 glass	 or	 acryl	 bubble	 viewer.	 The	
bubble	viewer	is	placed	between	a	photo	camera	and	a	backlight	so	the	rising	bubbles	can	be	imaged	
against	 a	backlight	highlighting	 the	 silhouette	of	 the	bubbles.	Other	popular	 indirect	methods	are:	
optical	 fibre	 (Besagni	 and	 Inzoli,	 2016;	 Chabot	 et	 al.,	 1998;	 Moujaes,	 1990;	 Tucker	 et	 al.,	 1994),	
acoustic	 method	 	 (Kracht	 and	 Moraga,	 2016)	 and	 double	 sensor	 conductivity	 probe	 (Wu	 et	 al.,	
2001).Optical	fibre	operate	based	on	the	difference	in	reflective	index,	or	conductive	respectively	of	
the	gas	and	 liquid	phase	measuring	 local	holdup,	bubble	 chord	 length	and	 rise	velocity.	 In	mineral	
processing	the	most	commonly	used	optical	sensor	is	the	UCT	bubble	probe	(Tucker	et	al.,	1994)	that	
collect	the	bubbles	via	a	sampling	capillary	and	deformed	them	to	a	cylinder	and	measure	the	chord	
length.	The	narrow	size	of	the	sampling	capillary	is	inevitable	in	three	phase	system	operation	so	no	
particles	 will	 collected	 in	 the	 sampling	 capillary.	 The	 acoustic	 method	 data	 collection	 method	 is	
similar	 to	the	machine	vision	technique.	The	bubbles	collected	from	the	column	 is	ushered	 into	an	
acoustic	chamber	where	a	mixed	signal	of	a	carrying	signal	and	a	modulating	signal	is	transmitted	to	
the	 water	 and	 the	 bubbles	 are	 responding	 to	 this	 signal	 and	 the	 respond	 signal	 is	 received	 by	 a	
transducer	and	from	the	different	between	the	transmitted	and	received	signal	the	bubble	size	can	
calculated.	The	great	benefit	of	the	acoustic	technique	over	the	machine	vision	technique	is	the	lack	
of	 expensive	 imaging	 tools	 (CCD	 camera	 and	 back	 light).	 Double	 sensor	 conductivity	 probe	 can	
measure	 the	 conductivity	 difference	 between	 the	 bubbles	 and	 the	 slurry	 without	 collecting	 and	
extracting	the	bubbles	from	the	system	however	the	probe	only	detect	the	bubbles	that	are	directly	
in	contact	with.		

The	indirect	method	includes	measurement	techniques	where	data	are	collected	from	a	cross	section	
of	 the	 column	with	 sensors	 that	 have	 no	 direct	 effect	 on	 the	 operation	 of	 the	 column.	 The	 great	
benefit	of	these	methods	that	it	can	be	used	in	continuous	operation	without	disturbing	or	affecting	
the	process	but	on	the	down	side	it	do	not	provide	visual	confirmation	and	the	obtained	bubble	size	
data	 is	 the	 result	 of	 a	 numerical	 calculation.	 The	 most	 commonly	 employed	 sensors	 for	 indirect	
bubble	size	analyses	are	the	pressure	(Finch	and	Dobby,	1990)	and	conductivity	 (Gomez	and	Finch,	
2007)	 sensors.	 The	 sensors	 detect	 the	 gas-holdup	 and	 the	 bubble	 size	 is	 iterated	 based	 on	 the	
correlation	 between	 the	 bubble	 size	 and	 its	 rising	 velocity.	 Such	 numerical	 calculation	 method	 is	
called	drift	flux	(DF)	analyse.	The	acoustic	sensors	(Spencer	et	al.,	2012)	are	also	employed	in	column	
flotation	where	 the	bubble	 size	 is	determined	as	a	 function	of	 resonance	 frequency	 (f0).	 There	are	
other	 indirect	 techniques	 that	 are	 suitable	 for	 gas	 holdup	 measurements	 without	 disturbing	 the	
system	 but	 these	 techniques	 just	 like	 the	 direct	 methods	 require	 expansive	 and	 sensitive	
instrumentation	 that	has	a	huge	additional	 space	 requirement	and	many	 times	do	not	 suitable	 for	
industrial	 conditions.	 Such	 techniques	 are	 the	 γ	 ray	 tomography	 (Kumar	 et	 al.,	 1995)	 or	 the	 laser	
Doppler		anemometer	(Kulkarni	et	al.,	2001).	

COMPARING	THE	NUMBERING	AND	IMAGING	ANALYSING	TECHNIQUES	

The	experimental	setup		
A	 5.5	m	 high	 pilot	 size	 flotation	 column	with	 an	 inner	 diameter	 of	 0.075	m	was	 used	 during	 the	
experimental	work	Figure	6	(Filippov	et	al.,	2000).	Two	sparger	systems	are	installed	on	the	column	
(Microcell™	 (Metso)	 and	 a	 modified	 Slamjet®	 called	 Flotaire	 (Deister	 Concentrator))	 that	 can	 be	
changed	 between	 two	 experimental	 works.	 In	 this	 current	 work	 the	 Flotaire	 sparger	 system	 was	
employed.	A	centrifugal	Dyton	pump	located	at	the	bottom	of	the	column	was	employed	to	circulate	
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the	air/water	mixture	via	the	sparger.	Airflow	rate	is	reported	as	a	superficial	gas	velocity	(Jg)	and	the	
feed	 rate	 as	 superficial	 liquid	 velocity	 (Jl).	 The	 Jg	 and	 Jl	 was	 set	 to	 0.85	 cm/s	 and	 1.14	 cm/s	
respectively.		

Two	Masterflex	pumps	are	used	as	a	feed	and	a	tailing	pump.	The	two	pumps	were	connected	so	if	
the	feed	rate	or	gas	holdup	changed	the	tailing	pump	speed	was	modified	automatically	to	keep	the	
liquid	level	constant	in	the	column.		

Two	Rosemount	300S	pressure	sensors	 (P1,	P2,)	are	placed	2.0	m	apart	was	used	 to	determine	gas	
holdup	and	bubble	size	in	this	given	section	of	the	flotation	column	using	drift	flux	model.	A	bubble	
viewer	was	installed	at	the	upper	part	of	the	cell	and	the	bubbles	were	sampled	above	the	P1	sensor.	
The	sampling	point	of	 the	viewer	can	be	modified	so	bubble	population	close	 to	 the	wall	or	 in	 the	
centre	of	the	column	can	be	monitored.	The	sampling	tube	is	installed	in	45º	and	its	inner	diameter	is	
10	mm.	The	collected	bubbles	were	later	released	into	the	column	close	to	the	feeding	point.		

	

Figure	6.	The	schematic	of	the	5.5	m	high	experimental	setup	used	during	the	experimental	work	

During	a	set	of	measurement	40	L	of	10	ppm	MIBC	solution	was	prepared	in	the	feeding	tank	before	
introducing	 into	 the	 column.	 The	 10	 ppm	MIBC	 is	 at	 the	 level	 of	 typical	 plant	 operations	 but	 still	
below	the	so	called	critical	coalescence	concentration	(Gélinas	and	Finch,	2007;	Quinn	et	al.,	2014,	
2007).	After	30	min	of	closed	circuit	column	operation	the	Jl	and	Jg	was	set	and	the	pressure	change	
was	recorded	in	every	6	s	for	20	min.	Therefore,	each	set	of	measurement	included	201	measured	∆P	
data	that	was	used	to	calculate	average	gas	holdup	and	average	Sauter	mean	bubble	size	(d32).		

Pressure	sensors	–	Drift	flux	analysis	
Using	 drift	 flux	 analysis	 bubble	 size	 can	 be	 estimated	 from	 measured	 ɛg,	 Jg	 and	 Jl.	 The	 core	
assumption	of	the	drift	flux	analysis	is	that	the	bubble	size	is	uniform	and	that	the	slip	velocity	of	the	
gas	and	liquid	phase	in	a	counter	current	system	is	defended	by:	
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while	the	slip	velocity	of	one	single	bubble	(UT)	is	related	to	Usg	(Richardson	and	Zaki,	1954):	
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where	m	is	a	function	of	the	Reynolds	number	of	a	single	bubble:	
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An	alternative	equation	(a	semi-empirical)	was	developed	by	Filippov	(Filippov,	1996)	to	determine	
UT	using	the	experimental	data	of	Clift	et	al.(Clift	et	al.,	1978):		

𝑈+∗ = 3 ∙ 10I𝑑5J − 36420𝑑5L + 150.58𝑑5 − 0.007	

where	db	is	a	function	of	the	Reynolds	number	in	a	swarm:	

𝑑5 =
18𝜇N𝑈O
𝑔∆𝜌

1 + 0.15𝑅𝑒"<.IRS
./L

	

𝑅𝑒" =
𝑑5𝑈"#𝜌( 1 − 𝜀#

𝜇(
	

There	are	different	 iterations	 routines	can	be	applied	 to	determine	bubble	 size.	The	present	 study	
introduces	four	methods	(Figure	7):	Yianatos	et	al.	(Yianatos	et	al.,	1988);	Dobby	et	al.	(Dobby	et	al.,	
1988);	Xu	&	Finch	(Banisi	and	Finch,	1994)	and	Filippov	(Filippov,	1996).	

As	it	was	mentioned	above	the	core	assumption	of	this	method	is	that	the	bubble	size	distribution	is	
perfectly	homogeneous	however	this	is	only	the	case	if	no	coalescence	is	possible	between	colliding	
bubbles	 in	 the	 flotation	column.	This	would	occur	when	the	airflow	rate	 is	 too	 low	so	 the	collision	
probability	 is	 almost	 zero	 or	 in	 case	 of	 high	 frother	 concentration	 (above	 the	 critical	 coalescence	
concentration)	or	electrolyte	concentration	(transition	concentration).	However	below	these	critical	
concentrations	 the	 frother/surfactant	 has	 a	 significant	 effect	 on	 bubble	 size	 distribution	 meaning	
that	identical	Sauter	mean	diameter	could	be	the	result	of	two	unalike	bubble	size	distribution	(Javor	
et	al.,	2016)).		
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Figure	7.	Flowcharts	of	the	four	numerical	methods	used	to	calculate	bubble	diameter	based	on	pressure	differences	

Population	 balance	 models	 are	 designed	 to	 predict	 bubble	 size	 distribution	 using	 numerical	
calculation.	 These	 models	 have	 to	 describe	 the	 bubble-bubble	 interactions	 such	 as	 bubble	
coalescence	 and	 breakage	 in	 dynamic	 condition.	 This	 is	 a	 really	 complex	 challenge	 since	 both	
coalescence	 and	 breakage	 is	 strongly	 influenced	 by	 operational	 parameters,	 design	 parameters,	
continuous	phase	properties	and	dispersed	phase	properties.	

Machine	vision	or	image	analysis	method		
Digital	image	capturing	and	analysis	is	a	commonly	used	method	to	determine	bubble	size.	The	main	
concept	is	to	collect	bubbles	from	the	flotation	machine	via	a	sampling	tube	and	usher	it	to	a	bubble	
viewer	 where	 the	 image	 capturing	 takes	 place.	 The	 bubbles	 imaged	 against	 a	 backlight	 so	 the	
silhouette	of	the	bubbles	are	well	defined.	The	employment	of	image	analysis	method	can	introduce	
many	 additional	 errors	 including	 resolution,	 number	 of	 captured	 bubbles	 (statistically	 meaningful	
data	set	is	required),	or	shape	identification	(Sovechles	and	Waters,	2015).	

McGill	 bubble	 viewer	 is	 a	 commercialized	 bubble	 sampling	 and	 image	 capturing	 system	 that	 is	
extensively	used	by	 industry	for	bubble	size	measurement.	However	for	 image	analyses	there	 is	no	
commonly	accepted	 image	analyses	process.	There	are	many	different	methods	for	 image	analyses	
however	all	these	methods	has	different	image	processing	routines.	The	three	most	commonly	used	
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image	analyses	 software	are:	 the	 commercially	 available	Northern	Ecliple,	 the	open	 source	 ImageJ	
and	Matlab	scripts	that	mostly	developed	by	different	research	institutes	and	laboratories.	The	basic	
shape	analysis	method	is	the	ellipse	fitting	(or	circular	particle	detection)	however	this	method	is	not	
always	 efficient	 (Figure	 8)	 especially	 in	 case	 of	 bubble	 clusters.	 Northern	 Eclipse	 offers	 a	 fully	
automatized	 image	analysis	 commercial	package	however	based	on	Miskovic	and	Luttrel	 (Miskovic	
and	Luttrell,	2012)	the	software	only	recognize	5	to	40	%	of	bubbles	found	in	clusters.	This	is	a	great	
challenge	 in	 image	 analysing	 to	 recognize	 bubbles	 that	 are	 closely	 packed	 and	 overlapping	 each	
other.	 There	 are	 various	 image	 processing	 routines	 introduced	 to	 tackle	 this	 challenge:	 Hough	
transforms	 (Riquelme-Diaz,	 2014),	 Watershed	 transform	 (this	 transform	 is	 a	 build	 in	 function	 of	
ImageJ),	 breakpoint	 method	 (Fu	 and	 Liu,	 2016).	 Friberg	 et	 al.	 (Friberg	 et	 al.,	 2017)	 collected	 the	
limitations	of	all	the	above-introduced	routines	and	developed	a	new	image	processing	routine	that	
is	 capable	of	 segmenting	97.7%	of	 the	bubbles	 found	 in	clusters	 (Gaussian	mixed	model	 is	used	 to	
separate	the	cluster	for	single	bubbles).		

	

Figure	8.	Detection	of	cluster	bubbles	with	two	different	image	processing	routines	(circular	particle	detection	and	circular	
Hough	algorithm		

RESULTS	AND	DISCUSSION	

Pressure	sensors	–	Drift	flux	analysis	
The	pressure	differences	between	P1	and	P2	were	monitored	online	for	20	minutes	and	in	each	sixth	
second	 the	 measured	 data	 was	 saved	 into	 an	 excel	 file.	 The	 recorded	 201	 ∆P	 data	 was	 later	
processed	using	the	four	numerical	drift	flux	calculations	introduced	above.	For	each	recorded	∆P	the	
bubble	size	was	iterated	and	it	was	printed	as	a	function	of	time	on	Figure	9.	All	of	the	bubble	size	
following	 the	 same	 pattern	 as	 a	 function	 of	 time	 and	 all	 of	 the	 numerical	 calculation	 method	
predicted	really	similar	bubble	size	(1.0	±	0.06	mm).		

	

Figure	9.		Bubble	size	as	a	function	of	time	calculated	by	different	numerical	methods	(Banisi	and	Finch,	1994;	Dobby	et	al.,	
1988;	Filippov,	1996;	Yianatos	et	al.,	1988)	
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The	average	of	all	the	iterated	parameters	is	introduced	in	Table	1.	The	calculation	of	Yianatos	et	al.	
(Yianatos	 et	 al.,	 1988)	 and	 Dobby	 et	 al.	 (Dobby	 et	 al.,	 1988)	 gives	 identical	 result	 since	 the	 only	
difference	between	the	two	iteration	processes	is	the	“starting	point”	of	the	iteration	(basically	one	
is	the	reorganised	version	of	the	other).	The	other	two	numerical	methods	(Banisi	and	Finch,	1994;	
Filippov,	1996)	shows	some	differences	since	both	use	some	simplification.	The	simplification	of	Xu	
and	Finch,	which	assumes	 that	 ‘m’	 is	 constantly	3,	 generates	 relatively	 small	deviation	 in	 this	 case	
from	 the	 data	 obtained	 by	 Yianatos	 et	 al.	 and	 Dobby	 et	 al.	 The	 simplification	 of	 Filippov,	 which	
assumes	 that	 each	 bubbles	 terminal	 velocity	 is	 can	 be	 determined	 based	 on	 its	 diameter	 using	 a	
semi-empirical	model,	 causes	 a	 bit	 bigger	 deviation	 but	 still	 provides	 a	 really	 accurate	 bubble	 size	
data.	

Table	1.	The	average	gas	holdup	(ɛg),	slip	velocity	(Ut),	Reynolds	numbers	(Reb	and	Res)	and	Sauter	mean	diameter	(d32)	
calculated	by	the	different	numerical	drift	flux	method.		

Drift	flux	method	 ɛg	
(%)	

Ut	
(m/s)	 Reb	 m	 Res	

d32	
(mm)	

Filippov	(1996)	 9.13	 0.11	 104	 2.94	 78	 0.97	
Dobby	et	al.	(1988)	 9.13	 0.13	 130	 2.89	 98	 1.02	
Yinatos	et	al.	(1988)	 9.13	 0.13	 130	 2.89	 98	 1.02	
Xu	and	Finch	(1994)	 9.13	 0.13	 132	 3.00	 99	 1.03	

Machine	vision	or	image	analysis	method		
Fifteen	pictures	in	every	2	minutes	were	captured	randomly	during	the	20	minutes	of	measurement	
time.	The	captured	165	pictures	were	first	batch	processed	by	Affinity	Photo	to	enhance	contrast	and	
format	 them	 into	 grayscale	 images.	 The	 grayscale	 pictures	were	 analysed	 by	 four	 different	 image	
analysing	 routines:	Northern	Eclipse,	Hough	 transforms,	Watershed	 transform	and	Gaussian	mixed	
model.	 Figure	 10	 shows	 the	 determined	 bubble	 size	 distribution	 obtained	 by	 the	 different	 image	
analysing	routines.		

	

Figure	10.	Bubble	size	distribution	determined	by	different	image	analyzing	routines	

The	size	distributions	curves	show	close	similarity	even	though	there	is	a	small	shift	between	them.	
However,	 if	 we	 investigate	 the	 number	 of	 bubbles	 detected	 by	 the	 different	 routines	 and	 the	
calculated	Sauter	mean	diameter	a	huge	different	can	be	observed	(Table	2).	The	Gaussinan	mixed	
model	detected	almost	2	times	as	much	bubbles	as	the	Watershed	transform	that	could	be	the	result	
of	the	better	cluster	segmentation	process.			

It	is	also	worth	to	notice	that	the	calculated	d32	results	are	much	higher	than	the	one	expected	based	
on	the	drift	flux	analyses	or	the	bubble	size	distribution	data.	The	obtained	high	d32	caused	by	some	
unusually	big	bubbles	that	frequency	is	low	but	its	volume	is	significant	has	a	pronounced	effect	on	
the	 surface,	 volume	 diameter	 (d32).	 These	 big	 bubbles	 can	 be	 the	 result	 of	 the	 inaccurate	 cluster	
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analyses	or	some	“side-effect”	of	the	sampling	process.	Table	2	also	collecting	the	number	of	bubbles	
(and	there	size	range)	that	had	to	be	ignored	to	obtained	similar	d32	data	as	it	was	expected	based	on	
the	 Drift	 flux	 analyses.	 These	 data	 suggest	 that	 even	 a	 few	 bubbles	 can	 affect	 the	 calculated	 d32	
significantly	 even	 in	 case	 of	 an	 extremely	 accurate	 cluster	 segmentation	 routine	 like	 the	Gaussian	
mixed	model.	The	data	also	show	that	the	less	accurate	the	segmentation	routine	the	less	bubble	is	
recognised	and	the	more	bubbles	have	to	be	 filtered	to	reach	the	desired	d32,	 therefore	with	each	
image	processing	routine	different	baseline	is	required	for	maximum	bubble	size	which	is	impossible	
to	predict	alone	by	image	analysing	data.		

Table	2.	Number	of	detected	bubbles	and	d32	obtained	by	different	image	analyses	methods	

Image	analyses	
method	

Number	of	
detected	bubbles	

d32		
(mm)	

Number	of	
filtered	bubbles	

Filtrated	size	
range	

d32	filtered	
(mm)	

Northern	
Eclipse	

NA	 NA	 NA	 NA	 NA	

Hough	
transforms	

NA	 NA	 NA	 NA	 NA	

Watershed	
transform	

44.251	 1.54	 1.657	 >	2.0	mm	 0.98	

Gaussian	mixed	
model	

94.898	 1.33	 512	 >	2.8	mm	 0.98	

CONCLUSION	
The	 results	 highlighted	 that	 the	 numerical	 data	 processing	 is	 not	 particularly	 sensitive	 to	 the	
analysing	 routine	 used	 to	 iterate	 bubble	 size.	 Therefore	 with	 this	 indirect	 measurement	 method	
accurate	date	can	be	obtained	consistently	making	it	an	easy	and	suitable	for	industrial	condition.	On	
the	other	hand	there	is	no	accurate	numerical	method	to	estimate	bubble	size	distribution.		

The	 direct	 image	 analysing	 technique	 highlighted	 that	 the	 sampling	 process	 and	 also	 the	 data	
analysing	routines	has	a	significant	effect	on	the	obtained	bubble	size	data	makes	challenging	to	use	
it	 as	 an	 industrial	method.	However	 it	 provides	 a	 really	 detailed	 size	 distribution	data	 that	 can	be	
extremely	useful	 in	operation	adjustment	 in	case	there	 is	no	error	made	during	date	sampling	and	
analysing.		
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