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In this paper we present a new method for studying the detachment of particles from bubbles in a rotating tur-
bulent eddy. The eddy is formed in awall cavity in a two-dimensionalwater tunnelwith transparentwalls.When
water flows through the tunnel, a vortical flow field develops in the cavity. The properties of the eddy can be
modulated by changing the free-stream velocity of the water in the tunnel. Bubbles are pre-loaded with one or
more particles in a fluidized bed flotation device located beneath the vortex cavity. Loaded bubbles are released
one at a time into the cavity, and themotion of the bubble-particle aggregate is studied using a high-speed video
camera. The diameters of the particles and the bubbles, and the number of particles initially attached to the bub-
ble, can be varied.
The trajectories taken by the bubbles are quite complicated. In some cases, the bubblemoves to the centre of the
eddy, and particles rotate around its axis. If the rotational speed is sufficient, particles may detach due to centrif-
ugal force. However, othermodeswere observed, including inertial detachment due to rapid changes in direction
of the surface of the bubble, because of changes in trajectory of the bubble as a whole, or because of pulsations
and oscillations of the bubble surface. Clusters of bubbles held together by particles were seen to form and
reform.
In the traditional explanation for the detachment of particles in flotation cells, it is assumed that particles detach
frombubbles rotating in an eddy due to centrifugal force (Schulze, 1977) [1]. Although the conditions assumed in
Schulze's theory may exist, it is only one of a range of phenomena that can lead to the detachment of particles
from bubbles in a turbulent vortex. The interactions between bubbles and particles is stochastic in nature, and
it is impossible to model precisely the series of events that take place when a particle and a bubble make contact
with each other andmove through the liquid. There can be no simplemodel for the recovery of hydrophobic par-
ticles in flotation machines.
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1. Introduction

The recovery of particles by flotation methods is dependent on the
particle size. The recovery in existing flotation machines reaches a
peak for particle size, typically in the range of 20 to 100 μm. This size
range varies as a function of the particle's properties (type and compos-
ites). For coarser particles, the recovery drops very quickly [2,3]. If the
upper size limit can be increased for flotation, dramatic savings in the
grinding energy can be achieved.

Coarse particle flotation is challenging due to the detachment of par-
ticles frombubbles, which leads to the observed low recoveries. In a tra-
ditional mechanical flotation cell, the impeller is operated at a high
rotational speed to suspend the particles, break up the air input into

small bubbles and provide the turbulent intensity required to bring
the particles and bubble into contact. The influence of hydrodynamics
on the detachment of particles from bubbles has been theoretically de-
scribed. Klassen and Mokrousov [4] explored the various factors con-
tributing to the detachment of particles from bubbles in a flotation
process. They analysed the destructive forces acting on the particle bub-
ble aggregates, which can come from: the rise of a mineralized bubble;
the action of a liquid stream; the slide of a particle along a bubble;
changes in the motion of a bubble; the impact and attrition of particles
in the pulp against a mineralized bubble surface; the impact of a bubble
with an obstacle; and the oscillation of the bubble's surface. Woodburn,
King and Colborn [5] considered the detachment of particles from accel-
erating bubbles. Schulze [1,6] hypothesised that a bubble-particle ag-
gregate would move into the centre of a rotating eddy in a flotation
cell, and the attached particle would be subject to a centrifugal force
as it moves around the axis of rotation. When the centrifugal
(detaching) force is higher than the capillary (attaching) force, the par-
ticle is detached. In an alternative approach, Hui [7] studied the

Powder Technology 302 (2016) 196–206

⁎ Corresponding author.
E-mail address: Graeme.Jameson@newcastle.edu.au (G.J. Jameson).

http://dx.doi.org/10.1016/j.powtec.2016.07.025
0032-5910/© 2016 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Powder Technology

j ourna l homepage: www.e lsev ie r .com/ locate /powtec

http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2016.07.025&domain=pdf
http://dx.doi.org/10.1016/j.powtec.2016.07.025
mailto:Graeme.Jameson@newcastle.edu.au
Journal logo
http://dx.doi.org/10.1016/j.powtec.2016.07.025
http://www.sciencedirect.com/science/journal/00325910
www.elsevier.com/locate/powtec


detachment of particles from an oscillating bubble. It is noted that these
studies are purely theoretical and hypothetical, and need experimental
results to prove their validity.

Experimentally, it is difficult to capture the process of the detach-
ment of particles from bubbles, as the positions of bubble–particle ag-
gregates change with time. Researchers have simulated the
detachment for particles using different techniques. The centrifugal
method was used to study the detachment of particles due to centrifu-
gal force [8,9]. Particles were attached to an air-liquid interface in a
glass cell placed in a laboratory centrifuge. The particles were subject
to centrifugal forces of different magnitudes by varying the rotational
speed of the centrifuge. The acoustic vibration method was used to
study the detachment of particles from oscillating bubbles [10]. The

frequency and amplitude of the oscillations was controlled by a loud-
speaker. These experiments simulated a single perspective of the flota-
tion environment, i.e., the detachment of particles from bubbles, where
bubbles can rotate with an eddy or oscillate in the turbulent field. Nev-
ertheless, the hydrodynamics in a flotation cell aremuchmore complex,
and particles can detach from bubbles in many different ways. Omelka
et al. [11,12], studied the detachment of particles from bubbles in a tur-
bulent flow generated by grids with different steady flow velocities. It
was observed that the detachment of particles was not due to the cen-
trifugal force, but from bubble break-up caused by strong shear. For
thefirst time, Goel and Jameson [13] studied the detachment of particles
from bubbles in a mechanical stirred tank. Bubbles were generated in
the fluidized bed and attached to particles in the process of rising. The

Fig. 1. Diagrammatic sketch of the vortex generation apparatus.

Fig. 2. Some examples of bubble-particle aggregates formed in the fluidized bed. The number of attached particles increased with the concentration of the hydrophobic particles in the
fluidized bed.
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