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Summary 

Flotation of particles in the size range 30 J..I.Ill-1 nun is an established separation 

technology which is applied with success in industrial practice, Both the (economic) 

need for better separation efficiencies and growing environmental concern have 

resulted in more attention for fme particle flotation, i.e. flotation of particles 

smaller than 30 Jllll, over the last decade. Fine particle flotation is notorious for 

its poor separation efficiency however. Poor particle-bubble collision efficiency 

causes non-selective entrainment to contribute significantly to the (fme) particle 

recovery mechanism. A centrifugal force field increases collision efficiency and 

diminishes froth production. Both effects are expected to improve the efficiency of 

fme particle flotation processes. 

This thesis summarizes aspects of fme pat1icle flotation in a centrifugal force 

field. In particular, the effect of a centrifugal force field on hydrodynamic 

characteristics, flotation kinetics and separation behavior is examined. Centrifugal 

force fields which .are equivalent to 20-200 .times the (earthly) gravitational 

acceleration have been applied. In addition, the applicability of centrifugal force 

field flotation equipment to industrial practice has been investigated. 

Flotation devices were designed that combine a centrifugal force field .and flotation 

action in one apparatus. In ,particular, a flotation cyclone and a flotation 

centrifuge were designed. 1111d constructed. These devices resemble a hydrocyclone and 

a centrifuge respectively. 1be main part . of both devices consists of an aerated 

rotating liquid ftlm in which the flotation action takes place~ 

Hydrodynamic aspects of flotation .in a centrifugal force field were investigated 

using water, air and surfactant. In particular, the relation between rotational 

velocity and centrifugal force field, the loss of rotation due to wall friction and 

the effect of the centrifugal force fi,eld on bubble characteristics such as size and 

rise velocity were studied. In addition the formation and stability of froth in a 

centrifugal force f~eld were examined. 

It was pbserved that hydrodynamic phenomena which. influence flotation in a 

centrifugal force field can be estimated using common theories fairly well. 

1be liquid rotates as a solid body in the flotation centrifuge whereas conservation 

of angular momentum controls. rotational motion in the flotation cyclone. 1be 

rotating liquid body can be considered as an ideal mixer. The loss of rotational 

speed in the flotation cyclone due to wall friction can be estimated using an 
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angular momentum balance. Bubble size is found to be a strong function of the 

centrifugal force field. Typical bubble sizes of 0.1 mm were observed in the 

flotation cyclone. Froth production was seen to depend strongly on the centrifugal 

force field as welL No significant differences between the flotation cyclone and 

the flotation centrifuge were found with respect to froth characteristics. Froth 

production can be estimated using immobility criteria for gas-liquid interfaces 

(Marangoni-effect). 

Flotation experiments were carried out using particles smaller than 30 J..llll. Not only 

the flotation behavior of well defined model solid particles (activated carbon, 

quartz and copper sulphide) was tested but also some flotation experiments were 

carried out using industrial solid mixtures (gold ore and heavy metals in harbor 

sludge). The flotation behavior in a centrifugal force field was compared to 

flotation behavior under ordinary gravitational conditions in a conventional batch 

cell. 

It was observed that fine particles (1-15 IJ.m) can be floated easily in a centrifugal 

force field in contrast with flotation under ordinary gravitational conditions. No 

significant difference was observed between flotation characteristics in a flotation 

cyclone and a flotation centrifuge. Coarser particles (>15 J..llll) appeared to be 

difficult to float or even non~floatable in a eentrifugal force field however. 

The flow field around a bubble induces a sliding type of · collisions. Increased 

inertia' due to the centrifugal force field brings about a bouncing type of collision 

as well however. The time required for the drainage of the thin· liquid film between 

the particle and the bubble in relation to ·the time available during a collision 

determines whether or not the particle can be captured by the bubble. It was found 

that the sliding contact leads to capture whereas the contact time· during bouncing 

is too short for establishing a particle-bubble contact. This explains why coarser 

particles are more difficult to float in a centrifugal ·force field. Coarser 

particles obviously have more inertia and collide with bubbles in a bouncing way. In 

addition, coarse particles deform the bubble surface more than fme particles. This 

results in an increase of the thinning time and with that in a decrease of the 

capture efficiency also. ·Particle shape· is of major importance in this respect. 

Fine particle flotation in a centrifugal force field does not really ·differ from 

fine particle flotation under ordinary gravitational conditions. The flotation 

mechanism is similar in both situations. The smaller size of the bubble and the 

larger possible air throughput in a centrifugal· force field result however in an 
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enonnous increase of the flotation rate. Typical residence times in an industrial 

flotation cell are of the order 5-10 minutes. Comparable recoveries are achieved in 

±0.5 to ±5 seconds in the flotation cyclone and the flotation centrifuge 

respectively. This means that the capacity of centrifugal flotation cells exceeds 

the capacity of ordinary flotation cell by two orders of magnitude. The air 

throughput can be larger in a centrifugal force field than under ordinary 

gravitational conditions because the centrifugal force field prevents the water from 

being blown away. 

Centrifugal force field flotation causes a higher possible separation efficiency 

than flotation perfonned in an ordinary gravitational field. A reduced froth 

production and a smaller bubble size cause the increase of the efficiency. Froth 

production determines the degree of non-selective entrainment A decreasing froth 

production due to the centrifugal force field reduces entrainment and therefore 

increases separation efficiency. The fact that the bubbles are smaller in a 

centrifugal force field causes a reduction of solid-solid interaction. This effect 

was found to result in an improved flotation efficiency as well. 
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SYMBOLS 

A Hamaker constant [J/m] 

a acceleration of origin [m/s2] 

acen centrifugal acceleration [m/s2] 

a cor Coriolis acceleration [mti] 
asp specific bubble area [lim] 

Aw porous wall area [m2] 

CA,E concentration of component A during entrainment [kg/m3] 

cd drag force coefficient [-] 

cs . lninimum solids concentration for particle hindrance [kg/m3] ,nun 

csurf,l surfactant concentration in liquid (bulk) [kmoVm3
] 

D Diffusion coefficient [m2/s] 

d diameter [m] 

~ bubble diameter [m] 

dc,Dc cyclone diameter [m] 

d. 
m inlet diameter [m] 

d equivalent Plateau border diameter [m] PB,eq 
Dp,B Brownian diffusion coefficient [mtiJ 
dt tube diameter (m] 

E separation efficiency (-] 

E p,s potential energy of suspended solids [J] 

EO dimensionless EOtvos number [-] 

F pressing force [N] 

f friction factor (-] 

Fa attaching force [N] 

Fb force due to buoyancy [N] 

Fd drag force [N] 

Fg gas flow rate [m3/s] 

gravitational force [N] 

Fg,tr transitional gas flow rate 

(constant size => constant frequency) [m%] 

F gas flow rate through a single pore [m3/s] g,lp 
Fl liquid flow rate [m3/s] 

Fl,f liquid flow rate in froth [m3/s] 

Fl=>f liquid flow rate into froth without drainage [m3/s] 
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F force due to surface tension [N] s 
force due to shear [N] 

G dimensionless Gravitation number [-] 

g gravitational acceleration (9.81) [m/s1 

gres acceleration resultant [m/s2] 

H (liquid) height [m] 

h coordinate [m] 

h 
0 

minimal distance [m] 

h liquid height in aeration section [m] as 
hr film thickness [m] 

h l,w liquid height above weir [m] 

hw weir height [m] 

J moment of inertia [kg m2] 

jsurf,l=>Vg surfactant flux from (bulk) liquid to 

gas-liquid interphase [kmoVm21s] 

k Boltzman constant ( L3E-23) [J/mol] .. 

K eq,surf equilibrium constant . [1/m] 

kr flotation constant [1/s] 

kpen mass transfer coefficient (penetration theory) [m/s] 

L cyclone length [m] 
c 

LPB length of Plateau border [m] 

M molecular mass [kglkmol] 

m flotation constant ratio [-] 

m partcle mass [kg] 
p 

[11m3
] Nb number of bubbles per unit volume 

N number of collisions per unit volume c 
per unit time [11m3

] 

N number of particles that is captured per c,FC 
unit flotation cell per unit time [llm3s] 

N number of particles that is captured c,p 
per unit time [1/s] 

Nc,turb number of collision per bubble per unit time . 

in a turbulent flow field [11m3
] 

N number of particles per unit volume [lim'] p 
N number of pores per unit area [11m2] pores 

[llm1 N. particle concentration in inlet stream p,tn 
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Np,out particle concentration in outlet stream [11m3
] 

Ng dimensionless centrifugal acceleration [-] 
p pressure [N/m2] 

PA disjoning pressure [N/m2] 

pb pressure in a bubble [N/m2] 

Pf pressure in film [N/m2] 

PI pressure in liquid [N/m2] 

pm measured pressure [N/m2] 

PPB pressure in Plateau border [N/m2] 

Po atmosferic pressure [Nim2] 

R gas constant (8.3144E3) [J/K/mol] 
r radial coordinate [m] 

Rl,2 particle radius [m] 

rb bubble radius [m] 

rb,f flat area radius of coalescing bubble [m] 

Rc cyclone (centrifuge) radius [m] 

rc,eff effective collision radius [m] 

rc,suth collision radius of a bubble [m] 

R be. cu ,un edge of an imaginairy cube [m] 

R 11 • co ,mm minimal collision radius for particle hindrance [m] 

Req equivalent bubble radius [m] 

ro orifice radius [m] 

rPB,c radius of curvature of Plateau border [m] 

Re dimensionless Reynolds number [-] 

R~ Reynolds number of bubble [-] 

Rec particle recovery [-] 

RecE,TS,i solids recovery due to entrainment H 
Recf,TS,i solids recovery due to flotation action [-] 

Recsurf surfactant recovery [-] 

R~s total solids recovery [-] 

Recu water recovery in froth [-] 

Retw water recovery [-] 

St dimensionless Stokes number [-] 

T temperature [K] 

time [s] 

tdrain drainage time [s] 
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tg time of bubble growth [s] 

u •velocity [m/s] 

* u Vl./Vb [-) 
X 

* u Vl,/Vb [-] y 
v velocity [m/s] 

VA attraction potential [N/m] 

vb bubble velocity [m/s] 

v b,s volume that is swept per unit time [m/s] 

vb,s bubble velocity in bubble swarm [m/s] 

v g,s superficial gas velocity [m/s] 

v. inlet velocity [m/s] 
lD 

VI liquid velocity [m/s] 

vl,x liquid velocity component in 

x-direction at (x,y) [m/s] 

v l,y liquid velocity component in 

y-direction at (x,y) [m/s] 

v p,B Brownian particle velocity [m/s] 

v p,x particle velocity component 

in x-direction at (x,y) [m/s] 

v p,y particle velocity component 

in y-direction at (x,y) [m/s] 

vr radial (bubble) velocity [m/s] 

vs S9lids volume [m3] 

vs,th approach velocity of spheres . [m/s] 

vt,vtan tangential (=rotational) velocity [m/s] 

vturb turbulent velocity scale [m/s] 

vx velocity of liquid under cross flow conditions [m/s] 

v* v /vb [-] 
X p,x 
* v v /vb [-] y p,x 

w width of weir [m/s] 

We dimensionless Weber number [-] 

X coordinate [m] 

y .coordinate [m] 
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Greek symbols 

sf film thickness [m] 

sf,r film thickness at which bubbles get rigid [m] 

sf.rupt film thickness at rupture [m] 

sv thickness of viscous sublayer [m] 

rsurf surfactant surface concentration [kmoVm2] 

r equilibrium surfactant surface concentration surf,eq 
with regard to liquid bulk concentration [kmoVm3] 

r surf,max maximum surfactant surface concentration [kmoVm3] 

eg gas void fraction [-] 

ew void fration of porous wall [-] 

eo energy dissipation per unit mass [m2/s3] 

11 viscosity [Ns/m2] 

a contact angle [-] 

coordinate [-] 

A.o Kolmogorov micro scale [m] 

v kinimatic viscosity [m/s2] 

p density [kg/m3] 

Pp particle density [kg/m3] 

(J surface tension [N/m] 

't flotation time [s] 

•b,AS bubble residence time in aeration section [s] 

't bo . c, uncmg contact time during bouncing [s] 

't lid. c,s mg contact time during sliding [s] 

•cell residence time in flotation cell [s] 

•l,AS liquid residence time in aeration section [s] 

•s surface stress [N/m2] 

•turb turbulent time scale [s] 

•w wall friction [N/m2] 

0) angular velocity [1/s] 
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Chapter 1 

Introduction 

Solids handling is one of the most important operations in modem industry. Mining, 

for instance, consists almost entirely of solids handling. All mining operations 

from drilling, crushing, grinding to eventually separating the ore into tailings and 

concentrate involve solids handling. Many examples of solids handling are 

encountered in chemical industry too. Many food components are for example extracted 

from solid materials such as seeds, nuts, leaves, roots etc. Many products from the 

chemical industry are precipitates and must be filtered and washed. Typical examples 

of these products are polymers and ceramics. Another type of industry that . deals 

with solids handling is the (growing) environmental industry. Domestic waste, 

chemical waste, river and harbor dredged materials and mining waste are examples of 

solids that are encountered in this field. 

Froth flotation 

Flotation is one of the major unit operations in the field of solids handling. Two 

billion tons of material are floated in the USA annually in mining alone [l]. 

Flotation involves separation of a solids mixture into a hydrophobic and a 

hydrophilic fraction. fu mining, froth flotation is used to separate ores that are 

generally ground fmer than 0.2-0.3 mm (48 to 65 mesh). Fineness of grind is 

determined by the size at which valuable minerals are liberated or severed from 

gangue (waste) particles. fu flotation machines the ore is suspended in water. The 

surfaces of specific mineral particles are treated with chemicals called promoters 

or collectors to make those particles hydrophobic. A layer of froth forms on top of 

the flotation machine with vigorous agitation and aeration in the presence of a 

frother. Hydrophobic particles become attached to air bubbles and rise to the 

surface where they are collected in the froth and are skimmed off. 

fu flotation terminology the solids mixture to be separated is called "head ore", 

the froth product "concentrate", and the remaining slurry "tailings". 

Flotation technology is divided into flotation chemistry and flotation kinetics. 

Flotation chemistry involves the control of particle wettability (hydrophobic or 

hydrophilic) using promoters, collectors and depressants as well as the control of 

making froth using frothers [2]. Flotation kinetics deals with physical 
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particle-bubble interactions such as collisions [3], attachment [4] or disruption 

[5] as well as mechanical carry-over ("entrainment") [6,7] and cell design [8]. 

Flotation technology is well established and practised with success for coarse 

particles, i.e. particles larger than 0.03 mm and smaller than 1 mm. Finer particles 

however usually cause difficulties in the flotation process. Both fme particle 

surface chemistry and flotation kinetics cause flotation problems. 

Reagent consumption increases with increasing specific surface area when considered 

on a mass basis. Changing surface characteristics cause non-selective collector 

adsorption [9], non-selective agglomeration and slime coating. Slime coating means 

that coarser particles are covered with fines. The grade of the concentrate becomes 

poor if the fme particles are the valuable mineral and the coarse particles are the 

gangue mineral. This leads to low separation efficiencies especially in the case of 

oxidic ores, such as cassiterite [10]. 

A small mass is associated with a low momentum and inertia. This causes a low 

collision probability and thereby a low flotation rate [4]. Moreover, the mechanical 

carry-over (entrainment) of fine particles is high [6]. Mechanical carry-over of 

particles means that particles are recovered along with the interstitial water in 

the froth. This process is non-selective, so it will lower the grade of the 

concentrate, especially if the corresponding flotation process is slow. The 

non-selective entrainment recovery of fine particles even exceeds the "pure" 

flotation recovery in some cases. 

Fine particle ( < 0.03 mm) flotation thus generally involves a slow flotation process 

with a low grade concentrate. Fine particles are therefore often separated from the 

flotation slurry before flotation (desliming) or not recovered at all (residence 

time too short). 

However, fine particle flotation gains more and more attention recently. Some 

reasons for this growing interest are: 

-Some ores have to be ground very fme in order to get ·liberation (cassiterite, 

molybdynum). Fine particle flotation is thus inevitable in these cases. 

-The mining industry exists for about one century. High grade ores have therefore 

already been processed. As a result, tailings from old mining operations sometimes 

contain more valuable mineral than ores . that are currently being processed. Fine 

particles however contain most of this valuable product because this fraction was 

not floated. Efficient fine particle flotation processes have to be developed in 
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order to process these enormous amounts of valuable material economically. 

-Tailings of flotation processes often contain minerals that are hazardous to the 

environment. Increasing attention for the environment and legislation require a 

lower metals content in the tailings. This means that the recovery of valuable 

minerals from the fme particles fraction eventually must be increased. 

Recent developments in fine particle flotation 

Economics and environment have resulted in numerous publications on fme particle 

flotation. The state of the art has been reviewed extensively by Chandler [ll], 

Fuerstenau [12] and Trahar et al. [13]. A brief summary of their elaborate work will 

be given here. The results of some more recent work will also be included. 

F'me particle flotation usually is slow and involves a low grade concentrate. This 

is due to changing surface chemistry as well as slow flotation kinetics (see above). 

Most published work involves improvement of surface chemistry and kinetics. 

Concerning surface chemistry, conventional physically adsorbing ("physisorbing") 

collectors are known to lose selectivity when used in fme particle flotation. 

"Chemisorbing" collectors have been successfully applied in order to improve 

adsorption selectivity [14]. 

Most work, however, is being carried out in the field of fme particle flotation 

kinetics. These investigations involve mechanistic studies as well as the 

development of new flotation concepts and cell designs. Fme particle flotation 

kinetics are considered to be slow because of the low particle mass and momentum and 

the corresponding low collision frequency and intensity. In addition, the low grade 

of the concentrate is due to a large contribution of mechanical carry over 

(entrainment) to the kinetics. Several methods have been proposed to increase 

collision frequency and collision intensity. Ways to diminish the mechanical carry 

over have also been studied. 

Two ways are used to improve collision frequency. In the ftrst place, the amount of 

colliding bubble area is increased by generating smaller bubbles. Swarms of small 

bubbles are generated using pressure release flotation (dissolved air flotation 

[15]) or electrolysis (electroflotation [16,17]). In the second place the total 

number of particle-bubble collisions can be increased, increasing the flotation 

time. This can be accomplished by simply increasing the residence time of the 
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particles in a flotation cell. This principle is combined. with the counter current 

flow advantage in a flotation column [18]. 

Two methods have been proposed to improve collision intensity. Both methods involve 

increasing particle momentum. The. flrst meth.od is flocculating or agglomerating 

fme particles (selectively) to form coarser particles (agglomerate flotation or 

floto-flocculation [19]). The second method consists of the using a centrifugal 

force fleld to increase particle momentum. In this case a cyclone or ce~trifuge-type 

flotation cell is used (flotation cyclone [20], air sparged hydrocycl<}ne [2l] or 

flotation centrifuge [22]). 

Methods have also been proposed to let bubbles nucleate on particle surfaces so that 

no collisions are required. This approach is used in pressure release flotation [16] 

and in acoustic field flotation [23]. In these operations the formed bubbles are 

extremely small however, and have a very small rise velocity. It has been proposed 

to apply cyclonic devices to speed up the separation of particle-loaded bubbles from 

the liquid .[16]. 

It has been reported that mechanical carry-over (entrainment) contribution to the 

flotation mechanism diminishes if the froth is washed [18]. Fresh washing water 

replaces the interstitial liquid in the froth that is loaded with non selectively 

entrapped particles. This principle is applied in a flotation column. The 

application of a centrifugal force· field drains the froth however. The centrifugal 

force field drives interstitial water which contains non selectively recoverd 

particles out of the froth. This phenomenon also lowers the contribution of 

el)trainment to the flotation process because the carry over of (interstitial) water 

is reduced. 

Different methods of. fine particle separation have been proposed besides the above 

mentioned designs and studies of the kinetics mechanism. Examples of such methods 

are spherical agglomeration [24] and liquid-liquid extraction [25]. 

Scope of this thesis 

Various alternatives for improving fme particle flotation efficiency have been 

summarized above. An . answer must now be given to the practical question "Which 

technique can best be used for fme particle flotation?". 

The flotation column has gained considerable attention recently .[26]. However, the 

flotation column is in fact an optimization of the conventional flotation cell. Its 

design involves a longer residence time, counter current flow and froth spraying. 

All three aspects diminish typical fme particle flotation problems.· However the 



fundamental problem, i.e. slow kinetics and mechanical carry over due to low 

particle momentum and inertia, is not solved and still exists. In addition, this 

type of design implies that investment costs will be relatively high, because a long 

retention time (8-12 min) is necessary. 

Flotation cell designs that involve increasing particle momentum and inertia should 

have the best opportunity to diminish and eventually solve fme particle flotation 

problems. Both agglomerate flotation [ 19] and centrifugal force field flotation [21] 

are examples of favourable techniques in this respect. The application of a 

centrifugal force field seems the most promising, although agglomerate flotation can 

be carried out in conventional cell designs. Agglomerate flotation involves the 

selective agglomeration of the valuable fme particles. The unwanted particles 

should be agglomerated selectively as well in order to diminish mechanical carry 

over and increase the grade of the concentrate therewith. Unfortunately, current 

agglomeration techniques do not meet these requierments. This leads inevitably to 

building in of undesired material in the agglomerates which results in low grade 

concentrates. 

Centrifugal force field flotation involves capture of single particles. Froth 

drainage reduces mechanical carry over and increases the grade of the concentrate. 

Moreover, the bubbles formed in the centrifugal force field are very small (0.1-0.5 

mm) which will increase the collision frequency and flotation rate. The flotation 

rate gets so high that residence times as short as one second can be used. 

Investment costs can therefore be very low. The major drawback of this type of 

flotation is however that it is relatively new. This implies that possibilities (and 

impossibilities) are not yet known, although the possibities seem very great 

[21,27,28,29]. 

This thesis is intended to summarize aspects of fme particle flotation in a 

centrifugal field in order to estimate· the application possibilities of this new 

(promising) flotation technology. 

Contents of this thesis 

Flotation comes down to collision of particles with bubbles with subsequent 

attachment of (hydrophobic) particles to the bubbles .. The captured particles are 

collected in a froth. This thesis deals with how these basic processes take place in 

a centrifugal force field. 

This particular study consists of four major subjects. In the ftrst place there is 
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cell design. A flotation device has to be constructed that involves a centrifugal 

force field. The flotation equipment used is described in chapter 2. In the second 

place there are hydrodynamic phenomena that affect the flotation process in a 

centrifugal force field. Examples of these phenomena are the relation of liquid 

motion to the centrifugal force field, bubble size and rise velocity, froth 

production and stability etc. These phenomena are discussed in chapter 3. In the 

third place there is the particle-bubble collison and attachment process. These 

phenomena determine in fact flotation kinetics. In chapter 4 the effect of the 

centrifugal force field on flotation kinetics is described. In the fourth place 

there is the separation performance of the flotation process. The ultimate goal of a 

flotation process is the separation of mixtures, for instance gangue and ore. The 

separation behavior and corresponding application possibilities of centrifugal 

force field flotation processes are treated in chapter 5. 
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Chapter 2 

Equipment for flotation in a centrifugal force field 

2.1 Introduction 

Flotation dates back to as early as 1860 when Haynes recognized the difference in 

mineral wettability against oil and water [1]. The use of air as a buoyant medium 

was found in 1902. Bulk oil flotation eventually evolved therewith into froth 

flotation. The discovery that certain chemicals influenced flotation behavior was 

the beginning of what we nowadays call flotation chemistry and minerals dressing 

technology. Trial and error is still the main type of research in this field. The 

evolution of flotation machines involved more or less the scale up of experimental 

lab scale set-ups. The frrst industrial cells consisted of tanks that were aerated 

using canvas frits. These machines evolved into 3 m3 modem mechanically stirred 

aerated flotation cells. 

Flotation technology and corresponding cell design is still based upon operators 

experience and "rule of the thumb" know-how instead of fundamental scientific 

considerations [2,3]. The construction and design of bigger flotation cells involves 

(geometrical) extrapolation of previous designs. This has caused a gap between 

flotation cell design and fundamental understanding of actual flotation mechanisms. 

As a result flotation technology is well established for particles in the size range 

30-300 Jllll. Fine particles ( <30 Jllll) cause enormous problems in industrial flotation 

practice. Economic interests and increasing attention for the environment have 

however caused a growing interest in fme particle flotation. Flotation carried out 

in a centrifugal force field is expected to have the best change to solve fme 

particle flotation problems (chapter 1) 

Scope of this chapter 

In paragraph 2.2 a review of flotation equipment involving centrifugal force fields 

will be given. It turns out that the application of a centrifugal force field in 

flotation goes back to the very beginning of froth flotation processes (1922). The 

equipment designed and' constructed for this study will be presented and discussed 

(paragraph 2.3 and 2.4). · 
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2.2 Existing designs for centrifugal flotation equipment. 

Centrifugal force fields are generally applied in industrial practise for particle 

separation processes that separate particles by mass or density. The most well-known 

separation devices are (hydro )cyclone and centrifuge. The insertion of a centrifugal 

force field in flotation comes basically down to generating a rotational motion in a 

flotation cell. The most straightforward way of achieving this is rotating the 

flotation cell itself. Peck [5] built a rotating flotation cell as early as 1922. 

Flotation was considered a separation technique based on among others differences in 

specific gravity at that time. Particles with a higher specific gravity were thought 

to float with more difficulty than particles with a lower specific gravity. Peck 

believed that he could separate solids with a relatively small density difference by 

increasing the density difference in a centrifugal force field. 

The flotation machine which Peck designed is a lab scale flotation centrifuge. It 

consists of two small flotation cells that are mounted opposite to one another on a 

rotating axis (fig 2.1). Peck used ordinary flotation cells with a porous (canvas) 

mat as bottom. It has to be noted that the centrifugal force field forces bubbles 

TOPVIEW 

AIR 
ll':LCT 

\T~~-~ !'LURRY 
, OUTLET 

Figure 2.1 The Peck rotating flotation cell ( 1922, [5}). 
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towards the center of the rotational motion, i.e. the axis. Bubbles "rise" therefore 

perpendicular away from the "bottom" as in a common gravitational setup . Air is 

injected continuously through a porous mat that forms the "bottom" of the cell. 

Slurry is injected and discharged continuously also. The froth is discharged 

continously as well. Pecks flotation machine was apperently no succes, because no 

commercial flotation centrifuge exists (yet). There was however no notion of any 

fme particle flotation problem whatsoever at that time. Proper flotation cells did 

not even exist yet. Pecks design has to be considered as one the early designs for 

ordinary flotation devices. His design could obviously not compete with much simpler 

and cheaper large scale mechanically · stirred aerated flotation cells in that 

respect. 

The next design involving flotation in a centrifugal force field appeared in 1963 

[6]. Heide published work on coal .flotation in a hydrocyclone. The incentive was 

increase of flotation capacity in this particular case. His design involves an 

ordinary hydrocyclone that has an air injection system in the hydrocyclone inlet. 

Further a cone was mounted on the overflow outlet to collect the froth (fig 2.2). 

Heide showed that his design had flotation activity. Unfortunately, he did not 

compare the performance of his flotation cyclone with conventional flotation cells, 

although he compared it to ordinary hydrocyclones. 

slurry 
outlel 

air 
inJection 

ih 
slurry 
Inlet 

Figure l.l The Heide flotation cyclone (1963, {6]). 

The work of Heide was the basis for the work of Nonaka [7]. Nonaka used a system 
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similar lO that of Heide, i.e. an air injection system in the inlet of a 

hydrocyclone. Nonaka used however water supersaturated with air lO generate fme 

bubble swarms (pressure release flotation). The actual particle-bubble contact is 

therefore believed to take place in the inlet tube. The hydrocyclone separates the 

bubbles loaded with particles. from the liquid (fig 2.3a). The centrifugal force is 

in fact not used to increase the fme particle inertia in this case, The reported 

increase of particle recovery is due lO the generation of extra bubble surface area. 

More recent work of Nonaka confirms this •. [8]. In particular, air injection ·in the 

hydrocyclone inlet is replaced by air injection in an aeration sectiQn. The 

flotation activity takes place in a so called multiphase flow tube (fig 2.3 b), The 

hydrocyclone has again a separation function. It separates the bubbles loaded with 

particles from the slurry. The bubble sepamtion in a centrifugal force field will 

however increase separation rate and thereby enhance flotation capacity. 

Figure 2.3 The NofUZka two-step flotation system which consists of 
a particle-bubble contact step and a bubble-liquid separation step 
( 1984, 1986 [7,8)). 

Bahr likewise reported a two step apptoach [9,10]. His "pneumatic flotation cell" 

consists of an aeration stage ·and a separa~on. stage. The bubble-particle contact is 

generated in a specially designed .mixing cell that generates very , fme bubbles. The 

separation of the loaded bubQles takes place ,in a sepamtor that ~pplies a (small). 

centrifugal . force field .. 
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Miller published work on a flotation cell that involved true flotation in a 

centrifugal force field in 1982 [11]. The centrifugal force field was generated in a 

cyclone. Air injection into the rotating liquid takes place through the cyclone 

wall. The overflow and underflow of the "air sparged hydrocyclone" discharge 

concentrate and tailings respectively (fig 2.4). 

Figure Z.4 The Miller air spqrged hydrocyclone (1982, [11]). 

The designs of Peck and Miller apply a centrifugal force field to flotation. Both 

designs involve air injection in a rotating liquid body. The Heide, Nonaka and Bahr 

design do not actually involve true flotation in a centrifugal force fteld. In these 

cases the flotation action, i.e. the attachment of particles to bubbles takes place 

in aeration sections, whereas the separation of the loaded bubbles from the liquid 

occurs in a (small) centrifugal force field. 
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2.3 Centrifugal notation equipment used in this study 

New flotation equipment designs for efficient flotation in a centrifugal force field 

must meet a number of design criteria. The most important criteri;:t are the 

rotational motion of the slurry and air injection therein. Other criteria are a 

homogeneous centrifugal field, homogeneous air injection and a good separation of 

concentrate (froth) and tailings (remaining slurry) stream. The former criteria form 

the principle of centrifugal flotation. The latter criteria provide insight and 

thereby simplify process control and scale-up. 

Flotation in a centrifugal force field involves anyhow air injection in a rotational 

liquid motion. Rotational liquid motion occurs in hydrocyclones and centrifuges. The 

simplest way of air injection is injection through the (porous) wall of the device. 

Peck (centrifuge) as well as Miller (hydrocyclone) have demonstrated this. The 

Miller "air sparged hydrocyclone" does not meet however all design criteria. In the 

Miller design the rotating liquid film is very thin. The rotational speed of this 

thin layer reduces enormously due to wall friction. Obviously this results in a 

decrease of the centrifugal force field. The "air sparged hydrocyclone" contains a 

so called pedestal in order to separate the concentrate (froth) and tailings 

(remaining slurry) streams. It is placed at the bottom of the aeration section. 

Liquid collects at the slit near the pedestal. This results in a parabolic liquid 

profile near the outlet. As a result, it disturbs the liquid film at the bottom of 

the aeration section so that large inhomogeneities arise in centrifugal force field 

and air distribution. 

Equipment can be found that involves an aerated rotating water film in (chemical) 

industrial practice as well. The ICI company developed "high g machines" for 

distillation purposes [12]. Beenackers reported a "gas liquid cyclone reactor" [13]. 

Versteeg [14] and Bosch [15] described a "centrifugal reactor" for mass transfer 

purposes. The latter is characterized by such a high mass transfer rate so that for 

instance H2S and C02 can be separated by selective adsorbtion in 2-arnino 

2-methylpropanol solutions. 

In the next two paragraphs the two designs used for this study, i.e. a flotation 

cyclone and a flotation centrifuge, will be shown. 

2.3.1 The notation cyclone 

The design of the flotation cyclone resembles the Miller air sparged hydrocyclone. 

Geometric changes decrease loss of rotational speed and level inhomogeneities in the 
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Figure 2.5 Schematic representation of the flotation cyclone used in 
this study. The header (top view), aeration section (section) and 
concentrate-tailings separation section (section) are shown in 
more detail. 

liquid flow pattern. The changes and adaptions will be discussed in ~re detaiL 

The flotation cyclone consists of three sections: the header, the aeration section 

and the concentrate tailings separation section. (fig 2.5). 

The header geometry provides the centrifugal force field. A tangential inlet 

generates the rotational liquid motion in the cyclone. In industrial practice ·a 

number of header designs are used. Several commercial header types can be obtained. 

We constructed a header ourselves in this case . A Rietema type 100 rnm diameter 

header with two 10 rnm diameter tangential inlets was designed and constructed.The 

aeration section forms the main part of the flotation cyclone. The actual flotation, 

i.e. the bubble particle collisions, froth formation etc. takes place here. The 

aeration section consists of a single porous tube. In the Miller design a 
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polyethylene tube is used. It was found however that this material frequently clogs. 

A 100 mm diameter porous stainless steel tube (10 JJ.m pores) is applied instead. An 

air chamber is built around the porous cylinder in order to inject air through these 

porous wall. A weir is placed at the. bottom of the aeration section in order to 

adjust film thickness. Centrifugal force brings about that the aeration section is 

filled "up" in a radial direction just up to the weir height before it overflows. 

Loss of rotational speed and residence time in the aeration section can be 

controlled using different lengths of porous tubes and different heights of weirs. 

The concentrate tailings separation section consists of a cylinder with an 

adjustable . bottom . plate. The liquid that overflows the weir plunges in the 

separation section. The bottom plate is adjusted is such a way that there is always 

a certain amount of liquid on top of the plate. Therewith froth is prevented from 

entering the tailings outlet ("water seal"). 

The design parameters of the flotation cyclone are summarized· in table 2.1. 

Table 2.1 Flotation cyclone design parameters 

header Rietema type: 100 mm 0 
2 in I e t s : 10 mm 0 

aeration porous tube(lO J.lm pores) 
sect ion 100 mm 0 stainless s t e e I 

lengths: 50, 1 00' 200 mm 

weir 
heigh t s : 5, l 0 • 1 5 mm 

concentrate 100 mm 0 cy li n de r w i t h 
tai I ings adjus ta;ble bot tom plate 
separation 
sect ion 
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2.3.2 The ftotatloa -~~-
The function of a flotation cyclone and a flotation centrifuge are similar. Their 

technical designs differ however. They both contain a rotating aerated liquid film 

for flotation purposes. The rotational motion is generated however by tangential 

injection of liquid and by a motor in the flotation cyclone and centrifuge 

respectively. The design of the flotation centrifuge contains several aspects 

different from Pecks design. For instance, the propulsion of the centrifuge, air 

injection, liquid inlet, liquid outlet and froth outlet of the rotating device. 

The rotational motion of the centrifuge is generated by a l.l kW (variable speed) 

motor. A pulley in combination with a belt drive provides the propulsion. The 

centrifuge itself ("aeration section") consists of a 200 mm 0 porous stainles steel 

(10 J.Lm) 50 mm high cylinder ·(fig 2.6). The different connections for liquid inlet 

and outlet, air inlet and froth outlet as well as injection, aeration and tailings 

concentrate separation section are shown in fig 2.6. 

slurry 

air 

tailings 
bell drive 

froth 

slurr:r 
ditfusor inlet 

l 
froth 

Figure 2.6 Schematic drawing of the flotation centrifuge used in 
this study. A general view (a). section (b) and top view (c) are 
shown. 
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The slurry to be floated enters the cell through the top plate and is sprayed 

against the top plate using a diffuser. Centrifugal forces drive the slurry towards 

the wall of the centrifuge. A weir causes the slurry to fill up the liquid ftlm 

layer just up to the weir height. Flotation takes place in this liquid rotating 

body. The liquid overflowing the weir is discharged separately from the froth into a 

tailings collection chamber. Air is fed to the system through the outer shaft of a 

double shaft axis. It is led under the bottom of the centrifuge into the air 

chamber. It is injected into the rotating liquid herefrom. The froth is forced 

through the inner shaft of the axis and is discharged. 

The design parameters of the flotation centrifuge are summarized in table 

2.2. 

Table 2.2 Flotation centrifuge design parameters 

generation of ( va r i ab I e speed) motor 
rotational motion 

aeration porous wall ( 1 0 J.l.m pores) 
sect ion stainless s tee I 

diameter 20 0 mm 
I eng th 50 mm 

weir 
heights 
5' 7 .5, 10, 12 . 5' 15 mm 

concentrate geometric construe tion 
tai I ings of weir (f i g 2. 6) 
separation 
sect ion 

2.4 Experimental circuits 

Industrial flotation circuits contain two . distinct stages. The conditioning stage 

always preceeds the flotation stage. The floatability of particles is established 

and controlled during conditioning. Typical industrial conditioning times are 15-25 

minutes. The actual flotation involves · 8-12 minutes. Conditioning tanks are 

therefore about two times as large as flotation cells in industry. The circuits 

itself are simple and consist of connections of single flotation cells. 

The circuits used for this study are shown in figures 2.7 and 2.8. 
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Figure 2.7 The flotation cyclone experimental circuit. 

The circuit for the flotation cyclone contains a 300 I stirred slurry sump, in which 

the conditioning takes place. The slurry is fed to the flotation cyclone using a 3 

Hp centrifugal pump (POMAC). Slurry as well as air flow were controlled using Fisher 

and Porter flow meters. The flotation cyclone circuit can be used in three different 

modes: "once through", "partial recycling" and "total recycling" mode. In the first 

case the slurry to be handled is fed to the flotation cyclone, and tailing and froth 

are collected seperately. The major drawback of this type of testing is the short 

time the experiment lasts (<3 min). In "partial recycling" mode the tailings are 

recycled into the slurry sump and froth is collected separately. This type of 

experiment is a semi-batch set-up. In "total recycling" mode tailings as well as 

froth concentrate are recycled into the slurry sump. 

The circuit for the flotation centrifuge is of the "once through" type (fig 2-8). 

Conditioning is carried out in a 200 I slurry sump. Slurry as well as air flow rate 

were controlled with Fisher and Porter flow meters. 

Some typical flotation circuit parameters are given in table 2.3. 
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Figure 2.8 The flotation centrifuge experimental circuit. 

Table 2.3 Experimental flotation circuit parameters 

I i quid flow 
rate [I pm] 

gas flow 
r a t e [n I pm] 

sump tank 
vo 1 ume [ l ] 

duration of 
experiment 
[min] 

* " o n c e t h r o ugh " mode 
** " r e c y c I i n g " mode 

References 
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Chapter 3 

Hydrodynamic aspects of flotation in a centrifugal force field 

3.1 Introduction 

Flow phenomena influence flotation in general and fme particle flotation in a 

centrifugal force field in particular. Flotation comes down to the collision of 

particles and bubbles with subsequent attachment of the floatable particles to the 

bubbles. Captured particles are collected in a froth and are separated from the 

tailings slurry along with the froth. Surface chemistry controls whether or not 

particles are floatable. Flow phenomena determine how collision, capture and froth 

separation take place. 

Rotational motion and corresponding centrifugal force field are generated by liquid 

flow itself. Rotational motion in a cyclone or in a centrifuge have different flow 

characteristics such as vorticity and loss of rotational energy due to wall 

friction. The centrifugal force field determines bubble size and rise velocity. 

These parameters influence particle-bubble collision characteristics such as 

frequency and intensity. Froth formation and stability are determined by bubble size 

and frother concentration. The frother concentration in its tum is controlled by 

the mass transfer rate of frother molecules to air-bubble surface!!. Froth production 

influences not only the discharge . of captured particles but also brings about 

non-selective mechanical carry over ("entrainment") of undesired non-floatable 

particles. 

Obviously, flow phenomena such as centrifugal force field, bubble size, bubble rise 

velocity, particle segregation, froth formation, froth stability etc. influence 

flotation in a centrifugal force field. In this chapter these phenomena are 

discussed. The actual particle collision and capture process is dealt with elsewhere 

(chapter 4). 

3.2 Rotational liquid motion 

3.2.1 Theory 

Rotational liquid motion brings about two extra field accelerations with respect to 

linear liquid motion in addition to the ordinary gravitational acceleration (g) and 

the acceleration of the origin (a) [1]: 
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&res-= -_!_-~x(~xr)-2(roxv) 3-1 

The first field acceleration is the centrifugal acceleration (rox(roxr)) which directs 

perpendicular to the rotational motion. The second field acceleration is the 

Coriolis acceleration (2roxv) which directs opposite to the rotational motion. The 

Coriolis force depends on the radial velocity. The Coriolis force can be neglected 

because there is no significant radial liquid velocity in the flotation cyclone and 

flotation centrifuge. It has to be noted however that bubbles move radially with 

velocity v r· This motion is expected to restilt in a Corio lis acceleration that acts 

on as well the moving bubble as the liquid that is set in motion surrounding the 

bubble. The ratio of the Coriolis acceleration and the centrifugal acceleration 

amounts to: 

2vrro a ;a = co cen r ro2 = 3-2 

The velocity of the bubble (v ) is of the order (a db)l/2 (section 3.2.1.2) "' 
112 I"' cen 

(rro2db) • The ratio of the centrifugal field accelerations thus runs: 

3-3 

The bubble diameter is of the order IE-4 m, whereas the radius of the rotational 

motion runs about 5E-2 m. So the ratio of the accelerations is of the order 0.1. So 

as a first order approximation the Coriolis acceleration can be neglected. 

The physical situation in the. rotational motion with regard to . a rotating observer 

can thus be de~ribed using equations that hold for ordinary gravitational 

conditions with substitution of the centrifugal acceleration for the gravitational 

acceleration. 

3.2.1.1 Centrifugal acceleration 

The relation between centrifugal acceleration (acen) and rotational velocity (vt) is 

v~(r) 
a = roxroxr = --cen r 3-4 

The centrifugal equivalent of the hydrostatic pressure gradient thus comes down to: 
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dP v~(r) 
or = p -r- = p Ng(r) g 3-5 

The dimensionless centrifugal acceleration Ng is defmed as the ratio between the 

mean centrifugal acceleration (j(v~(r)/r)dr/Jdr) and the (earthly) gravitational 

acceleration (g). 

2 -2 
vt l v t 

Ng e (-;-) -g "' 
~ 
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3.2.1.2 Vortidty 

The dependence of rotational speed on the radial distance (r) determines the 

vorticity or rotation type ·of a rotational motion. 

A free vortex occurs when conservation of angular momentum increases rotational 

speed with decreasing radial distance. It can be shown that a free vortex is an 

example or irrotational flow (rot vt=O) and therefore dissipates no energy. 

1 v--
t r 3-7 

This type of vortex appears in "free" rotational motion as in a (hydro) cyclone. 

Tangential velocity profiles in cyclones are however reported as -1/rn with 0.5 < n 

< 0.8. Further, typical tangential velocity profiles in hydrocyclones are found to 

consist of an outer free vortex with an inner forced vortex [2]. This type of flow 

pattern is also known as "mixed vortex" (fig 3.1). Velocity profiles for rotational 

motion as generated in the flotation cyclone have not been reported, although air 

cores exist in conventional hydrocyclones as well. 

A forced vortex occurs when the liquid does not rotate as a free vortex. A typical 

example of a forced vortex is solid body rotational motion with constant angular 

velocity ( ro). 

3-7 

Forced vortices are generally found in cases where the rotational motion is 

mechanically generated. Centrifuges and impeller mixers are typical examples. 
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Figure 3.1 Mixed vortex in rotational motion [2] 

Velocity profiles 

Rotational velocity- profiles- and corresponding Vorticity can · .be determined using a 

Pitot tube [3] (fig 3.2). The Bernoulli equation [4] relates obtained pressure and 

velocity (no energy dissipation). The tangential velocity exceeds the ~rtial velocity 

by a factor 10. The tangential liquid velocity thus nearly coincides with the total 

velocity. The tangential velocity can be calculated from experimentally determined 

pressures as follows: 

P m = P(r) + -} p v2 (simplified Bernoulli equation) 3-9 

P n/r= P(r)/r + -} p v?'r => (eq. 3-3) 

P n/r= P(r)/r + -} d~~r) = -z\2 ~r(P(r) r2
) => 

1 a 2 
2r Br(P(r) r ) => 
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r 
[P(r) r2]~0 =r~ 2 r P m(r) dr => (P(r

0
) = P

0 
= 0) 

r 
P(r) = {2- 12 r P m(r) dr => (eq. 3-5) 

0 

Figure 3.2 Velocity measurement using a Pi tot tube 

3.2.1.3 Volume of the rotating liquid body 

3-10 

The geometric distribution of air core and rotating liquid in a the centrifugal 

flotation equipment studied is determined by the weir. 

The liquid height above the weir in the flotation centrifuge is determined by the 

pressure drop in the liquid outlet [5]. The liquid overflowing the weir of the 

flotation cyclone aeration section is the centrifugal analogue of an ordinary weir 

at gravitational conditions. The semi empiric relation between liquid flow rate 
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(F1), width (w) and liquid height (hl,w) above a horizontal weir is reported as [6]: 

F1 = 0.59 w~: 3-11 

The perimeter of the weir (w=21t(Rc-hw)) and the centrifugal acceleration (Ng g) have 

to be substituted for the width of the weir and the gravitational acceleration 

respectively in order to calculate the liquid height above the weir in a centrifugal 

force field. It has to be noted that the centrifugal acceleration depends linearly 

on the square root of the inlet velocity and with that on the square root of the 

liquid flow rate. So no dependence of the liquid height above the weir on liquid 

flow rate is expected in a flotation cyclone. 

3.2.1.4 Swirl loss 

Wall friction and turbulent energy dissipation generate loss of rotational velocity 

or swirl. Conventional hydrocyclone designs involve a tapered underflow section 

because conservation of angular momentum will increase rotational velocity and 

corresponding centrifugal force field. 

The aeration section in the flotation. cyclone consist however of a straight porous 

cylinder. Wall friction causes swirl loss with increasing axial distance travelled 

in the cylinder. The corresponding losS of centrifugal force field influences air 

injection and froth formation. In order to control these important operation 

parameters swirl loss has to be quantified. 

Schlichting [7] has extensively studied wall friction under laminar as well as 

turbulent flow conditions. Friction factors (definition: f=t.J(1!2pv2
)) have been 

reported for laminar and turbulent boundary layers for tube flow. It has to be noted 

that these equations do not contain any effect of a centrifugal force field on the 

flow characteristics. 

f = 0.079 Re -0.25 (laminar boundary layer) 3-12 

f = 0.046 Re -0·20 (turbulent boundary layer) 3-13 
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Angular momentum balance 

The swirl loss can be estimated using an angular momentum balance: 

The angular momentum (Jro) of a rotating (cylindrical) body can be calculated using 

the defmitions of (angular) moment of inertia (J) and angular velocity (ro): 

J = I r2 dm = I p 2~ Lc dr 3-14 

3-15 

The angular momentum per unit mass for a rotating body with the mass concentrated on 

radius r amounts to (J=~. ro=v{r): 

. 3-16 

The axial flux of angular momentum (flux ang.mom.> per unit time through the 
flotation cyclone can thus be estimated using: 

3-17 

The torque generated by wall friction determines the loss of angular momentum per 

unit area per unit time: 

Torque = 'tw Rc = f 1/2 p v~ Rc 3-18 

The change of tangential velocity is a function of the mixing state of the liquid 

body. In case of (axial) plug flow, the (differential) angular momentum balance as a 

function of the axially travelled distance x amounts to: 

3-19 

In case of ideally mixed flow, the angular momentum balance comes down to: 

3-7 



f 2 Rc Lc vt 2 v1 ------;:r2--(-) + (-)- 1 = 0 ~ 
U· V. V· In m m 

(~) = -1 + v'(1+4a) 
vin 2a 

3-20 

It has to be noted that these equations predict that there exists no dependence of 

the loss of rotational velocity as a function of the film thickness and liquid flow 

rate. 

3.2.2 Experimental 

Tangential velocity· profiles and swirl loss have been measured in the flotation 

cyclone only. The rotational motion in a centrifuge is known to have a solid body 

character (forced vortex). The liquid does not move with respect to the (porous) 

wall. Disturbances of the forced vortex can occur however in the region where the 

slurry enters the rotating liquid body. The acceleration of this liquid generates a 

different type of velocity profile. The design of the diffuser (section 2.3.2) 

minimizes however this effect. The slurry is accelerated already by the rotating top 

plate of the centrifuge. 

3.2.2.1 Set-up and methods 

Flow experiments were carried out in a flotation cyclorie that has a non-aerated 

perspex wall in order to observe the rotational motion. The set-up as described in 

section 2.4 was used in recycling mode (no air flow rate). The tangential velocity 

profiles in the "aeration section" of the flotation cyclone have been measured using 

a 0.5 mm 0 Pitot tube. The influence of the Pitot tube is on the liquid motion is 

negligibly small. The thickness of the. rotating . layer has been measured also. 

Measurements at different heights in the cyclone were taken in order to obtain an 

axial profile for the tangential velocity as well. This profile gives information 

about the loss of rotational motion. Experiments were carried out using different 

wall lengths (Lc=l6,26 em), weir heights (hw=5,10,15 mm) and liquid flow rates 

(F1=80,100,120 1/min) 
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3.2.2.2 Results and discussion 

Velocity profiles 

Typical tangential velocity profiles of rotational motion in the flotation cyclone 

are shown in figure 3.3. The tangential velocity near the air-liquid interfase 

increases near the weir outlet (fig 3.3). The liquid is forced inwards to flow over 

the weir. The conservation of angular momentum increases the tangential velocity 

consequently. Hardly any energy dissipation takes place in the direct vicinity of 

I 
I 

L =0.26 
c 

I 
I 
i 
i 

I 
I 

I 
I 
I 
I 
I 

tangential 
inlet 
~ r--

10 ----h=0.17 
----t~ (1.0311 0.<16 

0 

--h=0.13 
!)J 25 (1.0311 0.< 16 

10 

~ 
h=0.09 

0.. 21 (1.0311 OA ~ 

10 

h=0.05 
~ ~ (),1)35 0.< io& 

-------- -- weir 

I 

Figure 3.3 Typical tangential velocity profiles [mls] in the flotation 

cyclone as a function of height (h; [m]) and radius ([m]; F1=80 /!min, 

hw=l5 mm) 
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the weir. This explains the observed behavior. 

Mean tangential velocities in the flotation cyclone can be calculated from the 

measured velocity profiles (~=Jvt(r)dr/Jdr). It was found that the ratio between 

mean tangential velocity and inlet velocity is only a function of total cyclone 

length. Hardly any dependence on weir height, liquid flow rate and axial distance in 

flotation cyclone was observed (fig 3.4). The ratios are presented in table 3.l. 

1.0 

0.8 

.......... 
I 0.8 

.I 
> 
~ 
> 

0.4 .... 

0.2 

0.0 L__..____,~___. _ _..._ _ _._~_.__-J 

0 5 w ffi ~ ~ ~ 

distance from header lop [em] 

Figure 3.4 The ratio of the inlet velocity and the mean tangential 

velocity in the flotation cyclone as a function of (axial) 

cyclone length. F1=80,100,120 //min; hw=S,J0,/5 mm; Lc=l6 em (-··-), 

26 em (-·-); (··: eq. 3-19, -: eq. 3-20 ). 

Table 3.1 Mean tangential velocities in the flotation cyclone 
(dc=JO em; dinlet=l em; hw=5,10.15 mm; F1=80,100,120 llmin)~ 

Lc [em] ~/vin 

16 0.64 
26 0.51 

The constant mean tangential velocity can be interpreted as the result of axial 
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mixing. Mixing is determined generally by superposition of extra liquid motion on 

the main stream such as turbulence and overall circulation. Turbulent velocity 

fluctuations due to wall friction bring about a great deal of mixing. Overall 

circulation mixes liquid as well. At least two big circulation flows occur in the 

flotation cyclone. In the first place, circulation of liquid near a tangential inlet 

is reported by various authors (see e.g. [2]). In the second place, circulating 

liquid is reported near the outlet of a flat bottom cyclone [2]. Flat bottom 

cyclones resemble the weir geometry of the flotation cyclone. The overall 

circulation flows are caused by the pressure distribution near the inlet and outlet. 

In addition, the liquid velocity approaches zero near the wall. This might lead to 

local instabilities (vortices) due to the local (tangential) velocity gradient also. 

Turbulence and overall circulation thus generate mixing of liquid and consequently 

mixing of (kinetic) energy. 

Wall friction accounts for the loss of angular momentum. No dependence of the 
tangential velocity loss on film thickness (weir height) and liquid flow rate was 

observed. This was expected from theory (see above). Friction factors were 

calculated using the angular momentum balance for ideally mixed flow (eq. 3-20). 

Values for the friction factor of 0.006 and 0.007 were obtained for the 16 and 26 em 

cyclone (din=lcm; Rc=5cm) respectively. The thickness of the viscous sub layer (ov) 

at the cyclone wall can thus be estimated as follows: 

3-21 

3-22 

The thickness of the viscous sublayer is thus of the order 0.07 mm (vt=5m/s). 

The value of the friction factor can be compared to reported friction factors for 

smooth pipes. The Reynolds number for the rotational motion is estimated using the 

hydraulic diameter defmition for the length scale. (Re=v tdt/V; dh ="hydraulic 

diameter" = 4*1tdch AS/1tdc =4h AS). Typical Reynolds numbers of 3E5 are obtained. Values 
for friction factors in smooth pipes are reported to be about 0.006 at these 

Reynolds numbers. It is quite surprising that the friction factors in a centrifugal 

force field practically coincide with friction factors in ordinary pipe flow. It was 

expected that the centrifugal force field would lead to an increase of the friction 

factor because the liquid profile in the viscous sublayer generates small Taylor 

like vortices which will decrease the sublayer thickness and with that increases the 

friction (factor). It must however be noted that the boundary layer is turbulent. 
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This . might explain why no difference is observed between the .friction· factors in 

centrifugal force .field swirl flow and tube flow. 

Centrifugal force field 

The centrifugal force field was calculated from the obtained velocity ratios (table 

3.1) and equation 3.6. Ng numbers for typical liquid flow rates are. summarized in 

table 3.2. 

Table 3.2 Centrifugal force field in the flotation cyclone 

Ng 

liquid · flow rate [- ] 

[1/min] L = c 16 em Lc= 26 em 

80 67 42 
100 104 65 
120 150. 95 

Liquid height above weir 

The liquid height above the weir is presented for different weir heights and cyclone 

lengths in table 3.3. Liquid heights calculated using eq. 3-ll are presented in 

table 3.3 also, Experimentally determined values for the centrifugal force field 

(Ng, table 3.2) were inserted for g. !t has to be noted that the liquid height above 

the weir is constant in the entire "aeration section" of the flotation cyclone. The 
~ . . . 

liquid height is found not to be a function of liquid flow rate. 

Th~ liquid height above the weir can be fairly estimated using eq. 3-11. The 

derivation of this equation [6] involves the Bernoulli equation, and consequently 

does not contain rotational energy terms. These terms can be· omitted in frictionless 

flow as in a free vortex. This explains that eq. 3~11 can be used as a first order 

estimation for the liquid height above the weir in the flotation cyclone. 
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The residence time and axial velocity in the flotation cyclone can respectively be 

calculated using: 

Table 3.3 Liquid height above weir (dc=lO em; dinlet=l em; 

F1=80,100,120 /!min) 

1 iquid height above weir [mm] 

weir height [mm] 16 em 26 em 
cyclone cy c I one 

exp. calc. exp. 

5.1 6.1 5.0 5.1 
10 7.2 5.4 6.6 
15.5 7.9 6.1 7.3 

calc. 

5.0 
6.4 
7.1 

3-23 
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Typical residence times and axial velocities are of the order 't cell""0.5 s and 

v1 =0.3 m/s respectively . • z 

Turbulent characteristics 

Otaracteristic turbulent magnitudes are related with the energy dissipation (per 

unit mass) £
0

• The loss of energy can be calculated from the loss of tangential 

velocity and with that kinetic energy (41\m). The loss of kinetic energy follows 

from: 

3-25 

The energy loss (=dissipation) per unit mass thus amounts to: 

3-26 
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One obtains e
0

=65±25 m2/s3 using the experimental data presented above. The 

characteristic turbulent length scale, time scale and velocity scale are: 

3-27 

turbulent time scale = tturb - (v/e
0

)
112 

"' 0.14 ms 3-28 

turbulent velocity scale = vturb - (v e
0

)
114 

"' 0.08 m/s 3-29 

The turbulent velocity scale is of the same order as the axial velocity in the 

flotation cyclone ("'0.3 m/s; see above). Large scale eddies cause mixing however. 

The turbulent diffusion coefficient can be estimated using Dturb a0.1L(e
0
L)113 [11] 

where L is the length scale of the (large) eddies. The large scale eddies are of the 

order of the film thickness (LahAs>· The Peclet number (Pe=vzLJDturb) indicates the 

ratio of axial convective and turbulent diffusional fluxes. Typical Peclet numbers 

are ·of the order 5 in the flotation cyclone. This illustrates that turbulence is one 

of the sources of mixing. 

It has to be noted and kept in mind that the purpose. of these experiments is an 

estimation of characteristic values concerning rotational motion in a flotation 

cyclone. Centrifugal force fields and residence times can be obtained from the 

tables 3-2 and 3-3. Air bubbles in the system will however influence these 

parameters. 

3.3 Bubbles 

Bubble behavior and characteristics have an enormous impact on flotation processes. 

Bubbles capture hydrophobic particles from the flotation slurry and transport them 

to the froth. Froth structure and stability are determined by bubbles also. Froth 

structure relates to bubble size, whereas froth stability is a function of frothing 

agent concentration in the flotation slurry. Mass transfer of surfactant molecules 

from the liquid bulk to bubble surfaces determines in its tum the surfactant 

concentration in the bulk. This phenomenon is often referred to as ''surfactant 

stripping". 

Rising bubbles bring particles into suspension. The fact that particles are 

suspended is one of the important conditions for an efficient flotation process. 

Obviously, bubble characteristics such as size and rise velocity determine how and 
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to which extend bubbles determine the flotation process. A centrifugal force field 

effects bubble characteristics. Therefore the influence of the centrifugal force 

field on bubbles has to be studied in order to control the flotation process in a 

centrifugal force field. It has to be kept in mind that the rotational motion is 

approximated using the centrifugal acceleration (Ng g) as gravitational acceleration 

(section 3.2.1). 

3.3.1 Theory 

3.3.1.1 Formation and size 

A dispersion of (air) bubbles in a liquid is generated in different ways in 

industrial flotation practice. Bubble dispersions are generated generally either 

mechanically (conventional Denver type flotation cell) or by nucleation (dissolved 

air flotation). A porous plate provides however the bubble dispersion in the 

centrifugal force field flotation equipment that is studied in this thesis. A porous 

plate can be regarded as a collection of single orifices. Many authors [e.g: 8] have 

published work on bubble formation at single orifices. The bubble size in bubble 

columns is reported however not to be a function of the orifice diameter of the 

(porous) sieve plate [9]. Bubbles are characterized by a certain stable diameter in 

this case. This diameter is determined by a force equilibrium between inertial, 

viscous and surface forces. Theoretical aspects of bubble formation on porous plates 

in a centrifugal force field will be discussed in the next sections. 

Differences between a flotation cyclone and a flotation centrifuge with respect to 

bubble formation 

The most significant difference between a flotation cyclone and a flotation 

centrifuge as to bubble formation concerns the liquid motion with regard to the 

porous wall. The liquid is virtually quiescent in the flotation centrifuge with 

respect to the centrifuge wall. There is no velocity difference between rotating 

wall and liquid. A large velocity difference exists however in the flotation cyclone 

between wall and rotating liquid. This, causes turbulence in the rotating liquid body 

(Re > 104
). Therewith a viscous boundary layer with strong velocity gradients exists 

as well (see section 3.2.2.). The turbulence is expected to have an impact on 

coalescence and break up of bubbles. Turbulence generated by rising bubbles 
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influences coalescence and break up also. This type of turbulence occurs in both 

flotation devices. 

Bubble formation in a quiescent liquid 

First a short survey on bubble formation at a single orifice will be given. Bubble 

formation at a porous wall can be estimated by extrapolation of relations that will 

be derived for a single orifice. This procedure will be shown at the! end of this 

section. Note that possible coalescence or break up is not included in this section. 

Two different regimes are distinguished for bubble formation at a single orifice, 

i.e. the "constant size regime" and the "constant frequency regime". A force 

equilibrium between surface tension (Fs) and buoyancy (Fb) determines the bubble 

size in the "constant size regime". 

Fs = Fb 3-30 

21t r
0 

cr = Tt/6 d~ L\p Ng g 3-31 

r 
0 

cr l/3 
db = ( 12 <1p Ng g ) 3-32 

This equation holds for small bubble sizes and low gas flowrates in the orifice. At 

higher gas flowrates, the bubbles grow so fast at the orifice that bubble size is 

determined entirely by the gas flowrate through one pore (F 1 ). A bubble grows as g, p 
long as the center of the bubble has not travelled a distance smaller than its 

radius. It can be shown [10] that in this case for the bubble diameter eq. 3-33 

applies. The bubble formation frequency is found not to be a function of the gas 

flowrate ("constant frequency regime"). 

6 2/5 2/5 -l/5 
db = ( 1t) Fg,lp (Ng g) 3-33 

The transition of the two regimes takes place at the gas flow rate (F . ) at which . g.~ 

the bubble size of the two regimes are equal [10]. 

r 
0 

cr 5/6 -1/3 
F l = 2.96 ( ---x-=-p ) (Ng g) g, p,tr au 

3-34 

Bubble formation in a quiescent liquid at a porous wall can be estimated by 
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extrapolation of equations for formation at a single orifice. Bubble size during the 

"constant size regime" can be estimated by substitution of the average porous wall 

pore size (r 
0

) in relation (3-33). The gas flowrate through one single pore has to 

be estimated in order to apply equations (3-33) and (3-34). The total number of 

available pores per unit area (Npores) can be estimated assuming there is a constant 

wall area void fraction (ew): 

ew 
Npores = ~ 

:It ro 
3-35 

The gas flowrate per pore (F 1 ) is easily calculated assuming the total gas g, p 
flowrate (F g) is homogeneously distributed ov~r all pores: 

F -g,lp- A N 
w p 

3-36 

The transition of "constant bubble size" to "constant bubble frequency" regime under 

the conditions r
0

=5E-6 m, Ng=lOO, 0=0.07 N/m, 8p=1000 kg/m3can thus be estimated by 

application of relations (3-32), (3-33) and (3-34). The superficial gas velocity 

(v g,s = F /Aw) for transition approximately amounts to 1 m/s (ew=0.3). Typical 

superficial gas velocities in the flotation centrifuge are O.Ol<vg <0.1 m/s. So ,s 
bubble formation in the flotation centrifuge is expected to be characterized by the 

constant size regime. 

Bubble formation in a moving liquid 

A moving liquid with regard to an orifice is characterized by a velocity and a 
direction. Three types of situations can be distinguished with regard to the 

direction of the moving liquid. The liquid can flow parallel with or perpendicular 

to the gravitational direction of bubble formation. The liquid can flow 

countercurrent as well as cocurrent in the parallel situation. Since ·a perpendicular 

moving liquid exists in the flotation cyclone, we will limit ourselves to this 

situation. 

A survey on bubble formation at a single orifice in a moving liquid will be given. 

Bubble formation at a porous wall can be estimated by extrapolation of relations 
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that will be derived for a single orifice (previous section). Note that possible 

coalescence or break up is not included in this part. 

Two different regimes are distinguished for bubble formation at a single orifice, 

i.e. the "constant size regime" and the "constant frequency regime". 

Buoyancy 

Drag 

viscous 
!"""'--- sublayer 

Figure 3.5 Bubble formation in a moving liquid (constant size regime). 

A force equilibrium between surface tension (F s), drag (F d) and buoyancy (Fb) 

determines the bubble size in the "constant size regime" (fig. 3.5). Assuming that 

the bubble size exceeds the thickness of the viscous sublayer, the drag force can be 

estimated using: 

3-37 

The value of cd for a bubble is determined by the Reynolds number of the bubble, the 

surface rigidity of the bubble and the Weber number of the bubble [.]. The Reynolds 

number of a growing bubble (vtdt/V) is of the order lOO.The bubbles are mobile 

because hardly any surfactant adsorbs on the bubble surface during formation. The 

Weber number of a growing bubble (pv~db/o') is of the order 10. The value of cd will 

therefore be approximately I [8]. 

The ratio of drag force and buoyancy amounts to 3/4 cd RJdb. Because the radius of 

the cyclone exceeds the bubble diameter by a factor 500, the buoyancy can be 

neglected considering bubble formation at an orifice in a moving liquid. So a force 

equilibrium between surface tension and drag determines bubble size: 
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2rc r0 a = cd 1/2 p v~ 1C/4 d~ = cd 1/2 p Ng g Rc 1C/4 d~ 

16 r CJ 1/2 
d - ( 0 ) 
b- cd p Ng g Rc 3-38 

A bubble diameter of 11 J.l.111 is obtained substituting typical values (r 
0 
=5E-6 m, 

CJ=(J.07 N/m, cd=l, p=lE3 kg/m3
, Ng=lOO, g=9.81 m/s, Rc=0.05 m). This value is much 

smaller than the value for the viscous sublayer thickness (8 o.70 J.l.111). So the drag 
.V 

force is over-estimated. The liquid velocity causing drag can. be estimatecJ assuming 

a linear velocity profile in the viscous sublayer: v=v1(dtf28v)=v~(dbf/4v) (eq. 
3-22). The bubble diameter during formation thus amounts to: 

r
0 

a v2 1/4 1 1/2 
db=4( ). ( ) 

2 2 2 
f cd p g Rc Ng 

3-39 

A bubble diameter of 31 J.l.111 is obtained substituting typical values (r
0
=5E·6 m, 

CJ=(J.07 N/m, cd=l, p=IE3 kg/m3
, Ng=lOO, g=9.81 m/s, Rc=0.05 m). 

A ftrSt order estimation of bubble size during "constant frequency regime" in a 

moving liquid can be obtained as follows: 

A bubble at a smgle orifice will grow as long as the center of the bubble, has not 

travelled a distruice longer that the radius of the bubble (fig 3,6). The bubble 

volume grows with the gas volume flowrate Fg,lp during the time of growth (tg>- The 
velocity of the bubble can· be approximated by the velocity of the moving liquid 

(vt). 
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The transition of the two regimes takes place at the gas flow rate (F g,tr> where the 

bubble size of the two regimes coincide, analogous to formation in a quiescent 

liquid. 
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Figure 3.6 Bubble formation in a moving liquid 

(constant frequency regime) 
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The transition of "constant bubble size" to "constant bubble frequency" regime Under 

the conditions r0=5E-6 m, Ng=100, a=0.07 N/m, p:::::l()()() kg!m3,'i-=1E-6 nbs, f=6E-3; 

g=9.81 m/s2
, Rc=0.05 m can thus be, estimated by application of equation 3-43. The 

superficial gas velocity (v = F /A ) for transition approximately .amounts to 28 . g,s g w 
rrl/s (Ew=0.3). Typical superficial gas velocities in the flotation cyClone are 

O.Ol<v <0.1 m/s. So bubble formation in the flotation cyclone is expected to be g,s 
characterized by the constant size regime. 

Coalescence and break up 

Bubble size can change after bubbles are initially formed at an orifice or porous 

wall. Coalescence and/or break up determines actual bubble size in the bulk of the 

liquid. Bubble size in bubble columns is even reported not to be a function of 

orifice or porous wall at· all [9]. Velocity gradients bring about both coalescence 

and break up processes. These velocity gradients· are generated in laminar as well as 

turbulent flow. Velocity profiles and velocity fluctuations cause velocity gradients 
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in a laminar and turbulent flow field respectively. A strong velocity gradient 

exists in the viscous sublayer of the flotation cyclone. Bubbles which are formed 

and are detached from the orifice · colUde with forming bubbles in this layer as a 

result of the tangential liquid velocity (fig 3-7). The fact that almost no 

surfactant is adsorbed on the freshly formed bubble surface might result in 

coalescence in the viscous sublayer. 

mo•ing 
liquid 

growing bubbles colliding bubbles 

Figure 3.7 Bubble coalescence in the viscous sublayer 

Velocity fluctuations determines coalescence and break-up processes. The 

dimensionless Weber number indicates the ratio between inertial forces (per unit 

area) due tQ velocity fluctuations (- pU2
) and forces (per unit area) due to surface 

tension (- CJ/d): 

We= 3-44 

The Weber number indicates the degree of deformation of a (deformable) particle such 

as a bubble. A bubble deforms if the pressure due to liquid motion (-pU2
) exceeds 

the Laplace-pressure due to curvature and surface tension (-a/d). Mathematically: 

We> I. Inertial coalescence of high Reynolds bubbles (Reb>>l) occurs at very small We 

numbers (We<< 1) [10]. Coalescence "ends" at We-I. Approaching bubbles deform as 

soon as the pressure distribution changes near the bubble under these conditions 

because surface tension cannot resist the exerted pressure. As a result the bubbles 

cannot approach one another close enough to start coalescence (figure 3-8). It has 

to be noted that particles can deform at We<<l as well. The deformation in this 

cases is however the result of high pressures during film thinning at (very) small 

bubble-bubble distances. These deformations slow the coalescence process, but do not 

prevent coalescence in contrast with deformation at large bubble-bubble distances at 

We-1. 

This phenomenon explains reported bubble formation behavior in bubble columns. Van 
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Dierendonk [9] observed that the bubble size in bubble column was determined 

entirely by the EOtvos number (EO) of the bubbles and not by the orifices at which 

the bubbles are formed. Substituting the (high Reynolds) bubble velocity (-v'(Ng g 

db); section 3.2.1.2) in the We number definition the EO number is obtained: 

\ 

9 
0 

We < 1 

9 
0 

We > 1 

Figure 3;8 The (schematic) effect of the We-number on bubble coalescence 

We= = 3-45 

The critical EOtvos number with regard to bubble size for rising bubbles in a bubble 

column is reported to be 0.9 for superficial gas velocities < 0.03 m/s [9]. This is 

in good agreement with the w~ "' 1 criterion. For higher gas velocities (> 0.03 

m/s) the critical EO number is found to. obey equation (3-46b). 

E<\r = 0.9 3-46a 

(v s < O.o3 m/s) 

o Ng g 1/4 crp Ng g -1/8 
Fll.. = c I v I ( ) I ( ) 
--~ s p ~4 

3-46b 

(vs > 0.03 m/s; C=6.25(clear water), C=2.1(salt water)) 

Break-up of bubbles occurs at Weber numbers that correspond with velocity 

fluctuations that result in pressure differences of the order of the Laplace 
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pressure. In the case. of rising bubbles velocity fluctuations have to be considered 

and not the rise velocity itself because We-numbers of about 13 are found for 

spherical cap bubbles (vba.0.3 m/s; db"'2 em) using this definition! Break-up as a 

result of turbulent velocity fluctuations has been described extensiveiy by Levich 

[11]. 

Predicted bubble size in the flotation cyclone and the flotation centrifuge 

Bubble formation and resulting bubble size in a centrifugal force field can be 

estimated by theoretical considerations. 

Bubble formation in the flotation centrifuge is characterized by the quiescent 

liquid. Therefore bubble size during formation is expected to follow equation 

(3-32). The EOtvos number for these bubbles is obtained by substitution of equation 

(3-32) in (3-45). Typical values for the bubble size are in the range 0.1-0.5 mm. 

Corresponding EO numbers are of the order 0.4-0.6. Therewith hardly any coalescence 

or breakup is expected. Bosch [5) and Versteeg [12) have. reported that equation 

(3-32) is a reasonable estimate for bubble size in aerated centrifuges. This is in 

accordance with the considerations mentioned above. 

Cross flow conditions determine bubble formation in the flotation cyclone. The 

resulting bubbles are characterized by extreme low We and EO numbers (0.0001-0.001). 

Coalescence will therefore increase bubble size up to the criterion as indicated by 

Van Dierendonk ([9), relation 3-46). Beenackers [13] reported that this criterion 

predicted actual bubble size in the gas-liquid cyclone reactor rather well. 

Hydrodynamic conditions in this reactor resemble the flow conditions in the 

flotation cyclone. 

3.3.1.2 Bubble motion 

Bubble motion is generated by Archimedes forces. A force equilibrium between 

buoyancy (Archimedes forces) and drag determines the bubble velocity. The direction 

of the Archimedes forces in combination with the direction of the moving medium 

determines the direction of the bubble velocity. The direction of the Archimedes 

force is perpendicular to the earth surface at ordinary gravitational conditions. It 

is pointing towards the center of the rotational motion in a centrifugal force 

field. A moving liquid exerts a drag force on the. bubbles. The direction of moving 

bubbles is therefore the result of Archimedes and drag force vectors. So bubbles 

will move towards the center of the rotational motion (the axis) in the flotation 
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cyclone and centrifuge. Moving liquid will distort their path from perpendicularity 

to the (porous) wall. 

Bubble velocity is a function of bubble size and centrifugal force field. Surfactant 

is known to decrease bubble velocity in ordinary gravitational fields [6]. This 

phenomenon is generated by surface rigidity at low surfactant concentrations. The 

number of bubbles in a liquid effects bubble motion also. Bubble swarms have a 

different velocity from single bubbles [14]. Moving bubbles generate tQrbulence and 

can therewith bring particles in suspension. This phenomenon is of importance for an 

efficient flotation process because this is the only suspending mechanism in the 

centrifugal force field flotation cells studied. 

Bubble velocity 

Bubble velocity is the result. of buoyancy and drag forces. The drag force ,depends on 

hydrodynamic . copditions i.e. the Reynolds number of the bubble. Bubble (rise) 

velocity is reported to follow equation 3-47 for single bubbles at Rt)?30 [10]. 

Bubble velocities can be estimated using this equation with .an error < 30%. 

3-47 

Typical bubble velocities in the centrifugal flotation equipment can .be estimated 

using equations 3-32, 3-46 and 3-47. Typical velocities of 0.2-0.6 m/s are expected. 

Corresponding Reynolds numbers are of the order 50. 

Turbulence effects the direction of the bubble velocity. The mean bubble velocity is 

not influenced however due to the statistical nature of turbulence. The time mean 

value of the turbulent velocity fluctuations equals zero. 

Bubble velocity in bubble swarms differs from bubble velocity of single bubbles. 

"Hindered rising" determines bubble velocity such as "hindered settling" determines 

the settling of suspensions. The bubble velocity can be estimated . using the Kozeny 

Karman equation [4] for the turbulent regime: 

. 3 ~.1/2 
vb = ( e ) vb (0.3<eg<Q.5) 

,S . g 
3-48 

At low gas fractions (eg <0.3)) the relation for single bubbles can be used. 
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Surface rigidity of moving bubbles 

Surfactants are reported to decrease bubble (rise) velocity [11). Surface rigidity 

causes this phenomenon. Mass transfer of surfactant from the liquid bulk to the 

bubble surface generates a surfactant surface concentration gradient along the 

bubble surface. Such a surfactant gradient generates a surface tension gradient, 

which is counteracted by surface stress (Marangoni effect; Appendix 1). A bubble 

acquires a rigid character . if the surface stress resists the surface stress exerted 

by the bubble motion itself. Whether or not bubbles in a centrifugal force field 

have a rigid surface can be estimated as follows. 

The difference in surfactant concentration (AD along the bubble surface can be 

estimated using the penetration model for mass transfer. The contact time of the 

mass transfer can be estimated as the time a certain liquid portion is at the 

surface of the bubble .. 

3-49 

3-50 

The relation between difference in surfactant concentration and surface tension (Acr) 

is given by the Gibbs equation [11]. The surface tension gradient follows simply by 

dividing the surface tension gra!lient by half the bubble perimeter. The resulting 

surface .stress equals the. surface tension gradient (appendix 1). The stress exerted 

by the liquid motion can be e~timated using drag force equations for the turbulent 

regime. 

Acr = - Ar R T (Gibbs equation) 3-51 

3-52 

2 1/2 
't = p vb IRe (appendix 2) 3-53 

The bulk surfactant concentration at which rigidity occurs in a centrifugal force 

field can be calculated using equations 3-49 to 3-53. A surfactant concentration of 

5E-3 mol/1 is obtained using characteristic values for bubble size, rise velocity 

etc. Typical surfactant concentrations in the flotation equipment studied are 1 E-5 
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mol/1. Bubbles in the centrifugal force field flotation equipment therefore probably 

have a mobile surface. 

3.3.1.3 Surfactant stripping 

Froth generation in a centrifugal force field is very delicate. Formation and 

stability appear to be very sensitive to surfactant concentration. Mass transfer 

phenomena have to be studied in order to be able to control froth characteristics in 

a centrifugal force field. 

Rising bubbles account for the transfer of surfactant to the froth. Bubbles in a 

centrifugal force field have mobile surfaces and thereby mass transfer can be 

described using penetration theory (section 3.2.1.2). 

The following assumptions are made in order to estimate surfactant recovery from the 

liquid bulk into the froth. 

l) The mass transfer rate can be described by: 

jsurf,l~Vg = kpen csurf,l 3-54 

This mass transfer equation states that the driving force for mass transfer is 

not a function of the surface concentration of surfactant (r surf) on the 

liquid-gas interfase. This is valid if the equilibrium surfactant surface 

concentration (rsurf ) with respect to the bulk liquid surfactant concentration ,eq 
(csurf,l) is negligible compared to the. actual surface concentration of 

surfactant (r surf). Mathematically: 

3-55 

The equilibrium surface concentration of surfactant (r rf ) can be calculated su ,eq 
from surface tension versus bulk liquid surfactant concentration data using the 

Gibbs equation (eq. 3-51). 

The maximum surface concentration of surfactant (r surf) can be calculated 

integrating the mass transfer rate equation 3-54 for the residence time of a 

single bubble in the aeration section of the flotation cyclone (centrifuge) 

"tb,AS: 
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r -k c 't surf,max - pen surf,l b,AS 3-56 

3-57 

The ratio between equilibrium surfactant concentration and maximum surfactant 

concentration at c rf 1 = 2E-5 mol Cf AB/1 is found to be of the order 50 under su • 
ordinary flotation conditions in a centrifugal force field (~cr=0.02 N/m; T=300K; 

Ng=lOO; hAS=O.Olm). The assumption is therefore vali~. 

2) The specific bubble area in the aeration section of the centrifugal flotation 

devices can be described using 

6 E 
asp =--g

db 

The volume fraction of bubbles Eg is by definition: 

v g,s 

3-58 
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3) The mixing state of the liquid in the aeration section of the centrifugal 

. flotation devices, can be compared to ideal mixers. Beenackers [131 reported this 

to be c.ase for his gas-liquid· cyclone reactor. Versteeg [12] and Bosch [5] 

observed this in the centrifuge reactor as well. These two devices resemble the 

flotation cyclone and the flotation centrifuge respectively. Moreover, the ideal 

mixed state is expected from theoretical considerations because mixing phenomena 

such .. as Taylor vortices, overall circulation and rising bubbles generate 

irregular liquid motion and thereby mixing. 

4) All of the surfactant that is transferred to the rising bubbles remains in the 

froth. This will be the case if the formed froth does not collapse. Froth drains 

and collapses much faster in a centrifugal force field compared to ordinary 

gravitational fields. Experiments show that no collapse of froth occurs at a 

froth production equivalent to 1-2% recovery of the liquid flow rate through the 

froth phase. 

The surfactant recovery is modeled as a first order mass transfer process. It can 
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easily be shown that the surfactant recovery into the froth phase equals: 

ksurf,l~V g "t,AS 3-60 
1 + ksur f ,1~1/g 't I ,AS 

3-61 

3-62 

3-63 

3.3.2 Experimental 

Bubble characteristics of single bubbles and surfactant recoveries have been 

measured. The bubble velocity in the flotation cyclone is determined in particular. 

From this velocity the bubble size is calculated using equations mentioned above. 

Set-up and metlwds 

The bubble velocity in a flotation cyclone was determined by observation of bubble 

paths. Bubbles travel both radially as tangentially in the flotation cyclone (fig 

3.9). A flotation cyclone with a perspex wall and top plate was used in order to 

observe the bubble path visually. Bubbles were generated on a 4 mm 0 porous area. 

The bubble paths were observed through the perspex top plate of the flotation 

cyclone. The set-up as described in paragraph 2.4 was used in the recycle mode for 

the liquid (no froth). The applied superficial gas velocity through the porous area 

equaled the superficial gas velocity under normal flotation conditions (0.05-0.5 

m/s). The radial bubble velocity can be calculated from: 

t :::: 
Lm 

m vt, m 
3-64 

Hm 

vb = 
tm 

3-65 
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Surfactant recoveries were determined in the flotation ,cyclone and the flotation 

centrifuge. The set-ups as described in paragraph 2.4 were used. Cetyl trimethyl 

ammonium bromide (Cf AB) was used as a frother. crAB concentrations were determined 

titrimetrically [22]. Experiments were carried out with· various ratios of air and 

liquid flow rate and various centrifugal force fields. 

Figure 3.9 Determination. of bubble velocity from bubble paths 

Results and discussion 

Experimental bubble paths have a wider ch~acter than the theoretical line as 

depicted in figure 3.9 .. Turbulence and non uniformity of bubble size bring about 

this· phenomenon. Mean bubble diameters were calculated from the observed bubble 

paths using experimentally determined mean tangential liquid velocities and the 

equations 3-64 and 3-65. Experimental as well as theoretical bubble diameters are 

shown in fig 3.10 as a function of the centrifugal force field. 

It has to be concluded from figure 3.10 that coalescence of bubbles takes place. The 

observed bubbles size exceeds the initially formed bubbles (eq. 3-29) by a factor 
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10. In addition, the observed bubble size exceeds the bubble size that is expected 

if there were no effect of the moving liquid (eq. 3-32). The size of the initially 

formed bubbles can not exceed this bubble size because bubbles would detach from the 

orifice as a result of the centrifugal force field. 

A reasonable estimate of bubble size in a flotation cyclone is obtained using the 

Van Dierendonk equation ([9]; eq. 3.46). Beenackers [13] reported a fair agreement 

between this equation and resulting parameters such as gas holdup and specific area 
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Figure 3.10 Comparison of experimental determined bubble diameters (e), 

to predicted bubble sizes (-: eq. 3-46, --: eq. 3-32, -·-: eq. 3-39) 

also. Therefore it is expected that these relations can be extrapolated to bubble 

swarm conditions. Coalescence of bubbles after formation under cross flow conditions 

until We-I thus determines the actual bubble size in the flotation cyclone. 

Bubble size in the flotation centrifuge can be estimated using eq. 3-32. Versteeg 

[12 and Bosch [5] have shown experimentally that this equation can be used. Bubble 

size is therefore determined during (quiescent) formation and coalescence is of no 

importance. This was expected from theoretical considerations. 

The results of the experiments concerning surfactant recovery are given in figure 

3.1 L Good agreement between theory and experimental values is obtained. This 
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conclusion can however be extended to the approximations concerning bubble size, 

bubble "rise" velocity, mixing state of the liquid phase and mass transfer 

mechanism. For all these approximations have been used in order to calculate the 

theoretical surfactant recovery. 

3.4 Froth 
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Figure 3.11 Comparison of experimental surfactant recovery to 

theoretical predicted surfactant recovery for the flotation 

cyclone (o) and the flotation centrifuge (•). (cyclone: L =12 c 
em, hAs=l em, BO<F1<120 //min, 40<F g <1000 //min; centrifuge: Lc=4 

em, hAs=l em, 0.4<F1<3llmin, 10<Fg<60 1/min; 2.8£-3 < Cctab < 
0.42 mmo//1) 

3.4.1 Introduction 

Froth is a gas-liquid dispersion with liquid as the continuous phase. Typical gas 

fractions in a froth are 0.90-0.99. The function of froth in flotation is transport 

of captured hydrophobic particles ("concentrate") out of the flotation cell [16]. 

Amount, structure and stability are froth characteristics of flotation processes. 
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Froth production is defined as the liquid flow rate that leaves the flotation cell 

in the froth phase (Fl,f). The water recovery (Rec1,f) is defmed as the ratio of 

froth production and liquid flow rate feeding the flotation cell (F1): 

Recw 3-66 

The interstitial liquid in the froth originates from the bulk flotation slurry. It 

contains particles that originate from the bulk flotation slurry also. These 

particles are therefore not captured by ai:r bubbles but carried over JDechanically. 

Warren reported a linear correlation between froth production arid aselective 

mechanical carry over [17]. This phenomenon is called "entrainment" and is known to 

reduce flotation selectivity. Fine particle flotation selectivity is known to suffer 

most from this phenomenon because the flotation kinetics (i.e. capture of particles 

by bubbles) are relatively slow. 

Froth structure relates to froth formation. A froth is formed if bubbles that have 

reached the top of a liquid cannot coalesce with the gas phase above. A surface 

tension gradient along the bubble (Marangoni effect; appendix 1) prevents the 

coalescence process from taking place and bubbles start piling up. A packed sphere 

geometry, e.g. a hexagonal close packing, is therewith formed initially. This type 

of froth is called "Kugelschaum" [18]. A driving force for coalescence still exists 

film 

bubble 

bubble 

bubble 

Figure 3.12 Froth geometry [/8} 
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since froths are thermodynamically unstable [18]. Drainage reduces the amount of 

water in the froth. The reduced water amount changes the froth structure from a wet 

"Kugelschaum" to a relatively dry "Polyhedral froth". Plateau borders and thin films 

characterize "Polyhedral froths" (fig 3.12) [18]. Leonard et al. [19] and Hartland 

et al [20] have related geometry of a polyhedral froth (dodecagonal cells) to a 

sphere (See table 3.4). It has to be noted that most of the water is contained in 

the Plateau borders. 

Table 3-.4 Geometry of 4 regular dodecahedral bubble {18,19] 

Number of faces: 

Number of edges per face: 

Tot a I. number of edges: 

Number of bubbles sharing each face: 

Number of bubbles sharing each edge: 

12 

5 
30 

2 

3 

In terms of sphere of diameter d having the same volume 

Volume 

Length of edge: 

Area of face: 

1t d 3 /6 
0.408 d 

0.288 d2 

Kinetics of drainage, gas diffusion and film rupture determine the life time of a 

froth and therewith its stability. The pressure difference between the thin liquid 

film and the plateau border causes drainage. Surface curvature of the plateau border 

causes the pressure difference [10]. The kinetics of (film) drainage is determined 

by surface rigidity and viscous resistance (see below). Various equations for 

drainage kinetics have been proposed [19,20,21] The predictive value of most 

equations is however poor. Gas diffusion occurs from small to bigger bubbles [22]. 

Differences in surface curvature and corresponding bubble pressures causes this 

phenomenon. The films become eventually so thin that rupture occurs. Attractive (Van 

der Waals) forces exceed hydrodynamic resistance at rupture. Surface waves influence 

the rupture mechanism [23]. 

Some general characteristics of froth have been given so far. The centrifugal force 
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field and solids in the froth are however typical .ciJal)aCteristics of. flotation in a 

centrifugal force field. The cen~rifugal force field . is expected to . increase. the 

dr~inage rate of tbe. froth and decre~se froth stability, Centrifugal force fields 

are even applied to break froth [3]. The adviUltage of this is however that.' the 

contribution of m~hanical carry over of particles. to solids recovery will be 

reduced. Solids are,. reported to have different effects Qfi froth stability,. Hudales 

[24] found that small particles prevent surface waves that cause rupture. Frye e.a. 

reported that the contact angle of particles detennined whether solids • stabilize or 

destabilize froths [25]. Contact angles exceeding 90° have. a,. hydrophobic nature. 

These particles are expected to decrease froth stability. 

3.4.2 Theory 

Froth production equations available in the literature [1~,20,21] have Pt'QVen to be 

unable to describe froth production in, ~ centrlfugal fore~ field. In particular, the 

effects of changing surfactant con~n~atlon -~d gas flow r~te are not ~unted 
for. A different approach is therefore developed in order, to estimate froth 

" : . ' ' '·' .... 
production in a centrifugal force field. 

Bubbles rise to the "top" of the liquid and start piling up. Initil!lly. these 

bubbles have mobile surfaces and their surface surfactant concentration is .given by 

eq. 3-56 (section 3.2.1.3). Drainage of this packed bed of spheres will be very fast 

due to the mobile character of the bubble surfaces. The bubble surfaces will however 

get rigid if the distance between the bubbles reaches a ce.rtaiJ:l valqe. . This . - ' .. - . ' . ', -, 

phenomen~n is known in ordinary c~alescerice processes as well [10]. The surface 

•o-·· __ ~ .. .. 

Figure 3.13 (Schematic) bubble coalescence. 
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stress due to a surfactant gradient (Marangoni effect; Appendix I) equals the stress 

due to flow at this distance. This distance can be estimated as follows. The 

equations are derived for coalescence processes where bubbles have flat surfaces 

(fig 3.13). 

A pressure difference due to curvature exists between the film and the bulk liquid: 

3-67 

The mobility of the surface causes a surfactant surface concentration difference 

along the film surface of the order of the surface concentration of surfactant 

(r surf). This seems a low estimate but the Marangoni effect transports surfactant 

gathering at the edge of the film in the direction of the rest of the bubble surface 

(surface flow in the direction of the highest surface tension). The resulting 

concentration at the edge will be of the order of the original surface concentration 

because the flat area is small compared to the total bubble area. The corresponding 

difference in surface tension can be calculated using the Gibbs equation. 

Aa = r surf R T 3-68 

The resulting surface stress equals the surface tension gradient and can be 

estimated using: 

t = Va"' s 
Aa rsurf R T 

=-----
r b,f rb, f 

3-69 

Bubbles get rigid if ·the surface stress (per unit volume) counter balances the 

pressure difference (per unit volume): 

2 ap 
't'-> 

s h ar 
f 

rb rsurf R T 
0' 
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The geometry of the liquid film and Plateau border is obviously similar to the 

coalescing bubble geometry (fig 3.13). The pressure difference due to the curvature 

of the Plateau border differs: 
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Therewith one arrives at hf for froth films: 

= 2 rPB,c rsurf R T 
(J 

3-72 

3-73 

The surface concentration of surfactant can be calculated using eq. 3-56 for 

flotation conditions in a centrifugal force field flotation device. 

Plateau borders can become immobile as well. An analogous derivation provides the 

equivalent diameter of the Plateau border at which its surface becomes immobile: 

A Plateau border can be modeled as a cylinder (fig 3.14). The pressure difference 

along the cylinder is due to hydrostatic height. Initial surface mobility causes a 

surfactant concentration difference along the cylinder. The corresponding surface 

tension gradient and surface stress can be obtained using the same estimations. The 

Plateau border diameter at which the Plateau border becomes immobile is calculated 

from a force balance. 

L 
Pb 

R 

~-~--<-v 
i 

Pb,eq 

Figure 3.14 Cylinder model of a Plateau border (notation). 
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pressure difference: 

surface tension difference: 

surface stress: 

r RT 
t =Va= surf 
s LPB 

force balance: 

diameter at which Plateau border becomes immobile: 

4 r R T 
d < surf 

PB,eq Ng g p LPB 
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3-77 

3-78 

Equation 3-78 has to be corrected for the random orientation of the Plateau borders 

in the froth. The pressure drop along a Plateau border will be lower. Eq 3-64a is 

obtained after integration over all orientations. 

4 rsurf R T 
dPB < 1.57 N L ,eq g g p PB 

3-79 

The froth production i.e. the liquid flow rate through the froth can be estimated 

using dodecagonal geometry (table 3.4) and the distances at which bubble surfaces 

get rigid ( eq. 3-78 and 3-79). It has to be kept in mind that the initial drainage 

of mobile films is assumed to be much faster than the drainage process while the 

bubble surfaces are mobile. So the amount of liquid in the froth is (initially) 

determined by the distance between the rigid film and Plateau border surfaces. The 

liquid that is carried into the froth by a single bubble can be estimated as 

follows. 
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Liquid is carried into the froth in liquid films and Plateau borders. A single 

bubble has 12 faces, each one shared by two bubbles. So one bubble has 6 faces. The 

area of one face equals 0.288d~. The thickness of a liquid film hf is given in eq. 

3-59. So 1.728d~hf m3 water is transported by a single bubble in the liquid films. A 

bubble has 30 edges, each one shared by three bubbles. So one bubble has 10 edges. 

The length of an edge (Plateau border) equals 0.408db. The equivalent diameter of 

the Plateau border is given by eq. 3-79. Therewith 3.204dbd~B,eqm3 water is 

transported by a single bubble in Plateau borders. The total amount of water that is 

transported into the froth can thus be calculated: 

3-80 

It has to be noted that this equation describes initial froth formation and does not 

include subsequent drainage. The pressure difference due to surface curvature 

(Laplace pressure) is believed to control the drainage process [18]. Therewith no 

significant effect of the centrifugal force field is expected. The drainage time 

determines the degree of drainage. The drainage time can be estimated as the 

residence time of the froth phase in the centrifugal force field. 

2 
1t (R -hAS) L 

t - c c 
drain - 3-81 

3.4.3 Experimental 

Set-up and methods 

The froth characteristics of the flotation cyclone and the flotation centrifuge were 

studied using the set-ups as described in section 2.4. Cetyl trimethyl ammonium 

bromide (CfAB; Merck) was used as a frother. CfAB concentrations were determined 

titimetrically. The froth production was studied as a function of the centrifugal 

force field flotation device (cyclone and centrifuge), gas flow rate, liquid flow 

rate, centrifugal force field, surfactant concentration and drainage time. 
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Results and discussion 

The froth production in the flotation cyclone and the flotation centrifuge has been 

determined as a function of liquid flow rate, gas flow rate, centrifugal force 

field, surfactant concentration and aeration section geometry (weir height and 
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Figure 3.15 Ratio of experimental froth production and predicted 

froth production (witlwut drainage) as a function of the drainage time 

for the flotation cyclone ( •) and the flotation centrifuge ( o); 

cyclone: Lc=/2 em, hAs= I em, 80<F1<120 /!min, 40<F g <1000 /!min; 

centrifuge: Lc=4 em, l<hAs<2 em, 0.4<F1<3 1/min, lO<Fg <60 llmin; 

2.8E-3<CcrAB<0.42 mmol!l. 

cyclone length). Experimental froth production is compared to theoretical froth 

production (without drainage) in fig 3.15. Theory predicts froth production for 

short drainage times rather well. The present theory predicts the (initial) froth 

production for the centrifuge as well as the flotation cyclone. Further the degree 

of drainage is found to be only a function of drainage time. The centrifugal force 

field does not significantly influence the degree of drainage. This was expected 
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from theory. 

The present theory explains some other phenomena as well. Froth production is found 

to be very sensitive to surfactant concentration. The Plateau borders contain most 

of the liquid in the froth. The Plateau border diameter at which it becomes immobile 

is found to be linearly dependent on surfactant concentration (eq. 3-79). Froth 

production depends therefore with the square of surfactant concentration (eq. 3-80). 

Experimental data as well as theoretical predictions are presented in fig 3.16. The 

theoretical prediction is modified for the drainage time using figure 3-15. 

Most known theories for froth productions predict a linear dependence of froth 
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Figure 3.16 Comparison of predicted water recovery to experimental 

water recovery as a function of the surfactant concentration. 

Prediction corrected for the froth residence (=drainage) time. 

production on gas flow rate. Experimental data show however that froth production 

even decreases at higher gas flow rates (fig 3.17). This phenomenon is also 

predicted by the present theory. Surfactant stripping decreases the surfactant 

concentration in the liquid bulk at higher gas flow rates (section 3.2.1.3). The 

surface concentration decreases consequently and with that the froth production. 
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Surfactant stnppmg is mainly determined by the gas to liquid flow rate ratio (eq. 

3-60 to 3-63). A high ratio results in a high degree of surfactant stripping. The 

fact that a (feed) surfactant concentration of 0.4 mmol/l provides a froth at a gas 

to liquid flow rate ratio of 100 whereas 0.07 mmol/l satisfies at a ratio of 10 

illustrates this. Experimental data of froth production inthe flotation cyclone at 

high gas flow rates are shown in figure 3.17. Drainage will however decrease at high 

gas flow rates due to a shorter residence time in the centrifugal force field. 
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Figure 3.17 Froth production as a function of the gas flow rate 

in the flotation cyclone (Lc=l6 em, hAS=l em, F1=1001/min, 

Cctab=2.8E-2 mmol/1) 

3.5 Conclusions 

Hydrodynamic phenomena which influence flotation in a centrifugal force field can be 

estimated fairly well using common theories. 

The liquid rotates as a solid body (forced vortex) in the flotation centrifuge 

whereas conservation of angular momentum controls rotational motion in the flotation 
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cyclone (free vortex). The loss of rotational speed in the flotation cyclone due to 

wall friction can be estimated using an angular momentum balance. 

The liquid height above the weir in the flotation cyclone can be calculated using 

well known equations for the liquid heigth above a horizontal weir under ordinary 

gravitational conditions substituting the effective centrifugal force field (Ng g). 

Bubble size in the flotation cyclone is determined by the E0=0.9 criterion. 

Formation in a quiescent liquid appears to be the bubble size determining phenomenon 

in the flotation centrifuge. Surfactant recovery in both centrifugal force field 

flotation devices, i.e flotation cyclone and flotation centrifuge, can be described 

using penetration theory . 

Froth behavior in both devices can be estimated using immobility criteria for 

gas-liquid interfases during froth formation. The effect of the centrifugal force 

field on froth production is accounted for in the immobility criteria for Plateau 

borders. Subsequent drainage of froth turns out not to be a function of the 

centrifugal force field but of residence time of the in the centrifugal force field 

froth. 
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Chapter 4 
Kinetics of notation in a centrifugal force field 

4.1 Introduction 

The collision of particles with bubbles and the subsequent attachment of 

(hydrophobic) particles to the bubbles is the essence of a flotation process. The 

kinetics of these bubble-scale phenomena determines the rate and efficiency of the 

entire flotation process. Knowledge of flotation kinetics enables one to design 

flotation cells. Problems with fme particle flotation are caused by a low collision 

rate due to low particle inertia [1 ]. A centrifugal force field can be applied in 

order to increase inertia and therewith flotation rate [2]. 

Scope of this chapter 

The effect of the centrifugal force field on flotation kinetics is investigated on a 

theoretical and experimental basis in this chapter. The influence of the centrifugal 

force field on individual aspects of the kinetics such as collision and attachment 

cannot be measured separately easily and are therefore investigated theoretically. 

The outcome of flotation experiments is actually the result of all sub processes 

which determine the flotation rate. This includes obviously not only collision and 

attachment itself but also physical factors which influence these processes such as 

centrifugal force field, bubble size, bubble rise velocity, surface mobility of 

rising bubbles, mixing state of the flotation slurry etc. Rules for designing 

centrifugal force field flotation equipment will be presented at the end of this 

chapter. 

4.2 Theory 

Kinetic aspects of sub processes of flotation are discussed in the following 

paragraphs. It has to be kept in mind however that the goal of these theoretical 

exercises is the derivation of a flotation rate equation which can be applied to the 

design of flotation equipment. 
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4.2.1 Particle-bubble collisions 

Particles and bubbles have opposite velocities in a "quiescent" liquid, i.e. a 

bubble rises whereas a particle settles. The relative velocity is almost entirely 

determined by the bubble velocity in this case however. Particle inertia and drag 

due to the liquid streamline pattern determine the path of a particle relative to a 

bubble and with that collision behavior. It is assumed that bubble motion is not 

affected by the presence of the particles. The liquid streamline pattern around a 

rising bubble is therefore only determined by the Reynolds number and the surface 

mobility of the bubble. Small bubbles under gravitational conditions (R~ <l) are 

known to behave as solid spheres. The corresponding streamline pattern is described 

by Stokes ("Stokes flow") [3]. The streamline pattern for bubbles with mobile 

surfaces, usually at high Reynolds number, is calculated using potential flow. [3]. 

The potential flow streamline pattern around a bubble is believed to come closest to 

physical reality in the case of flotation in a centrifugal force field ·because the 

bubbles have mobile surfaces and their Reynolds numbers are of the order 50 (see 

paragraph 3.3.1.2). So recent work concerning collisions between particles and 

bubbles with immobile surfaces is not considered [e.g.: 22] 

Turbulence exists in the flotation cyclone. Its· effect on the streamline pattern and 

collision behavior is neglected because the turbulent velocity fluctuations are 

about 10% with respect to the bubble velocity (dv(vb::.OJ; section 3.2.2.2). 

Brownian motion is known to influence fme particles motion in particular. It can be 

shown that Brownian motion influences motion of particles smaller than 1 J.lm 

significantly (appendix 3). The particles which are used for this study are of the 

order 1-30 IJ.m. Brownian motion can thus be neglected. 

The path of the particle can be calculated using the equations of motion. In this 

specific case gravity (read centrifugal force) cannot be neglected. The drag force 

is found to obey a Stokes-type law, i.e. Fdrag=6mldvprp. The (dimensionless) 

equations of motion for the direction of gravity (x) and the direction perpendicular 

hereto (y) are respectively [1]: 

av* 
St-Y-= u*- v* 

at* Y Y 
4-1 

av* 
St _____!_ = ,u*- v*- G 

at* X X 
4-2 
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2 Pp r~ vb 
St=----

G= 

4-3 

4-4 

The inertia of the particle (St) determines to which extend the particle follows the 

streamlines of the approaching bubble. Levich [4] showed that inertia effects the 

collision process significantly if St > 1/12. 

An· actual collision occurs if the distance between the center of the particle and 

the bubble surface equals the particle radius (fig 4.1). Sutherland calculated 

collision rates for potential flow neglecting gravity and inertia (St=O; 0=0) [5]. 

He obtained the collision radius of a bubble (r th) extrapolating ·the streamline c,su 
that leads just to collision at the equator of the bubble (fig 4.1). 

2 2 

I 
r (3rb + 3r rb + r ) 

r = P P P «Y3rr 
c,suth rp + rb p b 

c,suth 

Maximum 
collision 
radius 
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Figure 4.1 Definition of the collision radius (R th) according to c,su 
Sutherland [51. 
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Derjaguin et al. [6] modified an approximation of the collision radius as obtained 

by Flint and Howarth [I] for the case that gravity was included but inertia 

neglected (St=O). They obtained: 

3 rn) 
---( G + --L.. 

+G 
4-6 

Typical values of G for fme particle flotati!)n in this study are smaller than 0.01. 

The. Sutherland equation can therefore be used as an appr<;>ximation of the collision 

radius at low St numbers. Particle paths were calculated for higher St numbers 

numerically using equations 4-1 and 4-2 and typical conditions for centrifugal force 

field flotation. The ratio between calculated collision radius and the Sutherland 

collision radius (eq. 4-6) is shown in figure 4.2. Inertia is found to influence the 

collision rate at St>O.l as pre4icted by the theory of Levjch [4]. The fact, that the 

ratio has a plateau value is due to the fact that the collision radius is limited by . 

bubble size. Obviously, the collision radius cannot exceed the sum of bubble. radius 

and particle radius (see fig 4.1) . 

.. 2.0 .-------,.---------. 
::1 
:; ., .. 

.; 
'iii " 0.0 L,._ _ _,_ _ __._ __ ...._ _ _,_ _ __,J 

0.0 0.1 0.2 0.3 0.4 0.5 

St [-] 

Figure 4.2 Calculation of the increase of the collision radius relative 

to the Sutherland collision radius as a function of St. 
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4.2.2 Particle-bubble attachment 

The formation of a bubble particle aggregate follows the collision process. The 

surface character of a particle (hydrophobic or hydrophylic) determines whether or 

not an aggregate can be formed. Floatability of fme particles is reported to occur 

on a yes/no basis [6]. Differences in the degree of hydrophobic character are hardly 

of importance for the flotation rate. So small differences in floatability are 

expected to be caused by differences in flotation kinetics. 

The attachment of a particle to a bubble involves two steps. In the ftrst place 

thinning of the liquid film between the particle and the bubble takes place. In the 

second place rupture of this film occurs and a three phase contact is established. 

The film thinning is the attachment rate determining step. The film thickness at 

which rupture occurs has to be known in order to be able to estimate the attachment 

time. 

4.2.2.1 Film rupture 

The rupture of a thin liquid film occurs if the "disjoining pressure" due to 

attractive (London-Van der Waals) forces exceeds the (Laplace) pressure in the film 

[7]. Growing surface waves are reported to cause the actual rupture for film areas 

with a radius larger than 50 J.Uil (8]. The radius of films between particles and 

bubbles in this study can never exceed 50 J.Uil because the particles studied have a 

maximum size of 30 J.Uil. 

The critical film thickness before rupture can be estimated as follows. The 

attraction energy per unit surface (VA) between two film surfaces separated by a 

distance 8f caused by London-Van der Waals forces amounts to: 

4-7 

where A is the Hamaker constant and f a correction factor for retardation [9]. The 

correction factor is of the order one [10] and will therefore be neglected. The 

resulting "disjoining pressure" can be obtained by differentiation: 

A 

6 Jt 8} 
4-8 
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Curvature of the particle-bubble surface generates a (Laplace) pressure in the film 

between bubble and particle. The pressure difference is the sum of the pressure 

difference. between bubble and liquid bulk and the pressure difference between bubble 

and liquid film. The radius of curvature of the film between particle and bubble 

will be of the order of the particle radius (fig 4.3). 

Figure 4.3 Pressure distribution near a particle-liquid-bubble contact 

area. 

4-9 
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Using rb>>rp' the "Laplace" pressure in the film can thus be approximated by 2a/rp. 
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Film rupture will occur if the "disjoining pressure" is of the same order of 

magnitude as the "Laplace" pressure. The critical film thickness for rupture can 

therefore be estimated using: 

A rp 113 
8f,rupt "' ( 12 1t (1 ) 

4-12 

A typical critical film thickness of 20-40 A is obtained using Ar.x lE-20 Nm, l J.llil < rp 

< 30 J.llil and 0<><0.07 N/m. These values are in excellent agreement with reported 

critical thicknesses by Schulze [11]. 

4.2.2.2 Film thinning 

The geometry and surface mobility of a thin liquid film determines its thinning 

rate. The film can exist between spheres or (flat) plates. Its surface can be either 

mobile or rigid. A thin liquid film exists between a sqlid particle and bubble in 

flotation systems. The particle has obviously a rigid sur(ace. The bubble surface 

can however be mobile as well as immobile. This depends among others on surfactant 

concentration (see 3.3.1.2). 

Different thinning rate equations are known for different thinning situations with 

respect to geometry and rigidity. A film between two (unequal) spheres is believed 

to come closest to flotation conditions [6]. The required (thinning) time until 

rupture occurs will be derived for two rigid spheres first. Whether or not the 

bubble is rigid will be investigated later. This goes for its effect on the thinning 

time as well. 

Required thinning time of a thin liquid film between two (unequal) rigid spheres for 

rupture; application to particle capture assuming bubble-surface immobility. 

The required thinning time for rupture will be derived for equal rigid spheres. It 

can be shown [12] that for unequal spheres an equivalent sphere radius Req can be 

used. 

4-13 

The geometric situation and the notation is shown in fig 4.4. The distance ·(h) 

between the spheres at film radius r and its derivative amount respectively to: 
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db 2r/R dr 4-15 

Continuity relates the approach velocity of the spheres (V th) to the radial s, 
velocity in the film (U): 

21t r h(r) U 4-16 

The plane Poiseuille equation relates pressure drop to the radial velocity in 

the film: 

8P 12 11 U 

8r h(r) 2 
4-17 

Figure 4.4 The mathematical notation of film thinning between two equal 

(immobile) spheres 

The radial pressure distribution in the film is obtained substituting eq. 4-15 and 

eq. 4-16 in eq. 4-17 and subsequently integrating eq. 4-17. It has to be noted that 

(steady) plane Poiseuille flow is assumed· at any radius r with the corresponding 
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film thickness (h(r)). 

311V thR 
P(r) = s, 

2 h2 
4-18 

A relation between pressing force (F), velocity of the spheres, sphere radius and 

film thickness is obtained by integration of the pressure distribution: 

3 n: 11 V th R
2 

F = J 2n:r P(r) dr = s, 4-19 
2 h

0 

Now the thinning time (tth) can be obtained as follows: 

4-20 

3 n: 11 R2 

2 F In( ho,t=o I of,rupt ) . 4-21 

Estimates of the pressing force F and the film thickness at which thinning starts 

(ho,t=o) have to be made in order to apply 4-21 to ·a particle-bubble film in 

flotation processes. 

Liquid flow causes the pressing force on the particle. More specifically, the radial 

liquid velocity component towards the bubble exerts the pressing force (fig 4.5). 

The radial velocity causing drag can be obtained from potential flow solutions; The 

radial velocity in potential flow as a function of the distance from the bubble 

surface (x) and the inclining angle (9) runs [3]: 

R 3 
vr,l = vb cos e [ 1-( "R+x) ] 

For small values of x!R this can be approximated by: 

4-22 

4-23 

The particle is practically at rest at the bubble surface compared to the 

surrounding liquid. The pressing force can therefore be calculated using the 
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Figure 4.5 The direction of the liquid velocity near a mobile 

bubble (potential flow). 

simplified Stokes drag force equation (Rep <<l): 

F=6rcf1r v 1 p r, 4-24 

The pressing force for film thinning F is a function of the distance between the 

centre of the particle and the bubble surface (see eq 4-22 and 4-23). The minimal 

distance during film thinning is rp. This value is a fair estimate of the distance 

at which the pressing force acts on the particle. The pressing force at this 

distance is constant. This was applied integrating 4-20. The pressing force is a 

function of e as well. The mean value of cos e (O<E><1t/2) is 0.65. The mean pressing 

force thus amounts to (substitution of 4-23 and 4-24 in 4-21): 

4-25 

The distance at which film thinning is first given by 4-21 can be estimated 

calculating the distance at which the velocity of the undisturbed moving particle 

equals the velocity at which the spheres (bubble and particle) approach one another 
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according to 4-21 (fig 4.6). The radial particle velocity in a potential streamline 

field equals the local liquid velocity if inertia and gravitational forces can be 

neglected (St<O.l, G=O). The approach velocity is given in eq. 4-20 whereas the 

radial particle velocity can be obtained using eq. 4-22 or 4-23. So the film 

thickness at which thinning "starts" (ho,t::J can be calculated as follows: 

2 h
0 

F 4 h0 vr,l r~ 
v th = = vr,l s, 

31t1l R2 R2 
4-26 

h = 
R2 

o,t=o -;rr; 4-27 

This equation contains the equivalent thinning radius (R). The film thickness at 

which thinning starts can therefore be .calculated using eq. 4-13 and 4-27 and 

realizing that the particle diameter is usually much smaller than the bubble 

diameter in flotation (rp « rb). 

h "'r o,t=o p 4-28 

t 
v 

h-

Figure 4.6 Definition fJ/ the distance at which thinning is first 

given by eq. 4-21: The undisturbed particle velocity in the direction 

of the bubble ( --) equals the approach velocity due to film thinning 

(-). 
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Finally, the time required for film thinning in flotation (rigid spheres) is 

obtained by substitution of eq. 4-28, 4-25 and 4-19 in eq. 4-21, realizing rp<<rb 

(eq. 4-13). 

rb 
tth = 0.51 v In( rp I 3frupt ) 

b \ ' ' 
4-29 

Surface mobility of a bubble during film thinning 

A thin liquid film can become immobile during film thinning as ' a result of 

surfactant gradients along the surface. This was demonstrated in the description of 

froth formation (section 3.3.2). Whether or not a bubble surface adjacent to a 

particle becomes immobile during film thinning can be investigated following,,the 

same approach as demonstrated in section 3.3.1.2. 

T 
w 

Figure 4.7 Geometrical situation of thin liquid film during thinning 

with respect to pressure due to surface curvature (Pj and surface 

stress ('t~. 
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The bubble surfaces of rising bubbles in the flotation equipment studied have mobile 

surfaces (section 3.2.1.2). Surfactant is therefore transported towards the edge of 

the liquid film during the first stage of the thinning process. fu other words, the 

initial mobility of the , bubble surface causes a surfactant surface concentration 

gradient. ·This phenomenon results in a surface tension gradient. The bubble surface 

becomes immobii~ if the force resulting from the surface tension gradient (appendix 

1) at least counter balances the pressure difference due to surface. curvature (fig 

4.7). The film thickness atwhich the bubble surface becomes immobile (8f,r> can be 

calculated from this force balance. It ·has to be noted that the force balance is 

made per unit film volume as in eq 3-70. 

4-30 

Ao 
with t .. s rp 

(appendix 1) 

20' 
and Pf .. 

rp 
(4-18) 
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The surface tension difference (AO') can. be calculated using the equations of chapter 

3 (3-49, 3-50, 3-51).- A0'/0' appears to be of the order 4E-6 using values that 

represent typical centrifugal force field flotation conditions. This means that the 

bubble surface becomes immobile if · the film thickne8s is · bf \ the · order 

1E-5*2E-6=2E-11 m. Film rupture occurs at a film thickness of about 4E-9 m however. 

So the bubble surface will be mobile during thinning of the film between bubble and 

particle. 

The physical situation with regard to surface mobility during film thinning comes 

down to a thin liquid film with one rigid (solid particle) and one mobile (bubble) 

surface. The equation describing the thinning time (eq 4-29) has thus to be 

corrected. 
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Required thinning time of a thin liquid film between one rigid and one mobile sphere 

until rupture; application to particle capture assuming bubble-surface mobility. 

The thinning time of a liquid film bounded by one solid and one mobile surface can 

be calculated following . the same procedure as shown · for the case of two rigid 

spheres. The physical conditif;ms at the mobile boundary correspond. however, to flow 

conditions in the centre between two rigid spheres at distance 2h (fig 4.8). The 

analogy between these two situations lies in the fact that there is no stress 

(=velocity gradient) at this (geometrical) point. 

immobile-immobile immobile-mobile 

Figure 4.8 Comparison of an immobile-immobile film surface to a 

immobile-mobile film surface with respect to boundary conditions. 

Substituting 2h for h (dh/dt becomes 2dh/dt) one obtaines: 

3 n 11 R
2 

In( h I 8 ) 
8 F o.t=o f,rupt 
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The estimations for the mean pressing force F and the film thickness at which 

thinning starts (ho,t=o) can be obtained in the same way also. This results in: 

h - r /4 o,t=o- p 4-33 
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It has to be noted that the equivalent sphere radius equals the radius of the 

colliding particle. So for the actual thinning time one obtains: 

4-35 

Deviations of the (perfect) sphere shape during film thinning 

One of the assumptions for the derivation of the film thinning time equations is 

that the bubble surface is plane. The pressing force can get so big however that the 

particle is pushed into the bubble surface (fig 4.7). The pressure in the liquid 

film (eq. 4-18) has to exceed the Laplace pressure due to the curvature of the 

bubble (eq. 4-9) in order to achieve deformation of the bubble surface. This 

condition leads to the following inequality for bubble deformation: 

4-36 

Bubble deformation gets important if the calculated film thickness (5f) exceeds the 

critical thickness for rupture (5f,rupJ· The particle size at which this occurs is 

of the order 0.2 llffi. The particles which are used for this study are of the order 

1-30 IJ.m. So bubble deformation is of importance. 

Bubble deformation leads to an increase of the thinning time because the thinning 

film area increases. The larger the deformation the larger the increase of thinning 

film area and with that thinning time. For small deformations, the increase of 

thinning time can be estimated using the equation derived by Hartland [23] which 

expressed in the present nomenclature amounts to: 

3 T] F r~ 1 

tth= ( -
64 ~ 2 

1t uf,rupt 
---) 

hO,t=O 

4-37 

Particle size determines thus to a great extent the increase of thinning time. In 

addition, an increasing pressing force due to for instance an increasing centrifugal 

force field causes a relatively longer thinning time. An increase of the film 
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thinning areas cause this (Adeformation""F/(2cr/rp) [12]). 

4.2.3 Disruption 

Disruptive forces might detach the captured particle from the bubble [13]. It is 

however expected that disruption of particles from bubbles is of no significance at 

all under flotation conditions in a centrifugal force field~ The disruptive forces 

have to exceed the attachment force (Fa) in order to establish detachment. The 

attaching force is a function of contact angle (9), surface tension (cr) and particle 

size (rp) [21]: 

4-38 

The contact angle of floatable components usually exceeds r}(i. So the attaching 

force is of the order 4E-6 N (rp=lO J.Un; 0'=0.07 N/m). Shear forces and "gravity" form 

the driving foree for disruption. The shear on a bubble ('tb) is given in eq. 3-53. 

The force due to shear can be estimated taking the surface of the particle the shear 

acts on: 

F = s 4-39 

This forces will thus be of the order 2E-9 N (rp=lO J.lm, Re=50; vb=0.4 m/s). 

Gravity on the particle can be calculated using: 

F g = 4/3 1t r~ t1p Ng g 4-40 

This force is of the order 6E-9 · N (Ng=100). So the attaching force exceeds the 

disruptive force by several orders of magnitude. Disruption of particles from 

bubbles can therefore be neglected. 

4.2.4 Flotation rate equation 

Distinct aspects of flotation kinetics have been discussed so far. Now it has to be 

investigated how these phenomena influence the actual flotation process. It is our 

aim to develop a flotation rate equation which enables us to esthnate flotation 
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possibilities, capacity and efficiency of a centrifugal force field flotation cell. 

First the capture rate of a single bubble in a centrifugal force field is 

calculated. The capacity of a centrifugal force field flotation cell can be 

calculated here from easily. 

The capture rate of a single bubble is determined by the collision behavior of 

particles and bubbles and by attachment phenomena. The· particle-bubble collisions 

under flotation conditions are of the (potential flow) streamline collision type. 

Inertia causes a deviation from the streamlines for St> 1/12. Two types of particle 

bubble contact exist as a result of this. A sliding type of contact exists at low 

Stokes numbers (St<l/12) whereas a bouncing type [14,15] of contact occur at higher 

Stokes numbers (St>l/12) (fig 4.9). In the first case particles follow the 

streamlines adjacent to the bubble surface. In the second case the inertia of the 

particle causes a distortion of the surface. The elasticity of the surface bounces 

the particle back towards the liquid. A particle is captured if the particle-bubble 

contact time (sliding or bouncing) exceeds the time required for film thinning until 

rupture occurs. Sutherland calculated the contact time for the sliding type of 

contact. The particle-bubble contact time appears to be a function of the bubble 

bouncing sliding 

Figure 4-9 Particle-bubble collision types. 
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radius (rb), the bubble velocity (vb), the collision radius (rc,suth; eq. 4-5) and 

the distance from the bubble axis (X) [5]: 

4 rb _1 X 
't I'd' =~Sech ( ) c,s 1 mg ;;r vb . rc, suth 

4-41 

Ye e.a. [14] modified the equation for the contact time for the bouncing contact as 

derived by Evans [15]. The bouncing contact time depends on the mass of the particle 

(mp) and the bubble surface tension (G): 

/

1tm 

\,bouncing "' 9 ~ 4-42 

Theoretically, the sliding contact time ·runs from zero to infmity. The bouncing 

contact time is shown in fig 4.10. The time necessary for film thinning and rupture 

is shown as well. The bouncing contact time does not exceed the time which is 

necessary for attachment for the particles used·· in this study (rp <25J.l.lll). So this 

contact mechanism does not lead to capture of particles. It has to be noted however 

that some of the particles with St> l/12 slide along the bubble and can be captured 

1.00 

0.80 

................ 
fl.ln .......... 0.60 

111 
•"""""'" 4>._, .. s . .. 

:=; 0.40 , , 

0.20 

0.00 
0 10 20 30 

RJf [urn] 

Figure 4-10 Comparison of the time required for film thinning (··) to 

the time available during bouncing (- ). 
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in this way. 

The capture of particles thus takes. place by sliding contact. The number of captured 

particles per bubble per unit time can be obtained calculating the volume a single 

bubble "sweeps". per unit time. This approach has been presented by Sutherland [5]. 

The volume a single bubble "sweeps" per unit time consists of a cylinder with the 

collision area of the bubble and its velocity as the bottom area and the length of 

the cylinder respectively (fig 4.11). 

It has to be noted however that only half of the sliding time is. available for film 

thinning. The driving force for film thinning is the pressing force that results 

from the radial, liquid velocity in the direction of the bubble (see above). The 

radial velocity has however only a radial velocity component in the direction of the 

bubble above the equator of the bubble (eq. 4-22). So the effective collision radius 

of the bubble is the radius at which the sliding time just equals two times the 

thinning time until rupture occurs (fig 4.11). 

This radius can be obtained rearranging eq. 4-41 and substituting 2 times the 

thinning time as sliding time. The actual number of particles that are captured per 

bubble per unit time (Nc,V can be obtained by calculating the amount of particles 

that are present in the volume that is swept. This simply comes down to multiplying 

the "sweep" area (Vb,s) with the particle concentration (Np>. 

4-43 

4-44 

N = V N c,b b,s p 4-45 

The total amount of particles that is captured per volume unit flotation cell per 

unit time (Nc,Fd can be calculated by multiplication of the number of particles 

that are captured per bubble per unit time (N b) with the number of bubbles per 
C, 

volume unit flotation cell (Nb). It has to be noted that particle-particle and 

bubble-bubble ineteractions are neglected. 

4-46 

A flotation rate equation is obtained substituting 4-43 to 4-45 in 4-46. This 

results in a rate equation that is first order in the particle concentration. The 
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Cylinder volume 
that is swept 
per unit time 

particle 
touches 
bubble 

Figure 4-11 Definition of the effective volume that is "swept" per 

unit time by a rising bubble according to Sutherland [5 j 

approximation for rc th of equation 4-5 is used: 
,SU 

4.2.5 Recovery in a notation cell 

4-47 

4-48 

In the preceding section a frrst order notation rate equation was derived. The 

first order flotation rate constant contains physical parameters such as bubble 

size, bubble rise velocity and bubble concentration. It has to be noted that the 
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flotation constant contains particle size as well. So in fact we have derived a 

flotation constant as a function of the particle radius (kfrp)). 

The actual particle recovery of a flotation cell can be calculated using well known 

(chemical) engineering concepts. The recovery of a flotation process is defm~ as 

the fraction of material that has been captured and collected in the concentrate 

(froth). The recovery of particles of radius rp in a flotation cell depends on 

residence time ('teen> and the mixing state of the cell. So. the. recovery for 

flotation cells that are characterized by an ideally mixed state and axially plug 

flow (radially mixed) respectively amounts to ([24]; see for the notation figure 

4.12): 

froth 

ideally mixed (axially) plug flow 

Figure 4-12 Extreme mixing states· of flotation cells. 

Rec(r ) a 1 -p 

Np,out<rp) 

Np,in(rp) 

kf( rp)'t ce.ll 
Rec(rp) = 

1 + kf( r p)'t cell 

Rec(rp) = 1 - e -kirp) 'teen 

(ideal mixer) 

(plug flow) 

N. ,out 

4-49 

4-50 

4-51 

The actual centrifugal force field flotation cell is ideally mixed (see section 

3.2.2.2 and [16,17]). So equations 4-48 and 4-50 are expected to describe flotation 

behavior in a centrifugal force field flotation cell. 
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4.3 Experimental 

The flotation behavior of fme particles in a centrifugal force field was 

investigated. Flotation tests were carried out under ordinary ~ravitational 

conditions also in order to evaluate the effect of a centrifugal force field. The 

flotation behavior was tested as a function of a number of parameters: 

-apparatus geometry 

This involves investigations of the difference in flotation characteristics between 

the two types of centrifugal force field flotation devices (flotation cyclone and 

flotation centrifuge). In addition, the effect of a changing geometry due to a 

different weir height, vortex fmder length or porous wall length was examined. 

-centrifugal force field 

Obviously, the centrifugal force field is the most important parameter to 

investigate in a study of fme particle flotation in a centrifugal force field. The 

centrifugal force field is a function of the rotational speed and the inlet 

velocity in the flotation centrifuge and flotation cyclone respectively. 

-liquid and gas flow rate 

The liquid flow rate determines the residence time in the flotation cell. In 

addition, it ·determines the centrifugal force field in the flotation cyclone as 

well (see above). The gas flow rate determines the amount of bubbles that flow 

through the flotation slurry. Both paiameters are thus important design parameters. 

-solids and surfactants 

The flotation process is the result of flotation (surface) chemistry and kinetics. 

Flotation chemistry determines whether or not particles can be floated, whereas 

kinetics appoints the rate of the process. These ·two parameters. are obviously 

interrelated. The difference in floatability of different solids is in the end the 

principle of the flotation separation and its effect on kinetics has therefore to 

be investigated. 

4.3.1 Materials and metbods 

Apparatus 

The flotation experiments were carried out in a flotation cyclone and a flotation 

centrifuge as described in section 2.3. The flotation circuit as described in 

section 2.4 was used. Most experiments in the flotation cyclone were carried out in 

the "once through" mode. The flotation experiments under ordinary gravitational 
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conditions were carried out in a self-constructed 10 I batch flotation cell. This 

cell resembles the "Agitair" flotation cell. A rotor-stator mixer agitates the 

liquid and disperses the air (bubbles). The froth is separated from the flotation 

slurry continuously (fig 4.13). 

froth 

slurry 

air 

Figure 4-13 Schematic drawing of the batch flotation cell which was 

used for this study. 

Solids 

Most flotation experiments were carried out using activated carbon particles as 

model particles. The activated carbon originated from Merck (nr 2183) and had a mean 

particle diameter of 20 IJ.m (density = 1800 kglm\ Some flotation experiments were 

carried out however . using silica particles (Sibelco M300; mean diameter 15 IJ.m; 

density 2500 kglm3) or copper sulfide particles (CmS Johnsson Matthey; mean 

diameter 10 IJ.m; density 5600 kglm\ The particle size distribution of the particles 

(in suspension) was determined using laser diffraction spectrometry (Malvern 2600 

HSLBD particle sizer). The solids content of a slurry was determined gravimetrically 

after filtering and drying (± 8 hr at 110 °C). 

Surfactants 

Two types of surfactant are generally applied in flotation chemistry, i.e. a 
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collector and a frother. Activated carbon has however a natural hydrophobic surface 

and consequently only a frother has to be applied. The following three types of 

surfactants were used separately during the experiments with activated carbon 

particles: 

-<;;etyl trimethyl ammonium bromide (Cf AB; Merck; M=364) 

This cationic surfactant is frequently reported as surfactant in active carbon 

flotation experiments (e.g [ 18]). It has to be noted that activated carbon consumes 

large amounts of surfactant (±7.6 mmol CfAB/g carbon). So the activated carbon has 

to be saturated with surfactant otherwise no free surfactant is available in the 

flotation slurry to provide frothing (CMC "' 1 mmol/l). 

-Sodium dodecyl benzene sulfonate (SDBS; BDH chemicals; M=344) 

This is an anionic surfactant that is frequently used in all sorts of flotation 

tests e.g. flotation of copper oxide (CMC "' I mmol/l). 

-p tert octyl phenoxy poly ethoxy ethanol (Triton X405; Janssen Chimica; M"'1600) 

This is a frother of the poly glycol type. This type of frother is currently being 

used in flotation practice. 

The flotation experiments with quartz · particles were carried out using crAB and 

SDBS. CfAB is a well known collector for quartz flotation (see e.g [19]). CfAB and 

SDBS have as well a collector as a frother function in these experiments. The copper 

sulfide flotation experiments were carried out using Triton X405 as a frother and 

kalium ethyl xanthate (KEX, Merck, M=160) as a collector. Xanthates are typical 

collectors for sulfidic minerals (see e.g [19]). 

Procedure 

A flotation experiment always consists of a conditioning stage and a flotation 

stage. The slurry to be floated is treated with collector and/or frother during 

conditioning in order to regulate flotation characteristics. This comes down to 

adsorption of surfactant in the case of activated carbon. Enough surfactant has to 

be added because the activated carbon has to be saturated and enough surfactant has 

to stay in the liquid to provide the frother function. Typical conditioning times of 

about 2 hours were applied. 

The actual flotation takes place during the flotation stage. Samples of feed slurry, 

concentrate (froth) and tailings (remaining slurry) streams were taken after the 

flotation cell had reached the steady state. It was assumed that a steady state was 

reached as soon as 6 times the residence time of the flotation cell had elapsed. 
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This comes down to about 3 and 30 seconds in the flotation cyclone and flotation 

centrifuge respectively. The liquid flow rate, solids concentration and particle 

size distribution of all slurry streams were determined. 

A flotation experiment under gravitational conditions was carried out in the 10 I 

batch cell described above. Samples of the froth were taken continuously, whereas 

the tailings (remaining slurry) were analyzed at the end of the experiment. This is 

a common procedure in flotation practice. Flow rate, solids concentration and 

particle size distribution were determined in this case also. 

4.3.2 Results and discussion 

Characterization of a flotation experiment 

A flotation experiment was characterized by the mass streams involved. Obviously 

there is a feed stream (subscript F), a concentrate (froth) stream (subscript C) and 

a tailings (remaining slurry) stream (subscript T). These stream are characterized 

by liquid flow rate (F), solids concentration (C) and particle size distribution of 

the solids (f(rp)). 

The water recovery (Recw) is defined as the fraction liquid that leaves the 

apparatus via the concentrate. The total solids recovery (RecST) is defmed as the 

fraction solids that .leaves the 'apparatus via the concentrate. The solids recovery 

by size (Recss) is defmed as the fraction of particles of radius rp that leaves the 

apparatus via the concentrate. These definitions can be applied to a continuous as 

well as a batch experiment. The definitions lead to the following mathematical 

formulations: 

Table 4.1 Characterization of a flotation experiment 

Continuous situation: 

Water recovery 
Recw = Fl,C I Fl,F 

Total solids recovery 
RecST = Fl,C cs,C I Fl,F cs,F 

Solids recovery by size 
Recss<9 = Fl,C C s,C fd9 I Fl,F cs,F fp(9 
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Batch situation: 

Water recovery 
t 

Recw(t) = ~ F1,c(t) I v1,p<t=O) 

Total solids recovery 
t 

RecST(t) = ~ F1,c(t) Cs,C(t) I v1,p(t=O) Cs,p(t=O) 

Solids recoveiJt by size 

Rec88(rp,t) = 6 Fl,C(t) Cs,c(t) fc(rp,t) I v1,p<t=O) C
8
,p(t=O) fp(rp,t=O) 

A maximum in the solids recovery by size characterizes most flotation experiments 

(see below). The maximum flotation diameter is defmed as the diameter at which the 

recovery by size equals half the maximum recovery (see fig 4.14). 

A (flrst order) flotation rate equation was derived in the preceding sections in 

order to describe flotation behavior in a centrifugal force fleld as a function of 

physical constants (surface tension, density etc.) and operating. parameters 

40r---------------------. 

30 

10 100 

particle Oiameter [t.m) 

Figure 4-14 Definition of the maximum flotation diameter. 
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(centrifugal force field, liquid flow rate, gas flow rate etc.). Thinning times can 

be calculated from the recovery data using the rate equation (eq.4-51) and assuming 

the flotation slurry is ideally mixed ("CSTR"). It has to . be kept in mind that all 

the other (hydrodynamic) parameters are calculated using the equations as presented 

in chapter 3. The equations that are of importance are summarized in table 4.2. 

Table 4.2 Equations for calculating the thinning time 

rb = ( 

( 

(l-Eg) 1t de Lc hAS 

Fl 

1 a l/2 
) (flotation cyclone) 

4 ~p Ng g 

3 a r
0 

l/3 
) (flotation centrifuge) 

2 ~p Ng g 

3 

4-50 

4-48 

3-28 

3-14 

3-29 

3-46 

The result of a flotation experiment thus consists of data concerning solids 

recovery (by size) and froth production. Results of experiments will be presented 

and discussed in this section. The results relate to experiments that were carried 

out using activated carbon particles and CT AB unless stated otherwise. 
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4.3.2.1 The effect of a centrifugal force field on notation recovery by size 

First some results of flotation tests will be shown concerning the effect of a 

centrifugal force field on flotation. Experiments were carried out in the batch 

cell, the flotation cyclone and the flotation centrifuge with the same slurry, i.e. 

the feed slurry for the different devices came out of one slurry sump tank. The 

flotation experiments were carried out using a suspension containing 0.1 wt% active 

carbon and 0.07 mmolll (free) CTAB. The results with respect to recovery by size are 

shown in figure 4.15. 

Quite obviously, there is a large effect of the centrifugal force field on flotation 

behav.ior. Fme particles (<10 J.Ull) are hardly floated under ordinary gravitational 

conditions. This phenomenon conftrms the general idea that fme particles are 

difficult to float. Fine particles are floated in the centrifugal force field. The 

particle diemeter (U'Tl) 

Figure 4-15 The effect of a centrifugal force field on flotation of 

activated carbon particles ( 1wt% solids): 1 min batch flotation at 

ordinary gravitational conditions (V ), volume about 10 l; Fg=3.2 1/min,· 

flotation in the flotation centrifuge at F1=0.06 1/min, F =0.30 l/min, 
. 8 

hAS= 1cm' Ng=64 (e) and Ng=124 (o); flotation in the flotation cyclone at 

F1=100 //min, Fg=300 //min, Ng=180, Lc=12 em, hAs=1 em, (o). 
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coarser particles appear to be floated .with more difficulty .however. A stronger 

centrifugal force field seems to shift the range of particles that can be floated to 

smaller particles. 

The effect that an increasing centrifugal force field diminishes the size· of 

particles that can be floated was in fact found in all the centrifugal force field 

flotation experiments. The observed relation between centrifugal force field and 

maximum flotation diameter is shown in fig 4.16. Although there is a pronounced 

spread in the data, some statements. can be made considering the general trend of the 

curve. No significant differences are observed between the flotation cyclone and the 

flotation centrifuge. The maximum flotation diameter appears to be inversely. 

proportional to the centrifugal force field~ (df ""SE-4/Ng). One obtains a typical ,max 
flotation diameter of 0.8 mm extrapolating to ordinary gravitational conditions 

(Ng=l). This particles size coincides with particle sizes thjj,t have been reported to 

be the maximum floatable size (± I mm) in. commercial flotation. machines [20]. In 

addition, one could extrapolate the minimum floatable size under ordinary conditions 

,...... 
a ::s 100 .-------'--------, 

1-o 
Q.l .... 
Q.l a 
«:! ..... 

"'Q 

= 0 ..... .... 
«:! .... 
.£ -a 
::s 
a 
'::;j 
«:! a 

10 

1~~-------M--------~~ 
10 100 1000 

centrifugal force field: Ng 

Figure 4-16 The effect of a centrifugal force field on flotation of 

activated carbon particles ( Jwt% solids): The maximum flotation diameter 

as a function of the centrifugal force field as observed in the flotation 

cyclone ( D ) and the flotation centrifuge ( • ) (various experimental 

conditions with respect to gas flow rate, liquid flow rate, surfactant 

concentration, and flotation cell geometry). 
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(± 30 Jlm) to centrifugal force field conditions. One obtains df,min"' 3E-5/Ng 

assuming that the minimal floatable size is inversely proportional to Ng as well. So 

the minimal floatable size at Ng=IOO would be 0.3 Jlffi. This value coincides with the 

experimental value to an order of magnitude (see fig 4.15). This leads! to the idea 

that the flotation process is controlled by the same parameters under gravitational 

as well as centrifugal force field conditions. 

Some authors (e.g. [2]) stated that collisions intensified by inertia (St> 1/12) 

cause flotation activity.· A centrifugal force field would effect the minimum 

floatable particle size in this way. This idea is compared to actual measured 

flotation behavior in figure 4.17. The minimum floatable particle size of carbon 

particles (St=l/12) is calculated using eq. 3-28a and 3-29 for the bubble radius and 

the bubble velocity respectively. Quite obviously this criterion does not explain 

the observed flotation behavior. This was to be expected however on account of 

theoretical considerations (section 4.2.2.2) 

The effect of the centrifugal force field on the solids recovery by size has been 

discussed only qualitatively so far. The maximum flotation diameter is a function of 

the shape of the recovery curve as a matter of fact and hardly depends on the actual 

numerical value of the recovery. Some remarks about the effect of froth production 

10 100 1000 
Ng[-] 

Figure 4-17 The effect of a centrifugal force field on flotation of 

activated carbon particles: Comparison of the measured floatable size 

range (II) to the St>O.J criterion (··). 
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on solids recovery have to be made first before the effect of the centrifugal force 

field on particle recovery by . size is shown quantitatively. 

The function of the froth in the· centrifugal flotation devices is transportation of 

the hydrophobic particles. Hydrophobic particles attach to bubbles in the aerated 

rotating liquid water body. No particles are recovered however if there is no froth. 

The froth production is a function of drainage in the centrifugal force field. 

Extreme drainage might lead to rupture of froth and consequently loss of (flotation) 

product. Enough froth has therefore to be produced in order to collect all the 

hydrophobic particles that are attached to the ·bubbles. Froth production is a 

function of frother concentration, centrifugal force field and drainage time. ·A 

typical example of the effect of froth production (water recovery) on total solids 

recovery is shown in fig 4.18. It can be concluded that the water recovery has to 

exceed 1% in order to collect all the floated (=attached) particles in the 

concentrate stream (froth). Apparently the froth is (partly) broken down at lower 

water recoveries. 

So only the experiments at which the ·water recovery exceeds 1% can be used 

evaluating the effect of a changing centrifugal · force field on .the solids recovery 

20 

£ 15 

t • 
~ • 

10 
~ 
2 
iii 5 0 ... 

2 3 4 ,5 

water recovery [%] 

Figure 4-18 The effect of a centrifugal force field on flotation of 

activated carbon particles: The effect of the water recovery on the total 

solids recovery as observed in the flotatio.n cyclone at F1=60 llmin, F
8

=45 

llmin, Ng=40, Lc=/2 em, hAs=l em. · 
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by size qualitatively. A typical example of the effect under these conditions is 

given in fig 4.19a. The corresponding thinning times are shown in fig 4.19b. The 

theoretical thinning time is shown as well (eq. 4-39). The relation between the 

experimental thinning time and the theoretical thinning time will be discussed in 

section 4.3.2.4. 

4.3.2.2 The effect of gas and liquid flow rate on solids recovery by size 

The liquid flow rate determines the residence time in the flotation cell i whereas the 

gas flow rate determines the amount of bubbles that are led through the flotation 

slurry. In addition, the liquid flow rate determines the centrifugal force field in 

the flotation cyclone. The ratio of these two parameters is therefore one of the 

most important design criteria (see section 4.4). The influence of gas flow rate on 

solids recovery by size is illustrated in figure 4.20 and figure 4.21. It appears 

that the recovery increases with gas flow rate, but that the thinning time is hardly 

a function of the gas flow rate. Both phenomena conftrm the ideas that are presented 

above. On the one hand, the total amount of particles that can be captured per unit 

time is a (linear) function of the amount of bubbles present in the flotation cell. 

On the other hand, the thinning time is determined by bubble size and velocity, 

which are hardly a function of gas flow rate because the gas fraction in the 
' flotation cell does not exceed 10%. The difference between the experimental thinning 

time and the theoretical thinning time is discussed at the end of this chapter 

(section 4.3.2.4) 

4.3.2.3 The effect of solids type and surfactant type 

Experiments were carried out with different types of solids and surfactants in order 

to study the effect of the centrifugal force field on floatability. Flotation test 

were carried out using activated carbon/Cf AB, activated carbon/SOBS, quart.7/Cf AB and 

copper sulfide (Cu2S)/KEX as model systems. 

A typical example of the observed solids recovery by size is shown in figure 4.22. 

The effect of the centrifugal force field on thinning time of 5.1 J.llll particles is 

presented in figure 4.23 for the different model systems. 
Hardly any difference in the flotation behavior is observed between carbon/Cf AB and 

carbon/SOBS. This is caused by the fact that activated carbon has a natural 

hydrophobic character. The addition of a surfactant does hardly effect the 
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Figure 4-19a&b Flotation of activated carbon particles (0.1 wt% solids, 

0.07 mmol/1 free CTAB): The effect of the centrifugal force field on 

solids recovery by size (top; 4-19a) and thinning time (bottom; 4-19b} as 

observed in the flotation centrifuge at F1=0.06 1/min, F g =0.41 1/min, 

hAs=1 em, Ng= 64 (D), 124 (e), 208 (o). 
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Figure 4·20a&b Flotation of activated carbon particles (0.1 wt% solids, 

0.02 mmolll free CTAB): The effect of the gas flowrate on solids recovery 

by size (top; 4-20a) and thinning time .(bottom; 4-20b) as observed in the 

flotation cyclone at F1=ll0 1/min, Lc=22 em, hAs=2.5 em, Ng=80, Fg=/35 

//min ( • ), ·240 llmin ( o ). The experimental thinning time is compared to 

the theoretical thinning time (-; eq. 4-35, --; 4-37) 
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Figure 4-2la&b Flotation of activated carbon particles (0.1 wt% solids, 

0.07 mmol/1 free CTAB): The effect of the gas flowrate on solids recovery 

by size (top; 4-21a) and thinning time (bottom; 4-21b) as observed in the 

flotation centrifuge at F1=0.06l!min, hAs=1 em, Ng=l24, Fg=0.25 /!min 

( 0 ), 0.31 1/min ( • ), 0.49 1/min (D). The experimental thinning time 

is compared to the theoretical thinning time (-; eq. 4-35, --; eq. 4-37). 
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Figure 4·22 Flotation in a ccmtrifugal force field : The effect of solids 

and surfactant type on recovery by size as observed in · the flotation 

centrifuge at F,=0.06 llmin, hAS=] em, Ng=l24, F =0.49 1/min using activated 
. g 

carbon/CI'AB ( o ; 0.1 wt% solids, 0.07 mmol/1 "free" CI'AB), activated 

carbon/SDBS (e; 0.1 wt% solids, 0.21 mmol/1 "free" SDBS), Coppersulfide/KEX 

(Itt.; 0.25 wt% solids, 0.05 mmol/1 KEX) and quartz/CI'AB (o; 0.17 wto/o solids, 

0.07 mmol/1 CTAB). 

hydrophobic character of the activated carbon and With that floatability. It appears 

that quartz/Cf AB has the fastest flotation kinetics. The difference in flotation 

kinetics between these three very well floatable solids can not be accounted for by 

difference in (surface chemical) floatability. The Hamaker constant expresses the 

attraction energy between a bubble an a particle and with that controls 

floatability. A difference of a factor 50 in the Hamaker constant, which is large 

with respect to reported Hamaker constants [12], would change the ·.theoretical 

thinning time only with 20%. This does not explain the observed differences (>40%). 

It is expected therefore that the difference in flotation behavior between these 

systems is caused by differences in kinetic behavior. 
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Figure 4·23 Flotation in a centrifugal force ftelp : The effect of the 

centrifugal force field on the thinning time of. 5. 7 J.1m particles as a 

function of solids and . surfactant .type as observed in the flotation 

centrifuge at Fr0.061/min, hAS=l em, Ng=124, Fg=0.491/min using activated 

carbon!CTAB ( o; 0.1 wt% solids, 0.07 mmol!l "free" CTAB), activated 

carbonJSDBS (e; 0.1 wt% solids, 0.2) mmol/1 "free" SDB$). Coppersulfuie/KEX 

(0; 0.25 wt% solids. 0.05 mmol!l KEX) and quartzlCTAB . (t::.; 0.17 wt% 

solids, 0.07 mmol/1 CTAB). The experimental thinning time is compared to the 

theoretical thinning time (.-; eq. 4-35). 

4.3.2.4 Experimental thinning times versus theoretical thinning times 

The theoretically predicted thinning times are of the same order of magnitude as the 

observed thinning times. The dependence of the thinning time on particle size and 

centrifugal force field is predicted well by theory. An increase in particle size 

increases thinning. time and an increase of centrifugal force field decreases 

thinning time. The difference between the observed and tlte predicted value of the 

thinning time is about a factor 2~3. In addition, the difference between prediction 

and observation increases with increasing particle size and centrifugal force field. 

Two main reasons can be given for the discrepancy between theory and experiment. 
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First, it has to be noted that the (theoretically) derived equation for the thinning 

time involves many estimations of all sorts of parameters. Aside from estimations of 

bubble size and bubble velocity, this involves the potential flow field and the 

resulting pressing force. In the second place, the equation was derived for perfect 

spheres. It was mentioned above that the bubble surface is deformed during the 

thinning process. The larger the deformation the larger is the increase in thinning 

time. The deformation is dependent on particle size and centrifugal force field (see 

section 4.2.2). So coarse particles and strong centrifugal force fields increase the 

thinning time most. This explains the increasing discrepancy between experiment and 

theory as a function of these' parameters. The correction functiol) (eq. 4-37) 

predicts rather well at which particle size the thinning time frrst deviates from 

the "ideal non deformed bubble case" (eq. 4-35). The observed effect is not as 

strong as predicted however. In addition, the particles are not spherical. The 

particle shape is known tO play an important role in film thinning processes. Flat 

areas are known to have a much longer thinning time than areas with sharp bulges 

[12]. This explains th~. difference in observed flotation behavior between the 

different solid systems. Quartz particles are known to have sharper edges than the 

other particles (activated carbon and Cu2S). 

However, it can ·be stated that the thinning time equation predicts the effects of 

particle size and centrifugal force field rather well. An increasing colision 

efficiency with increasing.· particle size in combination with a decreasing attachment 

probability with increasing· particle size causes the maximum in the solids recovery 
. . 

by size. The relatively 'small discrepancy · between experimental and theoretical 

thinning times is caused by errors in parameter estimations' and particle shape. 

Further research· is necessary in order to iR1prove the estimations and refme the 

theoretical approximation of the thinning time as a 'function of particle size, 

centrifugal force field, bubble size, bubble velocity, critical rupture thickness 

etc. 

4.4 Design rules 

A design of centrifugal force field flotation equipment involves the geometry of the 

cell, the centrifugal force field and the gas and liquid flow rate. In the preceding 

section a relation is showll between design parameters and recovery by size. The goal 

of a flotation process is to separate (two) materials and to achieve a high total 

solids recovery of one of the (two) components however. The equipment has therefore 

to be designed in such a way that the maximum in the solids recovery by size more or 
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less coincides with the maJf.imum in . the particle size distribution of the component 

which is floated. The recovery, is a function of the mixing state in the flotation 

cell besides the other design parameters. It has been shown above that the flotation 

process can be described using ftrst order kinetics. The solids recovery is 

therefore determined by the parameter kf'tcell' The recovery can be calculated using 

eq. 4-53 and 4-54. Some numerical examples are shown in table 4.3. 

Table 4.3 Recovery of a first order process 

kf 't cell recovery 

CSTR plug flow 

0.1 0.09 0.09 
0.5 0. 33 0.39 
1.0 0.50 0.63 
5.0 0.83 0.99 
lO 0.91 1.00 

The liquid in the flotation cell is ideally mixed. So the flotation cell has to be 

designed in such a way that kf't cell exceeds at least one. 

Equations for the ftrst order ·flotation constant and the residence time in the 

flotation cell were derived in the preceding section. It was found that the thinning 

time of the thin liquid ftlm between the particle and the bubble determines the 

actual flotation rate. The equation for the flotation constant consist on the one 

hand of a part that expresses the flotation rate without considering thinning time 

(37t ~ rb vb Nb) and on the other hand of a part that corrects for this effect 

(sech (6 vb ttt/4 rb)). Combing the first part with the residence time of the cell 

using the equations of table 4.2 results in an uncorrected estimation of kftcell: 

4-52 

This estimation contains some (independent) physical parameters and particle size 

(rp>. centrifugal force fteld (Ng) the height of the aeration section (hAS) and the 

ratio of gas and liquid flow rate (F /ft> as design parameters. The volume of 

flotation cell· is apparently· of no importance. · 

The correction term for thinning time can be simplified also. The theoretical 

thinning time was estimated in section 4.2.2. It was found that this equation has to 
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be corrected for particle size and centrifugal force field; 

4-35 

4-53 

The mathematical formulation of sech(x) runs: 

4-54 

4-55 

Substitution of 4-53 and 4-55 in 4-54 results in : 

4-56 

CF(Ng,rp> was found to be of· the. order. 2.5. This implies that .the co~tion. factor 

(sech2(6 vb tth/4 rb)) is of the. order O.ot. It seems that the correction factor is 

hardly a function of the operating parameters. But if the correction :function for 

the thinning time decreases fro~ 2.5 to 2 (=25%) the correction factor ,for the sech 

term increases with a factor3. In additio~, the function CF(Ng,rp> determines the 

shape of the recovery curve. If this function exceeds the value 2.5 the flotation 

constant and with that recovery (by size) decreases with increasing particle size. 

However, the flotation cell design parame~r (kf'tcell) can be approximated using 

kfi cell "' 0.09 (p g/o) r~ Ng hAS F ~I 

"' 1.3E4 rp Ng hAS F~1 4-57 

The (mass) mean ·particle size can oo sUbstituted for rp in eq.4-57 in order to 

estimate the total solids recovery as a function of the other design parameters. So 

eq. 4-60 can be used designing centrifugal force field flotation equipment. The 

effect of the design parameter (hAS F ~1) on the total solids recovery of activated 

carbon particles (r "'lOJ.Un) in the flotation cyclone (Ng•<lOO) is shown in table 4.4. p . 
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TABLE 4.4 Effect of design parameters on the 
total solids recovery in the flotation cyclone 
(Ng"'JOO, hAs=llmm, rp"'lOJlm}' 

FgtF1 kf'tcell r~cST ,calc recST ,exp 

0.56 0.08 0.07 0.10 
0.75 O.ll 0. 10 0. 12 
0.76 O.ll 0. 10 0.06 
0.91 0.13 0. 12 0.10 
1.12 0.16 0. 14 0. 16 
1.14 0.16 0. 14 0. 16 

Equation 4-57 thus can be used to design centrifugal force field equipment. It has 

to be noted however that small scale experiments as in a flotation centrifuge are 

necessary in order to estimate the correction factor for the thinning time. This 

parameter has an enormous influence on the actual flotation result. In addition, it 

has to be kept in mind that increasing the centrifugal force field leads to a 

decrease of the maximum flotation diameter. The centrifugal force field is also an 

important design criterion because this limits the recovery possibilities rather 

dnistically. Finally, the design of a centrifugal force field flotation cell 

requires special attention for hydrodynamic phenomena such as froth production~ The 

water recovery (-froth production) should not be lower than 1% otherwise some 

captured particles will not be collected in the froth. 

4.5 Conclusions 

Fine particles can be floated easy in a centrifugal force field. No significant 

difference is observed between flotation characteristics in a flotation cyclone and 

a flotation centrifuge. COarser particles (> 10 J.lm) appear to be difficult to float 

or even non-floatable in a centrifugal force field however, 

Flotation kinetics involve collision, thinning of the thin liquid film between 

particle and bubble and eventually film rupture and establishment of a three phase 

contact. The potential flow field around a bubble induces a sliding type of 

collisions. Increased inertia du~ to the ceri"trifugal force field . brings about a 
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bouncing type of collision as well however. The time required for the thinning of 

the thin liquid film between the particle and the bubble in relation to the time 

available during a collision determines whether or not the particle is captured by 

the bubble. It was found that the sliding contact leads to capture whereas the 

contact time during bouncing is too short for establishing a particle-bubble 

contact. This explains why coarser particles are more difficult to float in a 

centrifugal force field. Coarser particles have obviously more inertia ' and collide 

in a bouncing way with bubbles. In addition, coarse particles deform the bubble 

surface more than fme particles. This results in an increase of the thinning time 

and with that a decrease of the capture efficiency also. Particle shape is of major 

importance in this respect. 

Fine particle flotation in a centrifugal force field does not really differ from 

fme particle flotation under ordinary gravitational conditions. The flotation 

mechanism is similar in both situations. The smaller size of the bubble and the 

larger possible air throughput in a centrifugal force field result however in an 

enormous increase of the flotation rate. The air throughput can be ·larger in a 

centrifugal force field than under ordinary gravitational conditions because the 

centrifugal force field prevents the water from being blown away by the air. 

Centrifugal force field equipment can be designed using simplified design criteria. 

Small scale experiments in a flotation centrifuge are necessary in order to 

determine the actual flotation rate equation however. The froth production has to 

exceed 2% of the liquid feed otherwise some captured particle will not' be collected 

in the froth. 
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Chapter 5 

Separation characteristics of notation in a centrifugal force field 

5.1 Introduction 

Fine particle flotation generally involves a poor separation efficiency because 

non-selective entrainment forms a significant contribution to the recovery 

mechanism. A centrifugal force field increases the fme particle flotation rate 

(chapter 4) and with that diminishes the entrainment contribution. Centrifugal force 

field flotation is therefore expected to result in a higher separation efficiency. 

Two types of separation problems concerning flotation can be distinguished. In the 

frrst place there is the separation of two floatable components. The difference in 

flotation kinetics between the materials to be floated determines to which extent 

the mixture can be separated. A typical example of such a separation problem is the 

lead-zinc separation in commercial flotation plants. In the second place there are 

the separation problems that concern separation of a floatable component from a 

non-floatable material. The degree of non-selective entrainment determines the 

possible separation efficiency in this case. Most commercial flotation plants 

perform the latter type of separation. The flotation of covallite (copper ore) from 

gangue rock is a typical example of this category of separation problems. It has to 

be noted that most flotation . operators strive after a separation problem of the 

second kind. They apply surface active flotation chemicals (collectors. promotors, 

depressants etc.) in order to control floatability. Sophisticated separations such 

as the above mentioned lead-zinc separation cause separation problems that are of 

the frrst type, because the flotation chemicals do not bring about enough 

differences in floatability. 

It has to be noted that an efficient separation can only be performed if the 

particles are liberated. This means that the particles have to consist of .one type 

material and are no composites of the materials to be separated. 

Scope of this chapter 

The effect of a centrifugal force field on the flotation separation is examined 

using model systems as well as practical flotation separation problems. In 
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particular, experimentally determined separation characteristics of activated 

carbon/quartz (model system) gold/gangue rock and heavy metals/harbor sludge are 

presented in this chapter. 

5.2 Theory 

We limit ourselves to separation of binary systems. A separation of materials 

involves dividing a mass stream containing a mixture of materials (A-particles and 

8-particles) into a mass stream containing mainly A-particles and a mass stream 

containing mainly 8-particles. The materials are separated by virtue of ~ difference 

in some physical property such as settling velocity (hydrocyclone), magnetic 

susceptibility (HGMS) or hydrophobic character (flotation). The actual separation 

takes place in the separation section of an apparatus. A certain residence time in 

the separation section is required in order to establiSh the separation. For 

instance in the case of flotation, the residence time in the flotation cell has to 

be sufficiently long so that all · the hydrophobic particles can be ' floated. In 

addition, the froth production has to exceed in certain limit ( -2%) in order to 

collect all the captured particles (see section 4.5). 

Definition of the separation efficiency 

Various definitions of the efficiency of a separation process are proposed in the 

literature (see [7] for a review). The following de(mition of separation efficiency 

as proposed by Rietema is used in this study. 

E = I R~s.A - R~s.s I 5-1 

5.2.1 TWo nO&table components 

Flotation kinetics are frrst order in the particle concentration (chapter 4). m is 

defined as the ratio of the two flotation constants: 

5-2 
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It has to be noted that the flotation constants are used on an overall basis and not 

per particle size as in chapter 4. The maximum possible efficiency can now be 

calculated as a function of m and the mixing state in the flotation cell. In 

addition, mechanical entrainment is neglected. 

Efficiency in a plug flow flotation cell 

It has to be noted that the ·equations which will be derived for a plug flow cell 

coincide with the equations for a batch flotation cell. The recovery of species i in 

a plug flow situation is given by (eq 4-54): 

Rec I -kf. t 
TS,i = - e '1 5-3 

The efficiency of the separation of A and B therefore amounts to: 

E = 1 e -kf,A t - e -kf,B t 1 5-4 

= I e -kf,A t - e -m kf,A t I 5-5 

5-6 

If mSl, then A is the fastest floating component. The efficiency of the separation 

as a function of the recovery of A and m is shown in figure 5.1. 

The maximum possible efficiency can be calculated from eq. 5-5. The optimum value of 

kf,A t follows from d(E)/d(kf,A t)=O: 

5-1 

The value of kf,A t at which the efficiency attains a maximum is shown in figure 5.2. 

The corresponding recovery of species A and maximum efficiency respectively amount 

to (see also fig 5.3): 

1 <t-m> 
R~.A (Emax) = 1 - m 

1 . m 
<t-m> . <t- m> 

Emax=m -m 

5-8 

S-9 



1.0 ......... 
I 

>. 0.8 
(.) 

1:1 
4> -(.) 0.6 .... .... .... 
4> 

1:1 0.4 
0 ·-.... «< ,_, 

0.2 «< 
Q. 
4> rn 

0.0 
0.0 0.2 0.4 0.6 0.8 1.0 

Rec13.A [-] 

Figure 5.1 Separation efficiency as a function of the total solids· 
recovery of component A for various flotation constant ratios m and 
mixing states ( : plug flow, --: ideally mixed). 

Efficiency in an ideally mixed flotation cell 

The recovery of a species i in an ideally mixed flotation cell is given by ( eq 

4-53): 

Rec...S,t' = 1.- 1 1 + kf,j'l: 
5-10 

The efficiency of the separation of A and B therefore amounts to: 

E=l 1 1 
1 + kf,A t 

5-11 

= 
1 1 ' 

1 + kf,A t - 1 + m kf,A t I 5-12 
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Figure 5.2 Optimum value of kf,l" as a function of the flotation 
constant ratio m and the mixing state (-: plug flow, --: ideally 
mixed). 
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Figure 5.3 The maximum separation ·efficiency as a function of the 
flotation constant ratio m and the mixing state ( -: plug flow, 
ideally mixed). 
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If nrS:l, then A is the fastest floating component. The efficiency of the separation 

as a function of the recovery of A and m is shown in figure 5.1. 

The maximum possible efficiency can be calculated from eq. 5-12. The optimum value 

of kf,A 't follows from d(E)/d(kf,A 't)=O: 

kf A 't (Emax) = v' (l/m) 
' 

The value of kf,A 't at which the efficiency attains a maximum is shown in figure 5.2. 

The corresponding recovery of species A and maximum efficiency respectively amount 

to (see also fig 5.3): 

l 
R~s.A(Emax) = V'(l/m) +l 

l l 
Emax = V'(l/m) +l - ""V'iil+I 5-16 

The mixing state in the flotation cell has an enormous influence on the maximum 

possible efficiency as a function of the flotation constant ratio m especially at 

high efficiencies. An efficiency of 0.5 is achieved at m=l/4 in a plug flow 

situation or batch cell whereas m=1/9 is required in an ideally mixed cell (fig 

5-3). 

5.2.2 One floatable component 

The efficiency of a flotation process at which the one component is floatable and 

the other , is not is determined by the ratio· of flotation kinetics and mechanical 

carry over (entrainment). The flotation process is frrst order in the particle 

concentration (chapter 4). The amount of non-selective entrainment is a (linear) 

function of the water recovery [1]. The relation between water recovery and solids 

entrainment recovery can be derived as follows. 

Flotation action accounts for a certain recovery Recf,TS,A' This recovery is 
(theoretically) independent of the water recovery. Some froth needs to be produced 

in practical systems however in order to collect captUred particles (chapter 4). The 

concentration of component A during entrainment (C A,E) corrected for the "pure" 

flotation recovery equals: 
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This particle concentration is characteristic for the liquid that is carried over 

mechanically during froth production. So the solids recovery due to entrainment 

amounts to: 

5-18 

So the total solids recovery of component A comes down to: 

5-19 

The recovery of the non-floatable component B is determined entirely by entrainment. 

The recovery of B thus amounts to 

5-20 

The efficiency of this process thus comes down to (substitution of 5-19 and 5-20 in 

5-1): 

E = Recf.TS.A- Recf,TS.A Recw 5-21 

This equation illustrates the difficulty of fme particle flotation rather well. The 

kinetics of the flotation process is slow so relatively much air has to be used, . 

Extra air increases however froth production (water recovery) and with that 

decreases separation efficiency. A centrifugal f9rce field induces a lower froth 

production (chapter 3), whereas the number of bubbles increases and the .kinetics. 

become faster (chapter 4). Both effects bring about a higher possible separation 

efficiency for one floatable component flotation separation problems in a. 

centrifugal force field. 

A theoretical example (eq. 5-21) of the recovery of the recovery of a floatable 

component (A) in the presence of a non-floatable component (B) is presented in 

figure 5.4. The separation efficiency of this type flotation processes is shown as 

well. It has to be noted that in practical situations some water recovery is 

required in order to collect the captured (hydrophobic) particles. 

A plug flow (batch) type flotation cell is expected to achieve higher separation 
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efficiencies because a higher recovery is possible at the same air flow rate (read: 

same flotation constant!) and water recovery. 
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Figure 5.4 (Schematic) recovery of the floatable component (-) as a 

function of the water and gangue recovery (··) in a one floatable 

component separation problem. The intercept has been taken arbitrarily; 

it depends among others on the mixing state. 

5.3 Experimental 

The flotation separation behavior in a centrifugal force field was investigated and 

compared to flotation under ordinary gravitational conditions. Model experiments 

were carried out using an artificially composed mixture of particles 

(quartz/activated carbon) to examine separation problems concerning two floatable 

components. Separation experiments concerning industrial applications were performed 

as well to investigate one floatable component separation problems (gold ore/gangue 

and heavy metals/harbor sludge). 

5.3.1 Model experiments 

Aotation experiments were carried out using an artificially composed mixture of 

5.8 



quartz and activated carbon particles. A typical quartz/carbon mass content ratio of 

1.6 was applied in the flotation slurries. This mass ratio brings about that the 

quartz/carbon volume ratio in the flotation slurry equals about 1 (p quartz <><2500 

kg/m3
; Pcarbon"'1500 kg/m3

). crAB (0.07 mmol/1) was ·used as collector and frother. 

5.3.1.1 Procedure 

The flotation experiments were carried out in a 10 I batch cell, the flotation 

cyclone and the flotation centrifuge. The set-ups as described in section 2.4 were 

used. The conditioning i.e. the saturation of the activated carbon with crAB and 

adsorption of crAB on quartz took about 2 hours. Flotation slurries containing 0.13 

wt% and 1.3 wt% solids were used. The flow rates of the liquid streams i.e. feed, 

concentrate (froth) and tailings were determined. The solids content of the slurry 

streams was determined gravimetrically after filtering and drying (± 8 hr at 110 
0C). The composition (quartz/carbon) of the (dry) solids was determined by burning 

the solids at 700 °C (± 4 hr). The efficiency of the separation process was 

calculated using equation 5-1. 

5.3.1.2 Results and discussion 

Batch flotation 

The result of a batch flotation in terms of recovery as a function of time is shown 

in figure 5.5. There is quite some difference between the 0.13 wt% and the 1.3 wt% 

flotation slurry. The ratio of the flotation constants at 0.13 wt% and 1.3 wt% are 

respectively 2.8 and 1.8. This means that the maximum efficiencies (eq 5-9 and 5-16) 

amount to: 

Table 5.1 Separation results of batch flotation of a 

carbon/quartz mixture (using CTAB as a collector) 

solids content [wt%] 0.13 
f I ot a t i on con s tan t 
ratio [ -] 2.8 
maximum e f f i c i en c y [ -] 

batch (plug flow) 0.36 
i deafly mixed 0.25. 

5.9 

1.3 

1.8 

0.21 
0.15 
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Figure 5.5: Total solids recovery as a function of time in the batch 
flotation cell for quartz (•:0.13 wt%, 0:1.3 wfio) and activated 
carbon (e:0.13 wfio, o :1.3 wt%) particles. Total liquid volume: about 
10 I; gas flow rate: 3.2 //min. 

Centrifugal force field flotation 

Flotation experiments were carried out in the flotation centrifuge and in the 

flotation cyclone. Typical quartz recoveries of about 90% were obtained. The overall 

carbon recovery appeared to be a function of the centrifugal force field however. 

This coincides with the observations of total carbon recovery in the kinetics 

experiments (chapter 4). The efficiency is thus observed to increase with an 

increasing centrifugal force field (figure 5.6). The efficiency of the separation 

process is observed to be a function of die total solids concentration in the batch 

cell (Ng= 1 ), whereas the separation efficiency appears to be hardly influenced by 

the solids concentration in a centrifugal force field. 

This phenomenon can be explained as follows: 

The flotation process will be influenced by particle concentration if the particles 
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Figure 5.6: Separation efficiency for flotation in a centrifugal force 
field as a function of the centrifugal force field in the flotation 
cyclone (Lc= 22 em, F1=100 1/min, Fg=200 1/min;o: 0.13 wt%) and the 

flotation centrifuge ( F1=0.06 llmin, F g =0.49 llmin e : 0.13 wt%, 

0:1.3 wt%). 

collide with one another during the particle-bubble collision process. The 

concentration at which this starts can be estimated as follows. Particle-particle 

contact at low solids concentration starts when two particles collide at the equator 

of the bubble (see fig 5.7). Extrapolation of the characteristic streamline of the 

outer particle to "infmity" with respect to the bubble results in the minimal 

distance between particles in suspension (Rcoll,min) that will collide at the bubble 

equator. So particle which are present between this minimal distance and the bubble 

axis will collide at the bubble equator because the streamlines are symmetric with 

respect to the bubble equator. The relation between the minimal distance (R II . ) co ,mm 
and the distance at the bubble equator (3rp) is given by Sutherland (chapter 4 and 

[2]): 

5-22 

The distance between particles in suspension can be estimated assuming the liquid is 

divided into small imaginary cubes which contain one particle. The mean distance 
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Figure 5.7: Minimal collision radius for particle /Undrance 

between the particles thus amounts to the edge of such an imaginary cube (Rcube,im). 

1/3 
Rcube,im = (l!Np> 5-23 

Collision at the bubble equator take place if the minimal distance excee(,ls the mean 

particle distance in suspension (Rcoll,min > Rcube,im).The minimal solids 
concentration at which particle hindrance starts can be calculated • from this 

criterion: 

5-24 

Results of calculation of the minimal solids concentration at which particle 

hindrance starts as a function of the centrifugal force field are presented in table 

5.2. 

The flotation process is thus influenced by the solids concentration in the batch 

flotation cell (0.13 wt% as well as 1.3 wt%). The flotation efficiency in the 

centrifugal force field is expected to suffer from solids concentration of 1.3 wt% 

at Ng<80 (table 5.2). This coincides with the actual observation (figure 5.6). 
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Table 5.2 Minimal solids concentration for 
particle hindrance (calculated using e~. 5-24, 
eq. 3-14, rp"' 1e-5m, Ps ~ 2500 kglm) 

Ng rb cs,min 
[-] [m]. [wt%J, 

1 1. 3E-3"' 0.025 
50 1. 1E-4 1.03 
100 8. 9E-5 1 . 46 
150 7. 8E-5 1 . 78 
200 7. lE-5 2.05 

* calculated using eq. 3-28a 

Effect of centrifugal force field on water r~covery in relation to soli~ recovery 

Solids recovery as well as water recovery are detennined by the gas flow rate. The 

gas flow rate detennines the amount of bubbles that are passing through the 
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Figure 5.8: Total quartz recovery as a function of t!te water recovery 
for the batch cell (o: about 10 I, Fg=3.2 l!min, 13 wt%) andthe 

flotation centrifuge (F1=0.06 1/min, Fg=0.25 1/min, 1.3 wt%, Ng=64 

(e), Ng=124 (•J. Ng=208 (&)). 
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flotation slurry. The amount of bubbles relate to the flotation rate (constant) and 

the froth production. A centrifugal force field reduces froth production however. 

The effect of a centrifugal force field on water recovery in relation to quartz 

recovery (in the binary system) is shown in figure 5.8. The centrifugal force field 

does not influence the total quartz recovery but the water recovery decreases 

considerably. This implies that non-selective entrainment can be successfully 

diminished and separation efficiency increased by application of a centrifugal force 

field in flotation processes. 

5.3.2 Industrial applications · 

Flotation experiments were carried out using solids that originated from industrial 

practice. In particular. flotation of a gold ore was performed and the floatability 

of heavy metals in harbor sludge was examined. Both applications are one floatable 

component separation problems. Moreover. both systems are characterized by very low 

concentration of floatable material (see below). 

5.3.2.1 Gold flotation 

Gold ores which are mined commerCially are characterized by a low gold content. 

Typical grades of the ore are of the order 0.05-0.5 (Troy) Qunces ner tonne (OPI'). 

The gold price runs about 400 US$ per ounce (32 g). This obviously implies that the 

total cost of mining gold ores including smelting and manufacturing may not exceed 

20-200 US$ per ton raw material. One of the major steps in the gold manufacturing 

process is the concentration of the gold in the raw product ("head ore") in a 

product that is acceptable to smelt. Obviously. the grade of this product has to be 

as high as possible from an economic standpoint. 

Initial concentration of gold is carried out by flotation which is generally 

followed by heap leaching [3]. The flotation step is examined in this stUdy. The 

gold content of a head ore runs about 20 ppm (0.6 OPI'). This implies that the 

flotation process has to be very efficient. .. In addition. the gold is generally 

associated with or dissolved in other minerals . such as pyrite (FeS2). Gold 

separation from gangue rock is thus a delicate flotation process which requires 

extreme control of surface chemistry and high separation efficiencies. 

The efficiency of a flotation separation depends on the degree of entrainment. So at 

a gold recovery of I 00% the carry over of 5% solids will lead to a maximum increase 

5.14 



of a factor 20 in the gold concentration.of the concentrate (100% of the gold in 5% 

of the total solids). A centrifugal force field reduces entrainment and is therefore 

expected to provide better separation results. 

Procedure 

Flotation experiments were,carried out using the flotation cyclone (d =10 em, L =12 
·. C. C 

em, hAs=1.1 em) using a 0.02 OPT (0.6 ppm) gold ore. Comparative experiments were 

performed in a 4 l standard DENVER flotation cell as well. The experiments were 

carried out at the facility of ASIITECH international i,n Butte (Mt,OSA). The ore 

originated from a gold mine near Norris (Mt,USA). The set~up as described in section 

2.4 was used. The liquid flow rate of the feed, concentrate and tailing slurry 

streams were determined. Cianamid X350 was used as a collector (0.1 lbs/ton). 

Cianamid X208 was used as a promotor (0.06 lbs/ton). and r.J0w250 was ,used as frother 

(added until "sufficient" frothing occurred) at pH"'8. The solids content of the 

slurries was determined gravimetrically after filtering and drying (± 8 hr at 110 
0C). The gold content of the solids was determined using atomic absorption 

spectroscopy (Perkin Elmer) after digestion of the samples using aqua regia. 

Results and discussion 

The result of the flotation experiments with respect to gold recovery as a function 

of total solids recovery ("' gangue recovery) is shown in figure 5.9. The theoretical. 

equation for the recovery in a one floatable component system (eq. 5-19) describes 

the observed recovery in the flotation cyclone rather well. The same type of 

dependence of the gold recovery on total solids recovery is assumed calculating the 

characteristic of the batch flotation although only one data point is available. The 

flotation recovery amounts to 15% and 7.5% in the flotation cyclone and the batch 

cell respectively. Note the similarity of figures 5.9 and 4.18 with respect to 

required water recovery (c.gangue recovery). which amounts to about 1%! 

It was observed that increasing the gas flow rate does not influence the maximum 

recovery in the flotation cyclone at all. This means that all the floatable gold is 

separated. The non-floated fraction is probably present m such a way that it can 

not be floated. For instance, it can be dissolved or included in other minerals such 

as pyrite (3]. 
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Figure 5.9: Gold recovery as a function of the total· solids recovery in . 

the flotation cyclone at F1=80 1/min, Ng=70, F
8

>400 //min (e) and the 

standard DENVER cell ( o ). (--: theoretical line; eq5-19); (-·-: 

theoretical line; eq. 5-19); (;_ : solids recovery). 

5.3.2.2 Flotation of heavy metals from harbor sludge 

Most harbor sludges are polluted considerably with heavy metals. A growing concern 

for the environment commits society in general and engineers in particular to clean 

up this material. It has been reported that the metals are (partly) present as 

fmely disseminated sulfides [4]. Base met81s such as copper and zinc are examples 

of natural metal sulfides and are floated in industry on a large scale (± 800 

thousand tons a day in the USA alone [5]) using xanthates as a collector. It is 

therefore expected that the (heavy) metal sulfides can be floated from the harbor 

sludge. However, the concentration of the 'metals in the harbor sludge is low (±o.1 

wt% total metal content) compared to industrial metal sulfide ores (1-3 wt% total 

metal content). The flotation treatment of the polluted harbor sludge needs high 

efficiencies because the concentrate is heavily polluted chemical waste. The volume 

of this stream has therefore to be as small as possible. This imp~ies that the 

non-selective entrainment has to be reduced as much as possible. A centrifugal force 
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field decreases froth production (chapter 3) and with that entrainment (eq. 5-20). 

Rotation in a centrifugal force field is therefore expected to achieve some 

separation of heavy metals from harbor sludges. It has to be kept in mind however 

that an efficient separation of heavy metal sulfides from the harbor sludge is only 

possible if the sulftdes are liberated from the other solids such as sand or clay. 

The liberation of these metals is a problem in itself. 

Procedure 

Rotation experiments were carried out using a harbor sludge from the "Berendrecht 

sluizen" near Antwerp in Belgium. The slurry was. provided by a Belgian dredging 

company (Jan deNul NV). The ·flotation behavior .was tested in the flotation 

centrifuge (Lc=4 em, Dc=20cm, hAs= I em). Comparative experiments were carried out 

in the batch flotation cell. 

The harbor sludge originated from salt water (±2 wt% NaCl). The sludge contains 

originally ±20 wt% solids. The salt results in ·flocculating. The sludge was diluted 

to ±o.5 wt% using tap water. Under this conditions the sludge does not flocculate. 

Kalium Amyl Xanthate (KAX) was used as a collector (±1.5 g KAX/kg sludge solids). 

Triton X405 was used as a frother (300 ppm). NalS was used in order to sulfidize the 

non sulfidic particles (0.1 mmol/kg solids). The flotation was carried out at pH"'7. 

The liquid flow rates of the feed, concentrate (froth). and tailings slurry streams 
. ' 

were measured. The solids concentration was ·· determined gravimetrically after 

flocculation, decantation and drying (±8 hr at 110 °C). The metals content in the 

solids was determined using using atomic absorption spectroscopy (Philips) after 

digestion of the samples using aqua regia. The following metals were monitored: Cu, 

Zn, Pb, As, Fe. 

Results and discussion 

The initial concentration of the heavy metals is given in table 5.3 and compared to 

pollution norms. 

The results of the flotation experiments with respect to metals recovery as a 

function of solids recovery is shown in figure 5.10. The copper is floated whereas 

the other metals show no flotation activity at all. Equation 5-19 predicts the 

relation between metal recovery and solids recovery mther well. The maximum 
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Table 5.3 Metals content in the examined sludge in 

relation to pollution norms {6] 

Metal poilu t ion norms met a I content 
Sll gilt med1um heavily in sludge 
[ppm] [ppm] [ppm] [ppm] 

As 20 50 100 200 
Cu 100 500 1000 227 
Pb 100 500 1000 138 
Zn 200 1500 3000 560 

floatable fraction of copper amounts to 30% and 40% in the batch cell and the 

flotation centrifuge respectively. An increasing gas flowrate increases the floated 

fraction of the copper. The frothing .was not sufficient at Ng=208 (fig 5.10). The 

remaining metals are probably not liberated or not available in a sulfide form. 

Further research is needed to improve the separation of heavy metals from harbor 

sludges using centrifugal foree field flotation. 
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Figure 5.10: Metals recovery (e: Cu.(): Zn, o:Pb, o:As, 6.:Fe) as a 
function of the total solids recovery in the 10 I batch cell 
(Fg=3.21/min, 1&2, -- ) and in the flotation centrifuge (3, --: Ft=0.06 

//min, Ng=64, F =0.25 /!min; 4, -·-: Rt=0.06 1/min, Ng=64, F =0.49 1/min; 5: . g g 
Ft=0.06llmin,Ng=208, F g =0.25 I! min; 6: F1=0.061/min, Ng=208, F g=0.49 

I! min;) 
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5.4 Conclusion 

Flotation in a centrifugal force field yields several advantages. 

In the first place centrifugal force field flotation causes a higher possible 

separation efficiency than flotation performed in an ordinary gravitational field. A 

reduced froth production and a smaller bubble size cause the increase of the 

efficiency. Froth production determines the degree of non-selective entrainment. A 

decreasing froth production reduces entrainment and with that increases separation 

efficiency. The fact that the bubbles are smaller in a centrifugal force field 

brings about that solid-solid interaction is reduced. This results in a higher 

flotation efficiency. 

In the second place centrifugal force field flotation is much faster than flotation 

under gravitational conditions. Typical residence times in an industrial flotation 

cell are of the order 5-10 minutes. Comparable recoveries are achieved in ±0.5 to ±5 

seconds in the flotation cyclone and the flotation centrifuge respectively. This 

means that the capacity of centrifugal flotation cells exceeds the capacity of 

ordinary flotation cell by two orders of magnitude. Especially in the case of very 

large slurry streams as in the environmental industry (harbor sludge) this is an 

enormous advantage. In addition, investment costs will be much lower. 

Additional research is necessary to improve the separation efficiency of industrial 

separations using a centrifugal force field flotation cell. This involves especially 

surface chemical aspects of the materials to be treated such as harbor sludge. 
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Appendix 1 
Marangonl effect 

A surface tension gradient (Vcr) at an interfase results in surface flow in the 

direction of the highest surface tension. This phenomenon is also known as the 

Marangoni effect. The magnitude of the surface flow can be derived from the 

condition that the sum of forces acting on a steady interface cancel, i.e. the 

"first law" of Sir Isaac Newton: 

The force 12!3: unit area that results from a surface tension gradient equals: 

F = 
( :~ ) ax a.y 

= a a 
X ax ay ax Al-1 

F = = {;J(J 

y ay ax ay Al-2 

F = Vcr Al-3 

Figure Al-l Surface stress at a gas liquid interface. 

From the boundary condition at the interface: 

Al-4 
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'txz + 'tyz + Va = 0 Al-5 

'txz and 'tyz represent the ·surface stress which are erxerted by the liquid QD. the 

surface. So in case of a one dimensional problem: 

't + 80' = 0 
xz ax Al-6 

Tiris condition can be used calculating the effect of a surface tension gradient on 

the surface stress and consequently surface mobility (e.g.: chapter 3: froth 

formation; chapter 4: film thinning). The surface stress exerted by t4e liquid on 

the surface in case of a "Newton-fluid" runs by defmition: 

Al-7 

So if ( :~ ) > 0 then 'txz < 0 (eq. Al-6). the velocity profile will tl;lus have the 

shape as indicated in figure Al-2. So surface flow occurs in the direction of the 

highest surface tension ("Marangoni effect"). 

v 

X 

(j u+ t::.u 

Figure Al-l Velocity profile as a result of a surface rension gradient 
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Appendix 2 

Transport phenomena of moving spheres (bubbles) 

Mass transfer and momentum transfer phenomena determine bubble characteristics. In 

particular, there is a relation between momentum transfer (surface stress) and 

(bubble) surface mobility. The bubble surface mobility is determined by surfactant 

concentration. The concentration of surfactant on a bubble surface was calculated in 

section 3.3.1.2 using penetration theory. The most important equations will 

therefore only be summarized here: 

Mass flux: 

j(t) = < n D t >1/2 csurf,b A2-1 

Total flux (=surface concentration): 

. D t 1/2 1/2 r surt<t) = 1 J(t)dt = 2 < --x) csurf,b .. (D t) csurf,b A2-2 

Penetration depth: 

A2-3 

An analogous calculation can be made for momentum transfer to an immobile sphere. 

The growth of a viscous sublayer was described in this way by Schlichting as 

follows: 

Penetration depth: 

A2-4 

The time t is given by: 

t = Vv .. (bubble) rtJvb A2-5 
So: 
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A2-6 

The resulting surface stress in case of a Newtonian fluid: 

dv 
'tw = 11 ax "' 11 vt/),en 

Substituting A2-6 in A2-7 one obtaines: 

A2-8 

This equation is used in chapter 3 and 4. 
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Appendix 3 

Brownian motion 

Random thermal fluctuations cause liquid motion and with. that particle motion. This 

phenomenon is called Brownian motion. Brownian motion becomes significant if the 

particles are very small. Brownian motion might cause particle-bubble collisions in 

this case because we are studying fme particle flotation. The effect of Brownian 

motion on particle motion can be estimated comparing the Stokes particle settle 

velocity (vp,s> to random Brownian motion. The Brownian particle velocity (vp,B) can 
be calculated using the well-known Stokes-Einstein derivation [1] for random 

particle motion. The mean distance that a particle travels per unit time (xm) is 

given by: 

D = p,B (Stokes-Einstein Brownian diffusion 
coefficient) 

The Brownian velocity thus amounts to (tl!!l s substituted in A3-l): 

The Stokes particle settle velocity (v ) equals: p,s 

v = Ap Ng g dp 

p,s 18 11 

A3-1 

A3-2 

A3-3 

A3-4 

Brownian motion becomes important for particles (d B) if the velocity due to p, 
brownian motion exceeds the settling velocity: 

A3-5 

Some values of critical particle size are given in table A3.l 
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Table A3.1 Particle size at which 

Brownian motion becomes important as a 

function of the centrifugal force field 
3 (Ng).ll.p=l500 kglm ; T=300K; tl=O.OOJ 

Pas. 

Ng dp • B 
[-] [J.I.Ill] 

1 1. 06 
10 0.42 
50 0.22 

100 0. 17 
150 0.14 
200 0.13 

Particle-bubble collision is influenced by Brownian motion only for particles 

smaller than 1 J.I.Ill. 

Reference 

I Levich: "Physicochemical hydrodynamics", Prentice Hall 1962 
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Flotatie van kleine deeltjes in een centrifugaal krachtenveld 
Samenvatting 

Flotatie van deeltjes van de grootteorde 30 J.l.m - 1 mm is een bekende 

scheidingsmethode die op grote schaal wordt toegepast in de industrie. De laatste 20 

jaar bestaat er echter een groeiende aandacht voor flotatie van kleine deeltjes, dat 

wil zeggen deeltjes kleiner dan 30 J.l.m. Dit is het gevolg van een · veranderende 

economie en . een groeiend milieu beset Flotatie van kleine deeltjes is echter berucht 

om de lage scheidingsefficiency waardoor dit proces gekenmerkt wordt. Immers de lage 

deeltje-bel botsingsefficiency, c:Ue kenmerkend is voor de flotatie van kleine 

deeltjes, veroorzaak:t dat aselectieve entraiment voor een groot deel de 

deeltjesopbrengst in het schuim bepaalt. Een centrifugaalveld nu. verbetert de 

botsings efficiency en vermindert bovendien. de schuimvorming. Beide effecten zouden 

derhalve ee1.1 verbeterende invloed op kleine deeltjes flotatieprocessen hebben. 

In dit proefschrift worden , aspecten , VIII\ kleine deeltjes flotatie in een 

centrifugaalveld besproken. In bet bijzonder ..is het effect van een centrifugaalveld 

op hydrodynamische aspecten, flotatie-kinetiek en scheidingsgedrag onderzocht. 

Hiertoe zijn centrifugaal krachtenvelden gebruikt . die equivalent zijn . aan 20-200 

keer de (aardse) gravitatieversnelling. Bovendien js de toepasbaarheid van 

apparatuur. voor centrifugaalveld flotatie in de industrie bestudeerd .. 

Flotatie apparatuur is ontworpen die een centrifugaal · krachtenveld combineert met 

flotatie activiteit. In dit verband zijn een flotatie .cycloon en , een flotatie 

centrifuge ontworpen en gebouwd. Deze apparaten lijken ,respectievelijk enigzins op 

een hydrocycloon en een. centrifuge. . Het . hart van. ~ide apparaten · bestaat uit een 

beluchte roterende vloeistoffilm, waarin de flotatie plaatsvindt. 

Hydrodynamische aspecten van flotatie in .. een centrifugaal krachtenveld zijn 

onderzocht met behulp van water, luchten zeep. ZD zijn het verband tussen rotatie 

snelheid en centrifugaal krachtenveld, bet .rotatieverlies door wandwrijving en het 

effect van een centrifugaal kracbten veld op luchtbel karakteristieken . zoals gr00tte 

en stijgsnelheid bestudeerd. Bovendien is vorming en stabiliteit van. een lucht-water 

schuim in een centrifugaalveld onderzocht. 

Het is gebleken dat hyqrodynamische parameters die flotatie in een centrifugaalveld 

be"invloeden tamelijk goed kunnen worden afgeschat .aan de hand van gerenommeerde 
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theorieen en relaties waarbij gebruik wordt gemaak.t van een effectieve 

gravitatieversnelling. 

De vloeistof roteert als een vast lichaam in de flotatiecentrifuge terwijl de 

vloeistof in de flotatiecycloon zich gedraagt als in een vrije , vortex. De 

mengtoestand in beide apparaten kan worden beschouwd • als "ideale menging". Het 

verlies aan rotatie snelheid in de flotatiecycloon ten gevolge van wandwrijving kan 

worden berekend door gebruik te mak.en van een impulsmorhent balans. D~; belgrootte is 

in grote mate afbankelijk van bet centrifugaal krachtenveld. De bellen zijn vari de 

grootteorde 0.1 min. De schuimproductie is gebleken ook sterk afhankelijk te zijn van 

bet centrifugaal krachtenveld. De schuimproductie kan worden afgeschat aan hand van 

starheid criteria van lucht-water fase-grensvlak.ken (Marangoni-effect). 

Flotatie experimenten zijn · uitgevoerd met deeltjes die kleiner zijn dan 30 ~· Niet 

aileen is bet flotatie gedrag van goed gedeimieerde model deelges zoals ak.tieve 

kool, kwarts en kopersulfide onderzocht maar ook zijn flotatie experimenten 

uitgevoerd met industrii!Ie vaste stoffen (gouderts en zware metalen in baggerslib). 

Het flotatiegedrag in een · centrifugaal veld is vergeleken met bet flotatie gedrag 

onder gewone (aarose) gravitatie condities. 

Het is gebleken dat kleine deeltjes (1-15 · ~) goed te floteren zijn in een 

centrifugaal krachtenveld, · in tegenstellmg · tot flotatie onder gewol)e gravitatie 

condities. Er is geen significant verschil gevonden tussen bet flotatie gedrag van 

de flotaiecycloon en de flotatiecentrifuge. Grovere deeltjes (>15 J.llll') blijken echte:r 

moeilijker of zelfs niet ftoteerbaar te zijn in een centrifugaal krachtenveld. 

Het stromingsveld · rond de bel veroorzaakt een "glijderid" type deeltje~bel botsing. 

Een · toenemerid traagheidileffect op deeltjes ten gevolge vim bet · centrifugaal 

kracbtenveld veroorzaakt echter een "stuiterend" type botsing. De tijd die n6dig is 

om de dunne vloeistoffilm tussen bet deeltje en bet belletje te draineren in relatie 

tot de beilchikbftre tijd tijdens "glijden" of "stUiteren" bepaalt of een deeltje 

ingevangen · kan worden "door een bel. Het is gevonden dat de contacttijd tijdens 

"glijden" kan leiden tot bechting van· een deeltje · aan een bel. terwijl de 

contacttijd tijdens "stuiteren" te' kort is. Dit verschijnsel verklaart dat grovere 

deeltjes modijker floteerbaar zijn in eeri centrifugaal krachtenveld. Grovere 

deeltjes bezitten meer traagbeid and botsen· derhalve op een "stuiterende" manier met 

de beL Bovendien veivormeit groteie deeltjes bet · beloppervlak. meei: dan kleine 

deeltjes. Dit veroorzaakt eeri toename· van de filrttdramage-tijd en een afname van de 



deeltjes invangefficiency. Deeltjesvorm is van groot belang in dit verband. 

Flotatie van kleine deeltjes in een centrifugaalveld verscbilt niet wezenlijk van 

flotatie onder gewone gravitatie-condities. Het flotatiemecbanisme is 

vergelijkbaarbaar onder beide omstandigbeden. De kleinere beldiameter in combinatie 

met de hogere mogelijke lucbtdoorzet in een centrifugaalveld resulteen in een 

enorme toename van de flotatiesnelbeid. Karakteristieke verblijftijden in een 

industriele flotatiecell zijn van de orde 5al0 minuten. Vergelijkbare recoveries 

worden beteikt in 0.5AS seconden in respectievelijk .de flotatiecycloon en de 

flotatiecentrifuge. Dit betekent dat de capaciteit van centrifugaal flotatiecellen 

de capaciteit van van conventionel flotatiecellen met 2 grootteordes overscbrijdt. 

De Iucht doorzet kan hoger zijn in een centrifugaal kracbtenveld dan onder gewone 

zwaartekracht condities omdat bet centrifugaal krachtenveld bet wegblazen van 

vloeistof verhinden. 

Flotatie uitgevoerd in een centrifugaal krachtenveld Ieven een boger baalbare 

scbeidingsefficiency dan flotatie uitgevoerd in een gewoon gravitatieveld. Een 

verminderde scbuimproductie en een kleinere beldiameter veroorzaakt de verhoging van 

de efficiency. Scbuimproductie bepaalt immers de graad van aselective entrainment. 

Een verminderde scbuimproductie ten gevolge van bet centrifugaalveld verminden 

entrainment en verboogt derhalve de scheidingsefficiency. Het feit dat bellen 

kleiner zijn in een centrifugaal krachtenveld veroorzaakt een vermindering van de 

deeltje-deeltje interactie. Dit effect resulteen ook in een verhoging van de 

scheidingsefficiency. 

samenvatting-3 
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Stellingen 

behorende bij bet proefschrift van H.M.G.C. Tils 



Fysische verschijnselen bij flotatie in een centrifugaal krachtenveld zoals 

belvorrning, belsnelheid en deeltje-bel botsingsgedrag kunnnen worden beschreven 

door substitutie van een effectieve zwaartekrachtsversnelling in relaties die 

gelden voor deze verschijnselen onder normale gravitatie-omstandigheden. 

dit proefschrift, hoofdstuk 3 en 4. 

2 De verbetering van de flotatie-efficiency van deeltjes kleiner dan 30 pm in een 

centrifugaalveld ten opzichte van flotatie in een normaal gravitatieveld moet 

toegeschreven worden aan de optredende belgrootte en schuimdrainage in een 

centrifugaal krachtenveld. 

dit proefschrift, hoofdstuk 4 en 5. 

3 Flotatiekinetiek wordt in hoge mate bepaald door de drainage van de dunne 

vloeistoffilm tussen het te floteren deeltje en de bel. 

dit proefschrift, hoofdstuk 4. 

4 In tegenstelling tot hetgeen Miller en Van Camp stellen vermindert de 

efficiency van het invangen van deeltjes door bellen met toenemende traagheid 

van de deeltjes. 

J.D. Miller and M. Van Camp: Mining Eng 34 (1982) 1575-1580, 

dit proefschrift, hoofdstuk 4. 



5 Door vele auteurs is onvoldoende aandacht besteed aan het feit dat de productie 

van schuim mede wordt bepaald door het starheidscriterium van gas-vloeistof 

fasegrensvlakken dat ten grondslag Iigt aan de defmitie van wat men schuim 

noemt. 

J.A. Kitchener and C.F. Cooper, Quarterly reviews 13 (1969) 71-97, 

P.A. Haas and H.F. Johnson, I&EC Fund 6 (1967) 225-233 

S. Hartland and A.D. Barber, Trans Instn Chern Eng 52 (1974) 43-52, 

A.D. Barber and S. Hartland, Trans lnstn Chern Eng 53 (1975) 106-111, 

dit proefschrift, hoofdstuk 3. · 

6 Flotatiecyclonen en de flotatiecentrifuges kunnen in essentie worden ontworpen 

aan de hand van dezelfde ontwerpvergelijking. 

dit proefschrift, hoofdstuk 3,4,5. 

7 Het modelleren van het drooggedrag van poreuze systemen met behulp van de 

diffusievergelijking is ondanks theoretische beperkingen vooralsnog de enige 

praktisch toepasbare beschrijvingsmethode. 

J.R. Puigalli, Drying technology, 6 (1988), 601-629. 

C. Lartigue, Proc. 6th Int. Drying Symp. 1988, 295-305. 

8 . De kruiscorrelatie van tijdsgemiddelde signalen kan aileen gebrui.kt worden bij 

de bepaling van belstijgsnelheden als de spreiding in de stijgsnelheden klein 

is. 

J. Werther, PhD-thesis, Erlangen 1972. 



9 De snelheid van verwijdering van .dichloormethaan uit afgassen in een biologisch 

trickling filter wordt bepaald door de biologische reaktiesnelheid en niet door 

stofoverdracht, zulks in tegenstelling tot hetgeen in het algemeen van slecht 

oplosbare stoffen wordt verondersteld. 

G. Stucki, Swiss Chern., 11 (1989) 35-38. 

10 In geval van een aanzienlijke lichtbreking door deeltjes kan bij analyse van de 

grootteverdeling met laser diffractiespectrornetrie de volumefractie van kleine 

deeltjes overschat worden. 

K.A. Kusters, Proc. 2nd Int. Cong. Optical Particle Sizing (1990) 585-592. 

11 De vorm van de verbrandingsruimte van een g1asoven bepaalt in hoge mate de 

thermische efficiency van de glasfabricage. 

D Schlacht, FachausschuB der DDG 1988, KonigsWinter, Aug. 7/88, 1-9. 

12 Voor wetenschappelijk onderzoekers aan overheidsinstellingen dient een 

publicatieplicht te worden ingesteld. 

13 Het initiatief van de Samenwerkende Energie Producenten (SEP) bomen te planten 

om voor de C02 productie te compenseren geeft een nieuwe bete)l:enis aan het 

woord kweekreaktor. 

14 Gezien de huidige toestand van de oppervlaktewateren heeft de uitdrukking zo 

gezond als een vis een twijfelachtige betekenis. 


