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Abstract

Hydrodynamic cavitation is a frequently occurring phenomenon with positive and
negative implications. Research has been mostly conducted to avoid cavitation in the last
century because it is the major cause of corrosion in the marine industry. With the progress
of science and technology, hydrodynamic cavitation is now used as an innovative process
for enhancing chemical reactions and water disinfection. Most importantly, it has shown
great potential in improving the flotation recovery of fine mineral particles. With the pros
and cons, understanding the promotion and prevention mechanisms and controlling the

inception of hydrodynamic cavitation become essential for industrial applications.

In this thesis, Venturi tubes were used as the hydrodynamic cavitation devices by
inducing low static pressure in the throat region. In contrast to the visualization techniques
used in the previous research, the cavitation inceptions were measured by detecting the
high magnitude energy at the instant of bubble burst. The addition of NaCl was shown to
promoted cavitation inceptions. And the results were explained by the increase in air
saturation level with lowered water solubility. Based on this idea, an innovative control
method of cavitation inception was proposed by modifying the COz solubility by changing

the pH of carbonated water. The reversibility of the process was also demonstrated.

In mineral flotation, the hydrodynamic cavitation-generated microbubbles act as an
efficient aid for improving fine particle recovery. The process involving particles and tube
walls is considered three-phase hydrodynamic cavitation. Experimental studies were
performed to better understand the cavitation behavior in the presence of solids with

different surface hydrophobicity and surface structure. Results demonstrated that



hydrodynamic cavitation was promoted by particles with low wettabilities but was barely
affected by the particle size and roughness. Tests performed using Venturi tubes of
different materials demonstrated the similar effect of the wall as particles. Hydrodynamic
cavitation was promoted by a more hydrophobic Venturi tube which screened the effect of

particle surface properties.

The different behaviors of hydrodynamic cavitation with particles of various
wettabilities suggested its potential to achieve not only high recovery but also high grade
in particle flotation. This effect of hydrodynamic cavitation on the selective flotation of
fine particles was further investigated from a detailed mechanism. The single-bubble
flotation experiment indicated that the bubble-particle collection efficiencies of
hydrophobic fine silica particles were improved significantly after hydrodynamic
cavitation compared to the hydrophilic ones. The results were explained from three
perspectives: (1) The strong attachment between microbubble and hydrophobic particles
after hydrodynamic cavitation was demonstrated using zeta potential measurements; (2)
The formation of large aggregates of hydrophobic fine particles after cavitation was
revealed by slurry turbidity and particle size measurements; (3) The attachment efficiency
between solid and flotation bubbles was enhanced with cavitation-generated microbubbles
on solid surfaces. In the end, the beneficial effect of hydrodynamic cavitation in fine

particle flotation was demonstrated in bench-scale flotation tests.
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Chapter 1 Introduction

1.1. Background and motivations

Hydrodynamic cavitation is a process of bubble nucleation, growth and collapse that
occurs in a flowing liquid. The liquid flow experiences a decrease in pressure due to the
hydrodynamic motion of the liquid. The local pressure lower than the saturated vapor
pressure leads to the inception of hydrodynamic cavitation, where vaporization occurs
around voids and bubbles are formed [1]-[3]. Following the bubble generation, the
subsequent recovery of local pressure causes the rapid dissolution of the gaseous phase and
inward/outward oscillation of the liquid phase in the local area, which generates a high
magnitude of energy.

Hydrodynamic cavitation is now widely used in many industrial applications, utilizing
its efficiency and simplicity in bubble generation and energy release. For example,
microbubbles generated through hydrodynamic cavitation can effectively improve the fine
particle recovery rates [4]—[6]. The bubbles release high magnitude energy at the instant of
burst, making them efficient in water disinfection treatment and enhancing oxidation
reactions [7]-[11]. However, uncontrolled cavitation is regarded as the cause of disaster in
some other applications. In the marine industry, hydrodynamic cavitation induced by the
high rotating speed of the impeller and turbine blade is the major cause of physical erosion
to hydraulic equipment [12]-[14]. Furthermore, the level of cavitation noise is an order of
magnitude higher than the noise of a non-cavitating flow, which increases the risk of

detection of navy ships by torpedoes [15]. Therefore, understanding the mechanisms of



prevention and promotion of hydrodynamic cavitation is critical for improving industrial
applications according to their different needs.

Among all the applications, hydrodynamic cavitation has emerged as a promising
method for improving the performance of froth flotation for fine and ultrafine particles [3],
[16]. Froth flotation is a technology discovered in the nineteenth century that utilizes rising
bubbles to selectively separate hydrophobic materials from hydrophilic ones in a water
vessel. It is now widely used in many industrial applications, including oil sands processing
[17]-[20], paper recycling, and wastewater treatment [21], [22]. Most importantly, froth
flotation has been heavily utilized in mineral processing for its high efficiency in mineral
recovery and separation from gangue [23]-[25].

With the depletion of high-grade and easy to process ore, miners are now facing low-
grade and complex ore bodies. In this case, fine grinding circuits must be applied to liberate
valuable minerals. The grinding processes usually result in a substantial number of fine
particles. However, it has been reported that the small size of mineral particles is
unfavorable for the bubble-particle interaction during flotation, which can be explained
from the three sub-processes in mineral flotation: collision, attachment, and detachment
[26], [27]. The detachment is negligibly small for fine particles because of the low inertia
[28], [29]. Their small sizes are mainly attributed to the low collision efficiency and
conventional flotation bubbles. Furthermore, the low inertia of fine particles makes it
difficult to penetrate the water film around column bubbles, resulting in a lower attachment
probability [30]-[35].

Two major approaches have been investigated to improve fine particle flotation,

including decreasing the bubble size and increasing apparent particle sizes [36]. In



particular, the methods of enhancing particle sizes by forming flocs or aggregates are of
great interest. Typically, a long-chain polymer or coagulant is added to promote the
aggregation of fine particles [37], [38]. However, this method had difficulties in the
industry due to the lack of selectivity of the reagents used, resulting in the entrapment of
gangue minerals [39], [40]. Thus, the demand for an efficient method to selectively
improve the collision and attachment of conventional flotation bubbles and fine particles
is still substantial.

Studies in the past decade have reported that micro/nanobubbles can effectively
improve the flotation recovery and flotation rate of fine particles [6], [16], [41]-[44]. The
use of microbubbles can promote particle collection efficiency for two main reasons. First,
the generation of microbubbles on the particle surfaces acts as bridges that can significantly
enhance the attachment probability between particles and flotation-sized bubbles [45]-[47].
Second, the microbubbles benefit the flotation process by promoting the aggregation of
fine particles and increasing the bubble-particle collision probability [4], [48], [49].
Besides that, the advantages of micro/nanobubbles can extend to lower consumption of
collector and frother [43], [44]. To sum up, the overall flotation recovery can be effectively
improved with massive microbubbles. Hydrodynamic cavitation, as a simple and energy-
efficient technology for microbubble generation [8], [S0]-[52], shows great potential in the
flotation process. To improve the performance of hydrodynamic cavitation in the mineral
flotation process, fundamental studies on the particle-involved three-phase cavitation are
required. Furthermore, the behavior of hydrodynamic cavitation-generated microbubbles
in improving the selectivity and recovery of fine particles requires further study on the

perspective of bubble-particle interactions in flotation sub-processes.



1.2. Research objectives

This study aims to investigate the mechanism of hydrodynamic cavitation, develop
methods to control the occurrence of both two-phase and three-phase cavitation, and
fundamentally understand the roles of generated microbubbles as an aid in fine particle

flotation. The main objectives are listed below:

1. To investigate the effect of salt on the inception of hydrodynamic cavitation in an air-
water two-phase system and develop a new method for controlling the occurrence of

cavitation for different application use.

2. To study the behavior of hydrodynamic cavitation in a solid-air-water three-phase
system and the change of cavitation inception with the effects of solid properties, including

wettability of tube wall and particles, particle size and surface roughness.

3. To reveal the mechanism of how cavitation-generated microbubbles benefit the fine
particle flotation through studying the selective behaviors of microbubbles with

hydrophobic and hydrophilic fine particles in flotation sub-processes.

4. To demonstrate the effect of hydrodynamic cavitation in lab-scale column flotation and
investigate the relative position of conventional bubble injection to optimize the dual

bubble flotation.

In the first part of this thesis (Chapter 3), the effect of salt in promoting cavitation
inception is demonstrated using NaCl solutions of different concentrations to induce
hydrodynamic cavitation in a Venturi tube. The inceptions are measured using the acoustic
detection method. The results are correlated with the dissolved oxygen level of saline water

to reveal the effect of gas saturation level change on cavitation inception. Based on this



mechanism, an innovative method of cavitation control is developed by altering the CO2

solubility in carbonated water via pH change, and the reversibility is also tested.

The second part of this thesis (Chapter 4) investigates the inceptions of three-phase
hydrodynamic cavitation with the presence of solid particles and tube walls of different
surface properties. By using a glass-made Venturi tube with high wettability, the cavitation
inceptions with particles of different wettabilities, sizes and surface roughness are
investigated and compared. The effect of surface gas pockets is demonstrated by comparing
inceptions before and after gas pocket elimination treatment. At last, the influence of tube
wettability on three-phase hydrodynamic cavitation is investigated and the screen effect of

the tube wall on particle wettability effect is analyzed.

The third part of this thesis (Chapter 5) focuses on the beneficial effect of
hydrodynamic cavitation in fine particle flotation. As the collection efficiency with
hydrophobic particles after hydrodynamic cavitation treatment has an obvious increase
compared to hydrophilic particles, the mechanism of cavitation microbubbles-assisted fine
particle flotation is investigated from the perspectives of flotation sub-processes. First, the
condition of microbubble frosting on particles is demonstrated using zeta potential
distribution observation. Second, the level of particle aggregation with microbubbles is
obtained through turbidity and size measurements. Last, the effect of surface microbubbles

on the induction time of bubble-solid surface attachment is investigated.

The last particle of this thesis (Chapter 6) further demonstrates the beneficial effect of
hydrodynamic cavitation in the recovery and selectivity of fine particle flotation, through
tests performed using a lab-scale flotation column. The synergy of cavitation bubbles and

conventional bubbles named dual bubble flotation is first optimized by measuring the



bubble sizes and gas holdups with different gas injection locations. Flotation tests with a
mixture of fine molybdenite and silica particles are carried out to verify the optimized dual-
bubble flotation. The change in the recovery and grade of molybdenite particles is obtained
by changing the flow rate and relative position of conventional bubble injection to the

cavitation sparger.

1.3. Thesis outline

This thesis consists of seven chapters. Chapters 3 and 4 are published research papers,
and Chapter 5 is an accepted paper. Chapter 6 contains a paper in preparation. The content

of each chapter is summarized below:

Chapter 1 introduces the background and motivations of the research objectives and the
structure of this thesis.

Chapter 2 provides a review of the fundamentals and applications of hydrodynamic
cavitation. The potential use of hydrodynamic cavitation in the flotation process is also
reviewed.

Chapter 3 discusses the effect of salt on the inception of hydrodynamic cavitation, which
can be used to promote or prevent cavitation for different applications. The mechanism of
cavitation inception by altering gas saturation level is explained, and an efficient method
of cavitation control by modifying the pH of carbonated water is proposed. This chapter
has been published:

Mingda Li, Rogerio Manica, Bailin Xiang, and Qingxia Liu. "Effect of NaCl and CO; on the
Inception Control of Hydrodynamic Cavitation by Gas Solubility Change" Chemical

Engineering Science. vol. 246, p. 116997, 2021.



Chapter 4 introduces the effect of solid surface properties on the inception of three-phase
hydrodynamic cavitation. The mechanism of hydrodynamic cavitation initiated by gas
pockets on hydrophobic solid surfaces is explained. The wettability effect of the Venturi
tube wall that screens the effect of particle wettability is discussed. This chapter has been
published:

Mingda Li, Adrien Bussonni¢re, Bailin Xiang, Rogerio Manica and Qingxia Liu. "Effect
of Solid Wettability on Three-Phase Hydrodynamic Cavitation" Minerals Engineering.
Vol. 180, p. 107455, 2022.

Chapter S illustrates the influence of hydrodynamic cavitation-generated microbubbles on
the overall performance and sub-steps of particle flotation, including bubble frosting,
particle aggregation and flotation-size bubble attachment. The beneficial effects of
microbubbles on all the processes are compared between hydrophobic and hydrophilic
silica particles. A mechanism is summarized to explain the overall enhanced flotation
recovery and selectivity with cavitation bubbles. A version of this chapter has been
accepted:

Mingda Li, Jing Liu, Jingqiao Li, Bailin Xiang, Rogerio Manica, Qingxia Liu.
“Enhancement of Selective Fine Particle Flotation by Microbubbles Generated through
Hydrodynamic Cavitation". Powder Technology.

Chapter 6 presents the experimental demonstration of hydrodynamic cavitation in
improving the recovery and grade of fine particle flotation, using a lab-scale flotation
column with a mixture of naturally hydrophobic molybdenite and hydrophilic silica

particles. The flotation results were correlated with bubble size and gas holdup analysis to



examine the location effect of conventional bubble injection with respect to cavitation
microbubble sparger. The dual bubble flotation is optimized.

Mingda Li, Vu Truong, Hao Huang, Rogerio Manica, Qingxia Liu. “Improvement of the
Fine Particle Flotation by Optimized Parameters of Dual Bubble Generator".

Chapter 7 summarizes the conclusions from this research and presents future research

plans.



Chapter 2 Literature Review

2.1. Hydrodynamic cavitation principles

As briefly introduced, hydrodynamic cavitation is a process of bubble nucleation,
growth and collapse. The generation of hydrodynamic cavitation can be achieved by the
passage of liquid through a constriction such as throttling valve, orifice plate and Venturi
tube. The local liquid pressure experiences reduction due to the hydrodynamic motion of
the liquid, which is affected by the geometrical layout of the flow passage. If the pressure
reaches a critical low point, nucleation of bubbles happens, and cavitation is incepted. The
required critical low pressure for cavitation inception is usually below the saturated vapor
pressure, so tensile stress is generated on the water body to rupture the liquid phase. The
pressure difference between vapor pressure and cavitation inception pressure is called the
tensile strength of the liquid [53], [54]. The tensile strength value represents the level of
difficulty for cavitation inception and depends on the purity and surface tension of the
liquid. In an ultra-pure mono-phase water system, an extremely low inception pressure has
been reported at around -240 MPa due to the high surface tension of water [51]. In reality,
the tensile strengths of water are often far lower, with critical inception pressures slightly
below the saturated vapor pressure. This phenomenon has been explained by the presence
of pre-existing gas nuclei, which create the “weak points” for the liquid to rupture [51],

[55]-[60].



2.1.1. The presence of gas nuclei

However, doubts about the presence of gas nuclei have been raised due to the

discrepancy between theoretical low lifetime, according to the Laplace pressure equation
for a spherical bubble: AP = 2?0, where AP is the difference between pressures inside and

outside of a bubble in water, o is the air-water surface tension, and R is the bubble radius.
Based on the theory, bubbles of sub-micro sizes have incredibly high inner pressure, which
would result in bubble dissolution under milli-seconds. In contrast, the discovered
nanobubbles in many works published in the literature are reported to have a lifetime of
weeks or even months [61]-[63]. A number of theories have been proposed to explain the
long lifetime of the gas nuclei. For instance, gas supersaturation around tiny bubbles causes
equilibrium of gas exchanges to offset the Laplace pressure, or the negatively charged ions
at the air-water interface lower the surface tension, but both with their flaws [64]-[66]. A
model of contamination coating was proposed in which bubbles can be initially partially
covered with organic contaminants or surfactants [67], [68]. The bubbles shrink until their
surfaces are fully covered with the contaminants, which prevent the gas from further
diffusing. Similar to the contamination coverage mechanism, the dynamic equilibrium
model was developed. In this case, the bubbles are stabilized by partial attachment to a
hydrophobic material [64], [69]. The hydrophobic material immersed in water forms a
surface depletion layer enriched with dissolved gas. A bubble attaching to the hydrophobic
material would experience both gas influx from the depletion layer and gas outflux from
the uncovered part; thus, equilibrium can be reached. Therefore, the presence of
hydrophobic solid contaminants theoretically enhances the inception of hydrodynamic

cavitation by providing gas pockets for bubble nucleation.
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2.1.2. Gas nuclei in solid crevices

It is reported that solid enhanced heterogeneous nucleation of bubbles is more energy-
efficient compared to homogeneous nucleation. However, the bubble nucleation performed
with smooth surfaces still shows a more difficult occurrence than the observation in
practical operations [53][70]. The results provided a promising theory that the pre-existing
gas cavities in surface crevices promote the formation of bubbles [71]. For a solid surface
with an advancing contact angle 8, and a conical crevice with half angle a, water can
easily enter the crevice and fill it completely if 8, < « as illustrated in Fig 2.1a. On the
contrary, water cannot fully wet the crevice if 8, > «a as shown in Fig. 2.1b, resulting in
an entrapped air pocket in the crevice bottom. For a static contact angle 8 > 90° + «a, the
gas cavity concaves into the crevice and the nuclei are stabilized as shown in Fig. 2.1c. In
fact, the nuclei can be naturally formed according to Kelvin’s equation for a sphere-like

volume [72]:

P, 2aV,
Ry (5) = == @1

where P, and P, are the vapor pressure of curved and flat surfaces, 1}, is the molar volume
of the liquid, and R is the radius of the sphere-like volume. The Kelvin equation relates the
vapor pressure with the curvature of the liquid. For such a concave shape of gas pocket in
a crevice as shown in Fig. 2.1c, R is positive and P, > P,. The water molecules at the air-
water interface would undergo evaporation until R increases to a critical value and
equilibrium is reached, thereby stabilizing the gas pocket. If 8 is lower than 90° + a, the
cavity exhibits a convex shape as shown in Fig. 2.1d. In this case, the gas pocket can only

be stabilized or even enlarged if the pressure inside the nuclei (vapor pressure and
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undissolved gas partial pressure) is equal or higher than the liquid pressure to balance the
Laplace pressure imposed by the curvature. The details of bubble nucleation under

cavitation from such small cavities will be explained next.

(b) Flow

(©) (d)

Figure 2.1. Schematic illustration of a liquid wetting with a conical crevice on (a)
hydrophilic surface and (b) hydrophobic surface, and entrapped gas cavities with (c)

concave shape and (d) convex shape.

2.1.3. Bubble nucleation from gas cavities

The presence of gas nuclei in water provides sites for the vaporization of surrounding
water molecules. However, due to the large Laplace pressure of tiny bubbles AP = 2?6, the
pressure inside bubbles is much higher than the liquid pressure. Therefore, a local pressure
lower than the saturated vaporization pressure is required to initiate vaporization, and the
tensile strength of water is negatively correlated with the size of pre-existing bubbles. For
acoustic cavitation or hydrodynamic cavitation induced using devices with short

convergent and constriction regions such as orifice plates, the gas diffusion from the
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surrounding water body to the nuclei during the pressure drop is neglected. In this case, the
relation between the critical low pressure for bubble nucleation and bubble radius can be
approximated using Blake’s radius obtained from the Laplace equation in quasi-static

equilibrium condition [73]:

20
Pyo =B, + Py =P + N (2.2)
(0]

where Py, is the initial pressure inside a spherical bubble of radius R,, B, and Fy, are the
vapor pressure and initial partial pressure of undissolved gas within the bubble. Assuming
an isothermal flow, as the static pressure is lowered, P, remains unchanged, and the new

gas pressure F; can be obtained from the ideal gas law:

Ro 23
Py = Frogs (2.3)
and the new pressure balance at equilibrium condition:
20
B,+F =P+ 7 (2.4)

By combining the three equations 2.2-2.4, we can get the relationship between liquid

pressure at the bubble surface and bubble radius:

20 A
Pl=P——+23 (2.5)

where the constant term A = (Plo — P, + }22—0) R3. Based on this equation, P, is plotted
o

against R in Fig. 2.2, where the minimum critical pressure P, ., is shown at the critical
radius R.,, referred to as the Blake radius. By differentiating Eq. 2.4, Blake’s radius can be

obtained as:
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Ry=—o——
cr S(Pv - Pl,cr)

(2.6)

As Fig. 2.2 shows, nuclei with a radius smaller than the Blake radius are stable, as the
size has little change when the liquid pressure recovers. On the other hand, nuclei with
sizes larger than the Blake radius can grow explosively as the pressure increases and
cavitation is incepted. Three curves with different R, are plotted in the figure. The bubble
with a larger initial radius R, leads to a higher P, .., and a lower tensile strength of the
liquid. Therefore, cavitation can be promoted with the presence of large nuclei. Through
calculation, a bubble in tens of micrometers has P, ., slightly lower than the saturated vapor
pressure. The result explains the phenomenon that cavitation usually happens when
pressure is lowered to the saturated vapor pressure, as the presence of microbubbles is quite

common.

Figure 2.2. Blakes’s radius and critical liquid pressure. Three curves were plotted with

different initial bubble radiuses.

Compared to acoustic cavitation or orifice induced hydrodynamic cavitation, where the

pressure reductions can happen in microseconds, a longer period of pressure drop is also
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commonly seen, e.g., hydrodynamic cavitation induced by a Venturi tube with a long
convergent or constricted section. In this case, the diffusion of uncondensable gas plays a
significant role in cavitation inception. According to Henry’s law, the gas solubility in water
decreases with liquid pressure [74]. The supersaturated dissolved gases possessing
sufficient time to diffuse will enter the existing gas nuclei and enlarge their sizes. As a
result, the inception of cavitation becomes much easier. Furthermore, the diffusion of gases
could induce cavitation at a pressure higher than the vapor pressure, named gaseous

cavitation [75], [76].

Following the nucleation and growth during cavitation, bubbles experience the stage of
collapse/implosion when the liquid pressure recovers. This is particularly significant for
vaporous cavitation, as the vapor bubbles almost immediately condense when the local
pressure increases above the saturated vapor pressure. The collapse of bubbles
consequently induces the motion of surrounding water, producing powerful microjets and
shock waves that can potentially generate high pressure at tens of megapascals inside the
bubble and high temperature at thousands of Kelvin at the bubble surface [77], [78]. Such
shockwaves and microjets can erode the surface and cause mechanical wear. At the same
time, cavitation’s high efficiency has been utilized in energy release in various applications,

which will be elaborated in the next section.

2.2. Disadvantages of hydrodynamic cavitation

As introduced previously, the collapse/implosion of cavitation bubbles are
accompanied by intense pressure waves, vigorous shearing forces and localized heating
that is particularly destructive to local material. As illustrated in Fig 2.3, the collapse of

vapor bubbles experiences asymmetrical inward motion of liquid due to the presence of a
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solid surface on the opposite side. This results in the formation of a micro-jet, which
penetrates through the bubble and potentially hits the surface [79]-[81]. Without the proper
control of the location and intensity, cavitation was regarded as an unfavored process in the
early years of study, especially in the marine industry [13], [82]-[84]. From the
investigation of the eroded equipment, the pump, compressor, and turbine that operate
underwater are found to induce uncontrollable cavitation, which causes a reduction of
thrust and damage to components such as the impeller and turbine. The generation of
hydrodynamic cavitation in these cases is due to the high rotating speed of the impeller,
causing a rapid decrease in the local pressure according to Bernoulli’s principle. Associated
with the micro-jets or shockwaves, the generated cavities eventually lead to the removal of
material elements from the surface. In the operating conditions of the hydraulic machinery,
cavities are repetitively formed, and the collapse of cavities generates shock waves that are
subject the material fatigue stresses [83]. Furthermore, the level of cavitation noise is an
order of magnitude higher than the noise of a non-cavitating flow, which increases the risk
of detecting navy ships by torpedoes [15]. Such undesired behaviors of hydrodynamic
cavitation have caused immeasurable loss to the industries and driven scientists to deeply
investigate the mechanism behind this phenomenon to better control its occurrence.
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Figure 2.3. Schematic illustration of a cavitation bubble collapsing close to a solid surface

in water.
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2.3. Hydrodynamic cavitation in industrial applications

With further investigations on its behavior, hydrodynamic cavitation due to its energy
efficiency and simplicity has gradually twisted its reputation as a beneficial process [85].
For example, cavitation has been intentionally generated for testing the intensity of erosion
on various materials [82], [84]. Hydrodynamic cavitation is now being utilized in various
industry-scale applications as an efficient bubble generation and violent energy release
process. By understanding the use of cavitation in those areas, hydrodynamic cavitation

can be adjusted accordingly to optimize the benefit for each process.

2.3.1. Water treatment

Hydrodynamic cavitation has been utilized in the water treatment industry. At the
instant of burst, the cavitation bubbles release high magnitude energy, physically and
chemically destroying microorganisms and disinfecting wastewater [9]-[11]. Compared to
the traditional water disinfection with chemical additives, cavitation does not result in the
formation of any toxic byproducts. It is also economical and efficient for a large-scale water
treatment scheme. To have hydrodynamic cavitation as the pretreatment, the consumption

of chemical additives for killing microbes can be substantially lowered.

Like acoustic cavitation triggered by the oscillating ultrasonic field, hydrodynamic
cavitation is driven by the sudden drop and recovery in pressure due to the change in flow
velocity. The rapid change in the surrounding environment results in the generation of
oscillating bubbles. By adjusting the ultrasonic field or pressure recovering time (different
frequencies), cavitation can manifest in different properties and mechanisms for

implementing it into different scenarios. High frequencies generate a higher number of
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collapses and promote the diffusion of OH™ radicals, which can be used as a biocide in
water treatment, but the generated bubbles are less energetic. On the other hand, low
frequencies tend to generate more violent collapse and strong shock waves, but at the

expense of less collapse per unit time and less diffusion of OH™ radicals.

Compared to acoustic cavitation, which disinfects water mostly by chemical processes
with the generation of OH™ radicals, mechanical disruption of bacteria plays a major role
in hydrodynamic cavitation. The bacteria tend to form clusters, and the external
microorganisms can act as protection against biocides. The shear force produced by
cavitation can break the agglomerates and isolate the individual bacteria, increasing
biocides' efficiency [86]. Therefore, the disinfection rates are maximized by configurations

that promote large bubbles and higher cavitation activity.

The efficiency of using orifice plates in rhodamine B degradation is also compared with
the results of using acoustic cavitation. The hydrodynamic cavitation using orifice plates
was proved to produce a higher disinfection rate, with higher energy efficiency than
acoustic cavitation. Moreover, the scale-up of the hydrodynamic cavitation reactors is
easier as having a constriction in the flow system is readily available [87], [88]. Overall,
hydrodynamic cavitation is a relatively simple and energy-efficient technology that is

promising to implement on an industrial water treatment scale.

2.3.2. Chemical reaction enhancing

In conventional chemical processes such as chemical synthesis with oxidation reaction,
the utilization of acoustic cavitation has been extensively studied [8], [89]. However, due

to poor transmission of acoustic energy in the large volume of water and low energy
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efficiency, the implementation of acoustic cavitation in industrial-scale processes has been
challenging [52]. Researchers recently highlighted the use of hydrodynamic cavitation in
chemical processes. Despite the disadvantages of less intense collapse compared to
acoustic cavitation, hydrodynamic cavitation has the advantages of easy scaling up and

high energy efficiency.

For a better description of cavitation’s effect in chemical processes, the collapse of
cavities can be classified into two types: symmetric and asymmetric [90]. The symmetric
collapse happens when the cavity remains spherical until burst, forming reactive free
radicals favoring thermal pyrolysis of organic molecules. For asymmetric collapse, the
collapsing cavity is not spherical because of the presence of a wall or particle at the point
of collapse. It produces high-velocity liquid jets and intense local turbulence, which is
favorable for physical transmission. In the symmetrical collapse condition, when the water
is under cavitating conditions, the highly reactive hydroxyl radicals (OH") are formed from
the dissociation of water molecules. The symmetrical collapse is beneficial, especially for
the oxidation reactions that are primarily induced by the formation of reactive free radicals.
The oxidation processes caused by cavitation happen in two ways: First, the molecules
trapped inside the cavity undergo thermal decomposition during the collapse. Second, the
formed radicals attach the targeted molecules at the cavity liquid interface and in the bulk
liquid, thereby oxidizing the molecules [8], [91]. Each cavity behaves as a micro-reactor
during cavitation, which releases a large amount of energy and creates a local condition of

high pressure and temperature [7].

Pandit and Joshi first tested the use of hydrodynamic cavitation in the hydrolysis of oils

in 1993. The experiment showed an improved hydrolysis yield with the use of HC. The

19



traditional hydrolysis methods require high temperature and pressure, as well as a high
interfacial area between the catalyst and the oil. With hydrodynamic cavitation, spots with
adequate temperature and pressure can be created at many locations inside the reactor. Also,
the size of the catalyst emulsion is mechanically reduced, which facilitates the interaction
between the oil and catalyst [8]. Similarly, hydrodynamic cavitation was shown to be
helpful in crude oil upgrades for its ability to produce high temperature, pressure, and
catalyst-reagent contact area to break large molecular petroleum fractions into smaller ones

(81, [92].

2.3.3. Food processing

The traditional heat-treat process for food sterilization involves several problems,
including low efficiency at killing heat-resistant microorganisms, high energy consumption
and risks of destroying heat-labile nutrients and flavor components. Inspired by the
contribution to the water treatment industry, cavitation is regarded as an alternative method
for commercial sterilization of food by processors [87], [93], [94]. Using hydrodynamic
cavitation without any further processes, the induced destructive forces can effectively
inactive bacteria, yeast, and heat-resistant bacterial spores. The microbial lethality induced
by hydrodynamic cavitation is reported to be greater than that accounted by thermal effects.
To combine hydrodynamic cavitation with the traditional heat treatment process, the
lethality of common spoilage microorganisms can be achieved at reduced temperature due
to the synergistic effect of cavitation and temperature. This way, the heat-labile components
can be retained, and foods such as fruit juice, salad dressing, and milk can be safely

processed.

20



Besides food sterilization, cavitation can be beneficial for many other applications in
the food processing industry. The ultrasonic induced acoustic cavitation has been
developed to accelerate processes such as freezing, thawing, and crystallization of lactose
and improve processes such as cutting, extraction, emulsification, and ageing of wines [94],
[95]. Considering the energy efficiency in food processing, which involves large volumes,
hydrodynamic cavitation is suggested to be the alternative to acoustic cavitation. It has
shown promising potential at solving many problems faced by the food industry, such as
the replenishment of moist lost during storage and primary processing [96]. In the
hydration process, hydrodynamic cavitation can assist chemically pure protein in binding
theoretically up to 40% water by weight. The formed hydration shells of protein increase
their affinity for water during precipitation. In addition, the formation of dense and strong
hydration shells raises the thermal resistance of the dissolved valuable nutrients and

vitamins, preventing them from thermal denaturation at the subsequent heat treatment.
2.4. Froth flotation for mineral processing

The froth flotation process was invented in the early 20th century and has been widely
used in many applications for material separation, such as wastewater treatment and paper
recycling [97]. It utilizes bubbles to selectively adhere to the surface of objects in water
based on the affinity for water (hydrophilic or hydrophobic) so that the target material in
the form of bubble aggregate has a reduced density and is carried to the water top driven
by buoyancy force. Different from the definitions in some works of literature, that flotation
1s a process that separates material solely based on density, in this thesis, the word “flotation”
1s the shortened form of “froth flotation”, which involves the interactions with bubbles and
is also dependent on the wettability of the material [98].
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In the mining industry, the freshly mined mineral ores contain different types of
valuable materials and unwanted gangue minerals that require separation for further
processing. The froth flotation process has been used as an efficient and versatile technique
to collect target minerals based on their distinct affinity to air bubbles. As shown in Fig.
2.4, air bubbles are injected and dispersed from a rotating agitator at the tank bottom in a
typical mineral flotation process. The bubbles interact with hydrophobic particles at the
flotation pulp to form mineral-bubble aggregates and rise to the top froth layer for
collection. On the other hand, the hydrophilic particles that fail to attach to bubbles settle

to the tank bottom and are discharged out of the pulp.
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Figure 2.4. Schematic process of mineral flotation.

However, in many flotation processes, the target minerals are not naturally hydrophobic,
or the surface hydrophobicity of target minerals is not high enough to achieve selective
attachment to air bubbles. In such scenarios, collectors are required to render the mineral

surface hydrophobic. Collectors are surface-active surfactants that consist of a hydrophobic
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head that interacts with solid surfaces by a specific mechanism, leaving the long
hydrocarbon chain oriented toward air bubbles, thus creating a hydrophobic film on the
particle surface. For example, xanthates and hydroxamates can chemically bind the specific
metal sites (e.g., Pb, Cu) of sulphide or non-sulphide minerals, leaving the hydrocarbon
tails to enhance the hydrophobicity of mineral surfaces. Sodium oleate is used for iron
oxide, where the oleate group makes contact with air bubbles and the carboxyl group of
the oleate interacts with silica surfaces. In contrast, the depressants, usually as high
molecular weight polymers, can adsorb on the undesired minerals to render them
hydrophilic [97], [99], [100]. Together with pH regulators, the chemical reagents tune the
solid surface characteristics in aqueous media, which ultimately dictate the value recovery

and selectivity of froth flotation separation.
2.5. Three sub-processes in mineral flotation

The mechanism of bubble-particle interaction in mineral flotation has been discussed
overwhelmingly in the past decades. It is generally accepted that three sub-processes:
collision, attachment, and detachment, as shown in Fig. 2.5, compose the particle collection
process [31], [101], [102]. The probability of a particle being collected by an air bubble,

P_,; can be defined as:
Peor = PPy (1 — Py) (2.7)

where P., P,, and P; are the probabilities of bubble-particle collision, attachment, and

detachment, respectively.
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Figure 2.5. Diagram of three sub-processes in mineral flotation.
2.5.1. Bubble-particle collision

The bubble-particle collision probability, P. can be defined in the generalized form [102],

[103]:

p=a(3) 29

Table 2.1. A and n for different flow conditions in the collision probability calculation

Flow Conditions A n
Stokes flow 3/2 2
Int diate 1 3 1+ (3/16)Re 2
fermediate 2" T T+ 0.249Re056
Intermediate 2 3 AReT 2
ntermediate > 1=
Potential flow 3 1
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The equation for the Stokes flow condition is derived using the stream function by Gaudin
(1957), and is only applicable for bubbles smaller than approximately 100 pm. In contrast,
the equation for potential flow derived by Sutherland (1949) is only valid for much larger
bubbles than the bubbles in flotation practices. Recognizing the limits of equations for
Stokes and potential flow, Weber and Paddock (1983) solved the Navier-Stokes equations

using a curve fitting technique to derive the first P. equations for intermediate flow,

which is in the more applicable range of bubble and particles sizes. Yoon and Luttrell (1989)
derived the second expression for P, based on the stream function for the intermediate
Reynolds number range. As the equations suggest, a higher Reynolds number of bubbles,
Re would result in higher collision probability, which is in line with the intuition that
objects are more likely to collide with each other in a turbulent flow. Besides hydrodynamic
parameters, bubbles and particles' size also plays an important role in determining the
collision probability in the flotation process. This is particularly significant for fine
particles flotation, as the collision probability proportional to the square power of small

particles sizes is generally low.

2.5.2. Bubble-particle attachment

The bubble-particle attachment probability, P, is determined by comparing the sliding
time of a particle on a bubble surface with the period required for particle-bubble
attachment, termed induction time. If the sliding time is longer than the induction time, the
particle has enough time to thin and rupture the liquid film between the surfaces for

successful attachment. For flow with an intermediate Reynolds number, Yoon and Luttrell
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(1989) used the stream function to calculate the sliding times of particles on bubble

surfaces. Based on the above information, P, is derived as [102]:

(2.9)

—(45 + 8Re*"?uyt;
P, = sin? IZtan_lexp< ( D J)l

15d, (dy/d, + 1)

where u;, is the bubble rising velocity and ¢t; is the induction time. Dobby and Finch in
1987 and 1990 developed another theory to describe the relationship between P, and t;.

The generalized form under Stokes flow or potential flow can be expressed as [104]:

P, = sech? 2upBt; (2.10)
“ d, +dp

Table 2.2. B for different flow conditions in the attachment probability calculation

Flow Conditions B
-1 -3
Up 3 dp 1 dp
okes flow up+ 2 +db 7 +db
1 d, ">
Potential flow s +1+= (1 + —p>
Uy, 2 dp

where w,, is the particle settling velocity, and B is a dimensionless parameter under Stokes
flow or potential flow according to equations listed in Table 2.2. The induction time is
strongly a function of surface forces such as the Van der Waals, electrostatic and
hydrophobic forces. It can be experimentally determined using devices such as atomic
force microscopy (AFM) and induction timer [105]. Knowing the value of t;, the

attachment probability can be estimated under different flow conditions.
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2.5.3. Bubble-particle detachment

Particles that collide and attach onto bubbles do not necessarily guarantee a successful
flotation, as they might undergo the last sub-process, detachment. The probability of a
particle detaching from a bubble depends on the combined effect of detachment and
attachment forces. The forces are usually classified into four categories: (1) the capillary
force which is the major attachment force; (2) the excess force, which is usually considered
an attachment force in practical flotation, where the bubble diameter is less than 5.5 mm
and the excess pressure in the bubble is larger than the hydrostatic force; (3) the weight of
particle and (4) the hydrodynamic drag force are always considered as detachment forces.
The relationship between the probability of detachment, P, the total detachment force, F,

and the total attachment forces, F, can be generalized as [106]:

1
Pj=——F 2.11
71+ F/F, @11)
and F,/F, after neglecting the drag force can be estimated as:
dp
E, 3(1 — cosby)o I+ d,
F, 0, (2.12)

(o0 =pu G geos()) 4

where 0, is the critical contact angle right before detachment, o is the liquid surface
tension, p, and p,, are the densities of particles and water, respectively. For particles with

large diameters, F,/F; < 0, and the detachment is more likely to happen. On the other

hand, the detachment in fine particle flotation is often neglected.
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2.6. Fine Particle Flotation

As discussed previously, the probability of a particle to be collected by a bubble is
positively correlated with the probabilities of collision and attachment but negatively
affected by detachment. For fine particles, the detachment is negligibly small. In fact, the
low recovery is believed to be mainly attributed to the low efficiency of collision and
attachment probability between conventional flotation bubbles and fine particles [29], [31],
[101], [107], [108]. The model of bubble-particle collision probability suggests that under
the same hydrodynamic condition, the collision probability is proportional to the square of
the ratio of particle size to bubble size. This analysis explains the low collision probability
of fine particles and provides a solution that increasing the particle size or reducing the

bubble size would result in a better chance of collision.

Researchers have conducted experiments to increase the bubble/particle collision
probability in fine particle flotation. In particular, the methods of increasing the effective
particle sizes by forming flocs or aggregates are of great interest. It was reported that
techniques such as oil-assisted flotation, carrier flotation, shear flocculation and selective
polymer flocculation could effectively promote the aggregation of fine particles (Forbes,
2011; Warren, 1975; Trahar and Warren, 1976; Subrahmanyam and Frossberg, 1990;
Gregory and Barany, 2011; Forbes et al., 2011) [37], [38]. The oil and carrier flotation
method are used to aggregate fine particles with larger ones such as oil droplets or other
hydrophobic materials. To overcome the repulsive energy barrier for particle/oil or
particle/carrier attachment, strict physical and chemical conditions must be met, including
high shear forces and proper pH range. Also, separating oil from particle aggregates and
water in the post-treatment is challenging, especially when oil emulsions are formed. The
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shear flocculation technique helps to achieve aggregation by applying a shear field with
the aid of a collector. Still, it has the problem of high-energy consumption to produce
adequate hydrodynamic conditions. The technique of polymer flocculation is an efficient
method to form aggregates by attaching particles onto the long chains, but the easy
entrainment of gangue materials causes low selectivity. Considering the disadvantages of
the above techniques, the demand for an efficient method to selectively improve the
collision and attachment of conventional flotation bubbles and fine particles is still

substantial.

2.6.1. Particle-particle interaction laden surface small bubbles

In recent years, the use of micro/nanobubbles, as a relatively green and energy-efficient
technology, has been found to improve both the recovery and selectivity of fine particles
[30], [45], [46], [109]. The research on the impact of small bubbles on fine particle flotation
has suggested that the microbubbles can act as bridges that enhance particle-particle
interaction to form aggregates. As the size of a bubble is reduced, the bubble rising velocity
decreases, which results in a longer sliding time that enhances bubble-particle attachment
[110]. Furthermore, the induction time of a small bubble to attach to a surface is much
quicker due to the considerable Laplace pressure [111]. With the small bubbles attached to
the surface, the approach of two particles causes the bubbles to coalesce and generate an

attractive capillary force, as shown in Fig. 2.6 [45], [112], [113].
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Figure 2.6. Schematic illustration of the approach of two spherical particles with surface

small bubbles.

The calculation of capillary force, Fqy can be illustrated in Fig. 2.6b, where it consists

of the Laplace pressure force, Fp and the surface tension force, Fgr, with Fp defined as:

5 1 1
Fp = mR§ * 20 (R_1 + R_z) (2.13)

. . : . : 1,1
where R; is the radius of the air-solid contact area assuming a flat surface, and (R— + R—)
1 2

is the curvature of the air-water interface. In the case illustrated in Fig. 2.6b, the contact
angle 0 is high enough to generate a curvature concave into the capillary, R, is negative,
and the curvature is positive, thus generating an attractive Laplace pressure force. On the

other hand, Fgr is always attractive defined as:

Fsr = 2mR, * osin(m — 0) (2.14)
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For a given volume of capillary, as the two particles approach closer, R, increases. As
a result, the overall capillary force increases. When the two particles are in contact as
shown in Fig. 2.6¢, the capillary force reaches the maximum. Assuming R; >> R;, the

capillary force can be estimated as [114]:
Feqp =~ 2TOR,, (2.15)

where the force only depends on the radius of the particles, R,,. Such a capillary force is
strong enough to hold two spherical silica particles of about 2 mm against the gravitational
force. In reality, the capillary force is often much smaller due to the lower air-solid contact
area from surface roughness. Despite that, the surface small bubbles can hydrodynamically
enhance and stabilize the accumulation of particles, forming bubble-particle aggregates.
Experimental investigations into the small-bubble-assisted agglomeration phenomenon
were confirmed using image analysis [6], [46], [49]. However, further demonstration of the
effect of small bubbles to selectively aggregate particles of different properties is still

required.

2.6.2. Particle-flotation bubble interaction laden surface small bubbles

Although small bubbles can easily collide and attach onto mineral particles, their low
volume cannot provide sufficient buoyancy force to life the aggregates up. At this point,
the large flotation bubbles of millimeter sizes come into play to complete the flotation
process. The role of small bubbles in the attachment process between particles and large
flotation bubbles is explained by small bubbles helping the fine particles adhere to large
flotation bubbles by reducing the induction time, thereby enhancing attachment probability
[45]-[47].
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The induction time is determined by the thinning of the thin liquid film trapped between
the particle and the air bubble [29], [115], [116]. For a millimeter size bubble colliding with
a flat particle surface (i.e., the bubble is much smaller than the particle), typically, it takes
a few seconds [117],[118] for the thin liquid film to reach its critical rupture thickness. The
time is reported to be slightly shorter (hundreds of milliseconds) if the particle is spherical
[119]. When a surface microbubble (~10 um) much larger than the typical film thickness
(~1 um) is present on the particle surface, the situation switches from large bubble-particle
attachment to large bubble-surface microbubble coalescence. If the coalescence time is
significantly shorter than the reported bubble-particle attachment time (a few seconds),

mineral flotation can be enhanced.

There has been extensive research done on bubble coalescence. For instance, the
dynamic evolution of the thin liquid film trapped between two millimeter-size bubbles was
directly observed by the Scheludko cell [120], while the interaction force between
micrometer-size bubbles was measured by atomic force microscopy [121]. These works
revealed the complex effect of hydrodynamics, surface deformation, and surface forces on
the deformation of bubbles, which entraps the liquid to form a stable film and results in a
relatively long induction time, as shown in Fig. 2.7 [122]. However, the experimental
collision speeds were limited below 0.1 mm/s, whereas the industrial bubble collision
speeds are much faster (mm/s or even cm/s) [123]. A new experimental method called
Dynamic Force Apparatus (DFA), which allowed higher collision speed to mimic industrial
operation conditions, was applied to achieve the simultaneous measurements of the
interference fringe and interaction force at bubble speeds on the order of 1 mm/s. At higher

speeds, the coalescence time between a micrometer bubble and a large bubble was shown
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to be size-dependent [ 124]. The experimental results were compared with the prediction of
the Stokes-Reynolds-Young-Laplace (SRYL) model [122], [125], showing agreement that

the coalescence time increases with surface microbubble size.

Air bubble of hundred-micron size

Disjoining
Pressure

*¢ll¢*

Solid

Air bubble of hundred-micron size

Laplace — »
Pressure ——

Air bubble of ten-micron size

Figure 2.7. Schematic process of liquid drainage when an air bubble of hundreds of micron

size approaches a solid surface without (top) and with (bottom) a surface micron bubble.

The increased Laplace pressure of 26/R can explain the fast film drainage with smaller
bubbles. The increase of the Laplace pressure increases the excess pressure inside the liquid
film. According to the Reynolds lubrication theory, the increase of excess pressure would
accelerate the film drainage, causing the induction time to be much shorter than the
reported bubble-particle attachment time. Therefore, the flotation recovery can be

improved with the presence of surface microbubbles.
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Chapter 3 Effect of NaCl and CO: on the
Inception Control of Hydrodynamic

Cavitation by Gas Solubility Change
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Abstract

Hydrodynamic cavitation is a common natural phenomenon that has positive and negative
implications in several fields. On one hand, it is a major cause of corrosion and noise
radiation in the marine industry. On the other hand, it is used as an innovative process for
enhancing mineral flotation and water disinfection. Therefore, understanding the
promotion and prevention mechanisms of hydrodynamic cavitation inception is essential
for industrial applications. In this study, a Venturi tube was used as the hydrodynamic
cavitation device, and the cavitation inceptions were measured using the sound-detection
method. NaCl was shown to promote cavitation inception of water. However, no obvious
change was observed for air-saturated NaCl solutions. These results are explained by the
increase in air saturation level when salt is added into water. Based on this idea, the
cavitation inception can be controlled by modifying the CO; solubility through changing
the pH of carbonated water, a process that was shown to be reversible. These findings are
applicable to industrial operations that try to avoid cavitation or those where the generation

of bubbles is required.

3.1. Introduction

Hydrodynamic cavitation is a process of bubble nucleation, growth and collapse that
frequently occurs in many industrial applications. In the marine industry, uncontrolled
cavitation induced by the high rotating speed of the impeller and turbine blade is the major
cause of physical erosion to hydraulic equipment [12]-[14]. Furthermore, the level of
cavitation noise is an order of magnitude higher than the noise of a non-cavitating flow,

which increases the risk of detection of navy ships by torpedoes [15]. On the other hand,
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hydrodynamic cavitation has been recently recognized as an energy-efficient process for
bubble generation and local energy release. As an example, microbubbles generated
through hydrodynamic cavitation can effectively improve the fine particle recovery rates
[4]-[6]. The bubbles release high magnitude energy at the instant of burst, making them
efficient in water disinfection treatment and enhancing oxidation reactions [7]-[11]. The
studies investigating the use of hydrodynamic cavitation in micro-scale have also
demonstrated the considerable amount of energy transfer during the vaporization and
bubble collapse of cavitating flow, thus unveiled the potential of cavitation in enhancing
heat transfer and energy harvesting [126]-[130]. For improving industrial applications due
to their different needs, understanding the mechanisms of prevention and promotion of

hydrodynamic cavitation is critical.

Controlling the cavitation occurrence requires an understanding of the mechanism of
hydrodynamic cavitation. According to Bernoulli’s principle, when fluid flows at high
speed, the static pressure is lowered. Hydrodynamic cavitation is initiated at a critical flow
velocity where liquid ruptures due to the low static pressure. The inception of
hydrodynamic cavitation starts from the nucleation and growth of pre-existing nuclei. At a
static pressure higher than the saturated vapor pressure, gaseous cavitation could occur due
to the diffusion of dissolved gases into nuclei [75], [76]. However, if the size of the low
pressure region is limited and nuclei do not possess sufficient time to grow, the static
pressure must be further lowered till water surrounding nuclei starts to vaporize for the
vaporous cavitation to happen. Due to the liquid surface tension, the critical static pressure
must be lower than the saturated vapor pressure to create enough tensile stress for the liquid

to rupture. The tensile stress at this point is called the tensile strength of the fluid and is
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determined by the sizes of its nuclei content, or “weak points” in the liquid system [51],
[55]-[60]. The nuclei as tiny gas pockets are naturally unstable in bulk water due to the
Laplace pressure and buoyancy force. However, they have been found to be stabilized on
the surface of solid impurities or the walls of containers [131]-[133]. The presence of these
pre-existing nuclei provides the opportunity to manipulate cavitation inception by changing
their sizes. Liquid free of nuclei can withstand high tensile stresses and resist rupture,
making cavitation difficult to happen. On the other hand, in a water body enriched with
large nuclei of tens of microns or larger, no measurable tensile strength can be observed,
and bubble expansion due to local vaporization occurs almost instantly when the liquid

static pressure is lowered to the saturated vapor pressure [134]-[136].

The sizes of gas nuclei could be greatly affected by the concentration of dissolved gases
through diffusion. Numerous studies have demonstrated that the increased amount of gas
content would promote cavitation and vice versa [76], [137], [138]. Among the different
methods to alter the gas content, chemicals could be added into the solution to alter the
solubility of dissolved gases. By changing the solubility of a gas-saturated solution, the
dissolved gases become supersaturated or undersaturated and tend to enter or leave the
undissolved gas clusters (nuclei); thus, nuclei size is altered, and control of the cavitation
inception can be achieved. The presence of electrolytes, which are closely related to many
applications, especially in the marine industry, can effectively lower the solubility of gases
and theoretically affect cavitation inception [139]. Although cavitation studies using saline
water have been performed to examine the properties of cavitating bubbles [140], [141],
the change in inception was not systematically discussed, and a clear mechanism is still

lacking.
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In this study, a Venturi tube with an inlet/outlet diameter of 10 mm was used to trigger
hydrodynamic cavitation. Considering the complexity and difficulty of visual observation
on the cavitation condition in such a small tube, the inceptions were measured using the
acoustic detection method, which was sensitive to cavitation on a small scale and wildly
practiced in the recent cavitation studies [142]-[146]. NaCl solutions of different
concentrations were tested to reveal the ability of salt in promoting cavitation inception.
The correlation between dissolved oxygen level and cavitation inceptions of saline water
was compared with results using DI water so that the effect of salt-induced gas saturation
change on inception was demonstrated. We proposed a mechanism for the cavitation
inception change based on the decreased gas solubility. Based on this mechanism, we
presented an innovative method of cavitation control by altering the CO: solubility in

carbonated water via pH change, and the reversibility was tested.
3.2. Material and Methods

3.2.1. Experimental Setup

The schematic of the experimental setup for cavitation inception measurement and the
associated testing equipment is shown in Figure 3.1. The hydrodynamic cavitation device
used in this study is a Venturi tube fabricated using the Formlabs Form2 3D printer
equipped with Stereolithography (SLA) technology. The geometry of the Venturi tube was
designed with a larger convergent angle (28°) and a lower divergent angle (9°) so that
hydrodynamic cavitation could be promoted based on our previous research [50], [147].
The inlet and outlet diameters of the Venturi tube are 10 mm, and the throat diameter is

2.25 mm, with a diameter ratio of 4.44.

38



1

Flow Meter

Venturi Tube Electrochemistry

Meter

Probe:

@ pH Meter
@ DO Meter
(3) cond Meter

9106

Water Tank — ’

Stirring Plate

Peristaltic Pump

Figure 3.1. Schematic diagram of the experimental setup. Hydrodynamic cavitation was
induced by a Venturi tube, and a microphone was placed above to detect cavitation
inception. The real-time flow rate was monitored by a flow meter. The properties of the
solution in each test were measured using a pH probe, a dissolved O2 probe, and a

conductivity probe placed in the water tank.

For each experiment, one litre of the aqueous electrolyte solution was stored in an open
water tank with a diameter of 6 cm and a height of 15 cm. The stirring plate underneath the
tank drives a magnetic bar at 200 rpm to homogenize the solution without inducing too
much turbulence. Inside the solution, three probes were placed for real-time measurements
of water pH, electrical resistance, and dissolved O> content. The probes were wired
connected to an electrochemistry meter (Orion Versa Star Pro), where the measured
parameters can be monitored and recorded at the beginning of each test. Each run of
inception test took less than three minutes, and the gas dissolution in such a short period
was neglected. A peristaltic pump with adjustable power was used to provide the operating

recirculation flow from 0 to 7 L/min, and the real-time flow rate was measured using a
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flow meter (Omega type FLR1001) placed downstream of the pump. It delivered signals
in the form of voltages, which were monitored by an oscilloscope (Rigol DS1054Z7) and

converted to flow rate using a lab computer.

3.2.2. Solution preparation

In this study, de-ionized (DI) water was used to prepare the solutions for inception tests.
The measured electrical resistance of DI water was in the order of Mega Ohm, which was
considered electrolyte-free. To clarify the relationship between gas saturation level and
hydrodynamic cavitation inception, air-undersaturated, saturated, and supersaturated DI
water was prepared. By maintaining at 60°C while applying vacuum at 0.1 atm for different
periods, the air-undersaturated DI water of different gas content was produced. To prevent
the temperature effect on gas solubility, the degassed DI water was transferred to a sealed
container and stood overnight to recover the operating temperature at 20°C before use. The
air-saturated DI water was produced by purging air into the fresh DI water overnight. For
the air-supersaturated water, excessive air was compressed into DI water at 1.5 bar in a
sealed container. As the air-supersaturated water was discharged from the pressurized
container, excess air was released from the liquid in the form of bubbles. The air saturation
level of solutions after different treatments was calculated from the ratio of measured O>

content over the solubility of O> following the O solubility equation [148]:

100 T T
0 = 1.429exp [—173.429 + 249.645T + 143.348log (W) - 21.849m

(3.1)

T T \?
+S(—=0.0331 4+ 0.0142— — 0.0017 (—) =
( 100 100 )l Py4
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where O is the dissolved Oz concentration at saturation [mg/L], S is salinity [%o], and T is
temperature [K]. Although bubble burst releases high-magnitude energy in the local area,
it has a negligible effect on the temperature of the entire water system and is generally
regarded as an isothermal process [114], [149]. Thus, the experiments were performed in
the constant lab temperature controlled at 20°C. Po is the ambient pressure in the water
tank and is also regarded as the pressure of the Venturi outlet. Using the DO meter probe
associated with the electrochemistry meter, Po was measured to be 705 mmHg in
Edmonton, AB, where experiments were conducted. Poy is the atmospheric pressure at sea
level. From Eq. 3.1, the Oz solubility in DI water in the operating condition (20 °C, 705

mmHg and 0 salinity) is 8.42 mg/L.

In the study of salt effect in cavitation inception, NaCl was added into the DI water to
produce 0-1000 mM NaCl solution. When electrolytes are introduced into water, the
dissolved salt ions attract water molecules, leaving fewer hydrogen and oxygen ions to
dissociate gas molecules. As a result, the ability of water to dissolve gases decreases, and
the gas-saturation level increases [150]. This theory could also be reflected from Eq. 3.1
that, as the water salinity increases, the solubility of oxygen decreases. As a result, the air-
saturated DI water after NaCl addition became air-supersaturated. To eliminate the effect
of gas saturation level on inception, air-saturated salt solutions were prepared by purging

air into the degassed salt solutions overnight.
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Table 3.1. Properties of NaCl solution samples.

(0)) Dissolved O»
Batch NaCl  Conc Saturation
Sample ID Solubility Content
Number (mM) Level
(mg/L) (mg/L)
1 1 8.42 4.47 0.53
2 10 8.39 4.65 0.55
3 20 8.37 4.83 0.58
4 50 8.29 5.1 0.62
1 5 100 8.16 5.34 0.65
6 200 7.91 5.78 0.73
7 500 7.20 6.12 0.85
8 800 6.56 6.73 1.03
1 100 8.24 4.42 0.55
2 200 7.99 4.71 0.60
2 3 400 7.51 5.18 0.70
4 600 7.05 6.12 0.89
5 1000 6.22 6.41 1.01

To obtain the relationship between cavitation inception and air-saturation level after
salt addition, NaCl was gradually added to degassed DI water, and inception tests were
performed at each concentration. Two batches of degassed DI water of the same treatment
were prepared for the purpose of reproducibility. Table 3.1 summarizes the gas content of
NaCl solutions after each step of salt addition. The saturation level shown in Table 3.1 was

calculated from the ratio of measured O> content to the O> solubility using Eq. 3.1 with the
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consideration of salinity, where salinity was obtained from the measured solution electrical
resistance [151]. Throughout the experiments on both batches of solutions, the dissolved
O: contents had obvious increases, which was due to the inevitable diffusion of air carried
by the NaCl particles, as well as air diffusion at the water-air interface during flow

circulation and agitation.

COy, with the solubility almost 36 times higher than that of O in water [152], and high
dissolution sensitivity to pH change, makes it a great candidate for cavitation controlling.
In the last section, inception tests were performed on carbonated water, which was prepared
by injecting compressed CO; into DI water. The freshly made carbonated water was CO»
supersaturated, where bubbles kept forming at the wall of the containers. The equilibrium
reactions associated with CO; dissolving into DI water are shown in Eq. 3.2 and 3.3. When
CO; was injected into water, aqueous CO; and H2CO; were formed. The pH of freshly
made carbonated water was 4.1. In DI water at such pH, over 99% of CO; in water existed
in the form of COxq) [153], which was unstable and could be easily transformed into CO>
gas. The amount of CO; existing in one litre of this solution was equivalent to 6.54x10'*
microbubbles with a diameter of 50 pm or one large bubble of 5.5 cm in diameter, sufficient
for promoting cavitation. As the water pH increased, the dissolved CO> in the form of
H>COs further underwent several equilibrium reactions, where deprotonation occurred to

form bicarbonate and carbonate.

K
COy(aq) + H,CO3 & H* + HCO3 (3.2)
K
H* + HCO; & H* 4+ CO2~ (3.3)
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K; and K> are the equilibrium constant, respectively, and their values as a function of

temperature and water salinity are given by [152]

1
pK, = 3670.7? — 62.008 4+ 9.7944 In(T) — 0.0118S + 0.000116S2 (3.4)

1
pK; = 1394.7? + 4.777 — 0.0184S + 0.00011852 (3.5)

Aqueous COz(q) and H2COs are volatile forms of CO2 in water and can be easily gasified
during the cavitation process. Having the pH and K;, K> known, the fraction of aqueous
COz(aq) and H2COs3 over the total dissolved CO; content, f, can be calculated based on

[H*]®
[H*]? + [H*]K; + KiK,

fa = (3.6)

3.2.3. Acoustic Inception Measurement

In this study, the hydrodynamic cavitation inceptions were detected using an acoustic
sound-recording approach. During each experimental run, the water flow was gradually
increased from the non-cavitating condition to the critical inception value. At this point,
water molecules surrounding the nuclei were experiencing a critical low static pressure
inside the Venturi throat and evaporated. The nuclei expanded in a short period, followed
by arapid collapse when the pressure recovered at the throat end, as vapor inside the bubble
condensed. Such inward motion and subsequent momentum of the surrounding water drove
the bubbles to oscillate drastically and radiated sound waves at an order of magnitude
higher than the level of non-cavitating flow [154]. This phenomenon has been utilized as a

promising method for the inception measurement [51], [142]-[144].
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As shown in Figure 3.1, a high-performance microphone (Florida Research Instrument
100-1) was placed right above the throat of the Venturi tube to record the sound signals at
50k samples/s. The real-time sound signals were measured for half a second at the rate of
one time per three seconds during cavitation tests, and each measurement was recorded in
the form of the power spectrum against frequency using MATLAB. The ambient noise, e.g.
the noise from the peristaltic pump, could potentially disturb the acoustic power spectrum,
especially at high flow rates. To eliminate the interference, the pump was first operated
without the connection of the Venturi tube, and the frequency range of the pump noise
spectrum was obtained. By applying a frequency filter targeting the ambient noise, the
acoustic power spectrum solely affected by cavitation was generated. To differentiate the
cavitating and non-cavitating flow, sound signals before and after cavitation were recorded
and compared. An obvious jump over 4 mW in signal amplitude was observed as the flow
reached the cavitating state. Therefore, sound signals that had amplitude over 4 mW were
regarded as cavitating signals, and their fraction among the 25k sound signals recorded at
each measurement was calculated as the level of cavitation, termed cavitation probability

[145].

Three sample inception experiments were performed using tap water, air-saturated DI
water, and degassed DI water to demonstrate the feasibility of the sound detection method.
The tap water was under pressure during pipe transportation, thus was enriched with air
based on Henry’s law and was expected to be air-supersaturated in the atmosphere [74]. In
each experiment, the water flow rate was first kept low at a non-cavitating condition. As
the flow rate increased to a critical value, cavitating sound signals started to emerge. The

cavitation probability was gradually increased from zero to one with the increasing flow
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rate. To quantify and compare the cavitating conditions, the level of fluid velocity was
represented by the dimensionless number termed cavitation number ¢ defined in the

equation below:

Po _Pv
o =
3.6
v (3.6)

where P, is the saturated vapor pressure at 20 °C operating temperature, p is the liquid
density with consideration of water salinity, and V is the characteristic throat velocity
calculated by dividing the flow rate by the Venturi throat area. As shown in Figure 3.2,
the cavitation probability and its relationship with cavitation number display a cumulative
normal distribution defined as:
f= %{1 + erf (us;\/;)l} (3.7

where erf is the error function. By fitting the cavitation probability and the associated
cavitation number into f and x, the mean (p) and variance (s) of the distribution can be
obtained. In Figure 3.2, cavitation probabilities of three types of water were plotted against
cavitation number. Each group consisted of three experimental runs to generate a more
representative result. From the definition that inception is determined by the largest nuclei
in the fluid [154], the cavitation number when cavitation initiated is a good estimate of
inception. As shown in the figure, x4, which marks 50% of qualified samples, was not an
accurate representation of the inception, especially for water with a high inception number
and low s. However, u could be used as an anchor point to plot a straight fit line, and the

inception was obtained as its interception with the x-axis. As the marks indicated in the
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figure, the cavitation number at inception was presented in terms of cavitation inception

number, where a higher number represents an easier or promoted hydrodynamic cavitation.
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Figure 3.2. Cavitation probability measurement with air-undersaturated/degassed DI water,
air-saturated DI water and air-supersaturated tap water. Experimental data were measured
using a microphone and fitted using error functions to obtain the anchor points p. The
cavitation inception numbers were regarded as the interceptions between the x-axis and the

straight fitting lines that passed through p.

It is known that the tensile strength of a liquid is inversely proportional to the size of
the nuclei present in the system according to the bubble nucleation theory. In other words,
the inception of cavitation is highly sensitive to the size and population of pre-existing
nuclei. Hydrodynamic cavitation, as a technique widely used for bubble generation, may
generate nuclei that potentially survive from the flow circulation during experiments and

interfere with the following inception tests. To avoid this issue, three methods were used
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to prevent the recirculation of cavitation bubbles: (1) The suction tube was placed at the
bottom of the water tank, whereas the discharge tube was placed near the surface so that
the bubbles generated during the cavitation process left the system without interfering with
the cavitation measurement. (2) Hydrodynamic cavitation was turned off quickly once the
inception was reached so that only a small number of cavitation bubbles were generated in
each trail. (3) Since a bubble with a size of 50 um would take about 2 min to exit a 0.1 m
height water body from the tank bottom [155], the system was allowed to rest for at least
2 min between each experimental run so that microbubbles had enough time to exit the

water system.
3.3. Results and Discussion

3.3.1. NaCl effect on hydrodynamic cavitation inception

As discussed in Section 2.2, NaCl addition to air-saturated DI water would make it
supersaturated. In this section, hydrodynamic cavitation inception tests were performed on
the air-supersaturated solutions of different NaCl concentrations to demonstrate the effect
of salt addition on promoting cavitation. As the reference, NaCl solutions of controlled air-
saturation levels were also tested to investigate the effect of salt property without the

influence of the gas saturation level.

The comparison of the cavitation inception number between air-supersaturated water
and air-saturated water was plotted in Figure 3.3. By adding NaCl to air-saturated DI water,
the air-solubility was reduced while the dissolved air content remained the same; as a result,
the solution became air-supersaturated. The excess air diffused into local nuclei to form

small bubbles, which reduced the tensile strength of the liquid and promoted cavitation. As
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shown in Figure 3.3, freshly-made air-saturated DI water had a cavitation inception
number of 0.53. When NaCl was added to reach the concentration of 50 mM, the inception
number was significantly increased to 0.78. The cavitation inception number reached
almost 1 at 200 mM NaCl, which indicates the presence of large micro-bubbles, and
cavitation happens almost instantly when the threshold pressure drops to the saturated
vapor pressure. These results demonstrated that the addition of NaCl into air-saturated DI

water could effectively promote the inception of hydrodynamic cavitation.
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Figure 3.3. The effect of NaCl on hydrodynamic cavitation inception in air-supersaturated
solution and air-saturated solution. The circle and error bar were plotted to represent the
average and standard deviation of inceptions. Inset shows the NaCl effect on solution

surface tension with data obtained from Jones and Ray (1941) [156].

Different from the promoted cavitation with air-supersaturated salt solution, the

inception number remained almost constant at 0.53 using the air-saturated salt solutions
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from 0 to 1000 mM, indicating a minimal effect of salt on cavitation inception without air-
supersaturation. Based on Blake’s theory, the tensile strength of fluid is mainly related to
the air-water surface tension and the nuclei size [134]. In Figure 3.3 inset, the salt
concentration effect on surface tension was plotted [156]. As the NaCl concentration was
increased from 0 to 1000 mM, there was about 2.5% increase in relative surface tension,
which was negligible for inception change. From the perspective of nuclei size, the increase
in salinity helped stabilize bubbles from coalescence; thus is expected to have little effect
on the sizes of already stabilized microbubbles in this study [157]. As both the water
surface tension and pre-existing bubbles size do not change significantly with salinity,
NaCl was demonstrated to have little effect on promoting cavitation if the effect air-

saturation level was not considered.

3.3.2. Effect of air saturation level on hydrodynamic cavitation

inception in DI water and NaCl solution

From the previous discussion, the effect of salt addition on promoting the inception of
hydrodynamic cavitation is expected to be due to the supersaturation of dissolved gases in
water. By obtaining the correlation of air saturation level with the cavitation inception
number and compare the results using DI water and salt solution, the mechanism of salt in
promoting cavitation could be further elaborated. Cavitation inception tests were
performed using the prepared air-supersaturation, saturation and undersaturation DI water
samples with different saturation levels. In Figure 3.4, the relationship of inception vs
water saturation level is plotted. The fitting line in the air-undersaturated region is the linear

fitting of the average inceptions. For the air-supersaturated solutions, excess air did not
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contribute to a higher air saturation level. Instead, the gases diffused into local nuclei to
generate bubbles. As a result, the final air saturation levels were confined at around 1, with
a rich number of micro-bubbles present in the solution. The inset of Figure 3.4 shows the
size distribution of bubbles in one of the air supersaturation water samples measured using
Malvern Mastersizer 3000. With the mean bubble diameter of 50 um, the tensile strength
of such liquid is about 2 kPa based on Blake’s equation, which is quite low considering the
tensile strength of many water samples in the order of mega-Pascal [73], [135], [138], [158].
The generated micro-bubbles greatly promoted cavitation inception, as shown in the
increase of inception number. For air-undersaturated DI water, the inception number
increased in a linear manner with saturation level in the tested range, which was expected

to be caused by the increase in nuclei size [153], [159].
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Figure 3.4. Hydrodynamic cavitation inception number vs air saturation level in DI water.
Inset shows the size distribution of bubbles in one of the air-supersaturated solutions.
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Figure 3.5 shows the inception cavitation number as a function of air saturation level,
using NaCl solutions prepared in Table 3.1. Each data point includes five test runs with
the correspondent NaCl concentrations labelled aside. The linear fitting line obtained from
the air-undersaturated region in Figure 3.4 was plotted as the reference line in Figure 3.5.
From the figure, not only the results of the two batches of samples showed good
reproducibility, the inceptions of degassed water after salt addition also showed good
agreement with the fitting line from Figure 3.4. As salt was gradually added to the solution,
the solution air-saturation level increased. The cavitation inception number increased
following a similar trend obtained from the DI water tests. As the NaCl concentrations of
two batch samples were increased to 800 and 1000 mM, the measured oxygen contents
were 6.6 and 6.2 mg/L, which were much less than the oxygen saturation level in DI water
at 8.4 mg/L. Despite that, the cavitation inception number showed an obvious jump from
the trend line, which indicated supersaturation of the solution and the presence of larger
nuclei which promoted hydrodynamic cavitation. The results confirmed the ability of NaCl
in reducing gas solubility and increase the gas saturation level in the water, thus promoting

hydrodynamic cavitation.
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Figure 3.5. Hydrodynamic cavitation inception number vs air saturation level in NaCl
solutions. Two groups of experimental tests were conducted to show the reproducibility.
The NaCl concentrations in mM were labelled beside each data set. The fitting line of

inception vs air saturation level was obtained from Figure 3.4 using DI water.

3.3.3. Controlling the cavitation inception by changing the pH of

carbonated water

As the air saturation level was the major cause of inception change, the transaction of
gases between the dissolved aqueous status and the nuclei bubble status provides a
promising method to control the inception. In this study, CO», with the advantage of highly
dependent solubility on solution pH, was chosen as an agent for hydrodynamic control.

Hydrodynamic cavitation tests were performed using carbonated water prepared in section
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2.2, and the inceptions were recorded as a function of pH. Considering the aqueous CO»
and H>COs as the unstable component that could be easily gasified during the cavitation
process, inceptions numbers were also presented against f,, which represented the fraction
of aqueous CO> and H>COs over the total dissolved CO> content. In this section, the
increase in dissolved CO» content reduced the water solubility of O», resulting in little O
content of about 3 mg/L in the freshly-made carbonated water. Considering the little
correlation between the solubility of O, and N> with pH, the effect of gases other than CO»

can be neglected in this section.

Figure 3.6a shows the cavitation inception number of carbonated water at different
pHs. A clear downward trend can be observed with the increase in pH. The inset of Figure
3.6 shows the relationship of fi with pH in the ideal solution using Eqgs. 3.4 to 3.6. At pH
lower than 5.5, the inception number was larger than 1. At this stage, CO2q) was greatly
supersaturated, with visible bubbles continuously forming on the container wall. The rich
amount of gas bubbles led to gaseous cavitation even though the pressure inside the bubble
is higher than the saturated vapor pressure [15], [76]. As NaOH was added to the solution
and deprotonation progress carried on, dissolved COz@aq) was converted to the form of
bicarbonate and carbonate. The solution gradually transformed from COzaq) supersaturated
to undersaturated. As a result, COy) gas nuclei dissolved into the solution, leaving little
nucleation sites for the cavitation to start. The inception curve continued to drop until the
pH was increased to around 8, while further increase in pH to 9.5 showed no change in
inception. The result agrees with the inset of Figure 3.6a that the minimum fraction of

dissolved CO; was reached at pH around 8.
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shows the relationship between f, with pH in a saline-free ideal solution.

The curve of cavitation inception number vs f, is shown in Figure 3.6b. As NaOH and
HCI were added to change the solution pH, the electrical resistivity of the solution
gradually decreased, which indicated the accumulation of sodium and chloride electrolytes.
Therefore, the water salinity was considered when calculating the fraction of dissolved CO>
at each pH using Eqgs. 3.4 to 3.6. As Figure 3.6b shows, when most of the CO> content
existed in the form of carbonate or bicarbonate instead of aqueous CO», the hydrodynamic
cavitation was extremely difficult to happen with an average inception number of 0.3. As
faincreased, the carbonated water gradually became gas saturated when f, reached 0.34. In
the middle region where f, increased from 0.34 to 0.59, the inception number remained
constant at 0.55, close to the inception number of air-saturated DI water. The variation of
fa1n this region was mainly due to the change of solution resistivity from 350 to 4000 Ohm,
while the pH of corresponding samples merely increased from 6 to 6.4. Therefore,
comparing to fa, pH appears to be a more direct parameter for the inception change. As fa
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further increased, the same phenomenon as the air-supersaturated water was shown, that

visible micro-bubbles were present in the solution to promote cavitation.

After demonstrating the effect of CO; solubility on cavitation inception of carbonated
water, the reversibility of this method was tested, and the results are presented in Figure
3.7. One litre of fresh DI water at pH 7 was carbonated to pH 4.4, followed by the addition
of NaOH and HCI to tune the solution pH. The target conditions were chosen to be pH 4
and 8, where the fractions of dissolved CO; were close to 1 and 0 as shown in Figure 3.6.
Such a process was repeated five times, and the inception number reached similar high and
low values within the experimental runs. The result demonstrates that changing the CO>
solubility in carbonated water via pH control is not only effective in controlling the

inception of hydrodynamic cavitation, but the method is also highly reversible.
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Figure 3.7. Reversibility tests of cavitation inception controlled by changing the pH of

carbonated DI water. The pH of each water sample was labelled beside it.
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3.4. Conclusions

In this study, we observed that hydrodynamic cavitation inception of aqueous solutions
was promoted with the addition of NaCl. With a minimal change in inception for air-
saturated salt solutions with different NaCl concentrations, the major cause of inception
promotion was the decrease in gas solubility when salt was introduced to the solution. The
excess gas entered pre-existing nuclei, which consequently lowered the liquid tensile
strength and promoted cavitation. The inception number gradually increased with salt
addition when the solution was air undersaturated. Once the solution became air saturated,
further addition of salt induced large nuclei that greatly increased the inception number.
Knowing the gas saturated level to be the major reason for inception change, the method
of altering the CO; solubility in carbonated water via pH change was suggested to be a
promising technique for controlling the cavitation inception. Moreover, the reversibility of
this method was demonstrated and can have implications on the industrial applications that

require early or late hydrodynamic cavitation.
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Chapter 4 Effect of Solid Wettability on

Three-Phase Hydrodynamic Cavitation
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Abstract

In many modern industrial applications such as mineral flotation and water treatment,
microbubbles have been used as an efficient aid for increasing the collision and attachment
efficiencies and enhance the recovery of valuable fine minerals. One technique to produce
such micro-bubbles is to use the hydrodynamic cavitation process when gas cavities in
water nucleate under low hydrodynamic pressure. To better understand the cavitation
behavior in the presence of solids with different surface properties, we present an
experimental study of a multi-phase system. The characteristics of hydrodynamic
cavitation with a Venturi tube were experimentally investigated using acoustic detection.
The effect of both particle and tube wall surface hydrophobicity and surface structure on
the inception of hydrodynamic cavitation were considered. Results demonstrated that
particles with lower wettability promoted hydrodynamic cavitation by efficiently trapping
gas pockets that facilitate bubble nucleation. In addition, in the condition of low particle
concentration (5 g/L) and fine particle size range (D50 <20 um), parameters including size
and roughness did not play a critical role in affecting cavitation inception. Finally, tests
using Venturi tubes of different surface properties showed that the wall surface behaves
similarly as particles. Hydrodynamic cavitation was promoted by a more hydrophobic
Venturi tube which screened the effect of particle surface properties. Highlights in this
study are expected to provide insight into the bubble generation mechanism under different
solid conditions and to potentially achieve both high recovery and selectivity of fine

particle flotation.
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4.1. Introduction

Froth flotation is a widely-used technology in which hydrophobic mineral particles are
attached to air bubbles and separated from the hydrophilic particles [110], [160], [161].
This process reaches a high efficiency for particles with sizes ranging from tens to hundreds
of micrometers. However, recovery of fine particles remains challenging due to the limited
probability of particle-bubble collision [30], [32], [33], [36]. Aiming to increase the
bubble/fine-particle collision probability, techniques such as oil-assisted flotation, carrier
flotation, shear flocculation and selective polymer flocculation have been reported [162]-
[164]. The use of micro-bubbles (hundreds of nanometers to tens of micrometers) is a
promising technology in promoting particle collection efficiency for two main reasons [5],
[47]. First, the generation of micro-bubbles on the particle surfaces acts as bridges that can
significantly enhance the attachment probability between particles and flotation-sized
bubbles [45]-[47]. Second, the micro-bubbles benefit the flotation process by promoting
the aggregation of fine particles and increasing the bubble-particle collision probability [4],
[48], [49]. The overall flotation recovery can be effectively improved with massive micro-
bubbles. Hydrodynamic cavitation, as a simple and energy-efficient technology for micro-

bubble generation [8], [50]-[52], shows great potential in the flotation process.

In hydrodynamic cavitation, the liquid flow experiences a kinetic energy rise in the
Venturi throat, causing a corresponding decrease in pressure. In a confined low-pressure
space where nuclei do not possess enough time to grow by gas diffusion, a critical low
pressure must be reached so vaporous cavitation can happen. This critical pressure is called
the tensile strength of the liquid [54], [57], [165]. In an ultra-pure mono-phase water system,
an extremely large tensile strength has been reported at around 240 MPa [51]. However,
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the threshold for ordinary water is far lower than this value and is only slightly below the
vapour pressure. This difference has been rationalized by the presence of pre-existing
cavitation nuclei or micron-size bubbles stabilized by impurities. Previous research has
demonstrated that the required tensile strength for gas nucleation can be lowered by
decreasing the liquid-gas interfacial tension and increasing gas nuclei sizes. Therefore,
hydrodynamic cavitation can be enhanced by the presence of particles that accommodate
surface bubbles [1], [53], [54], [166]-[168]. Many research studies have been performed
in the recent decades for the application of hydrodynamic cavitation in the improvement
of fine particle recovery[5], [44], [47]. However, the fundamental understanding of the
mechanism of hydrodynamic cavitation in a three-phase system and the corresponding
effect on flotation selectivity remain unclear and requires further investigation. Of
particular interest is the change of three-phase hydrodynamic cavitation behaviors with

different solid properties.

In this study, we investigate the effective parameters and mechanism of both slurry
particles and tube walls on promoting the inception of three-phase cavitation. To achieve
this goal, hydrodynamic cavitation inception tests were first performed using a glass-made
Venturi tube with high wettability to study the effect of particle properties on cavitation
inception without interference from the tube wall. The cavitation inceptions were detected
using an acoustic detection approach, where the results of particles with different
wettabilities, sizes and surface roughnesses were investigated and compared. The particle
wettability, as the most effective parameter, was proposed to affect cavitation by involving
gas pockets rather than the particle property itself. To demonstrate this idea, the particles

of different wettabilities were tested after gas pocket elimination treatment, and the results
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were compared with slurries without any treatment. In the last section, the influence of tube
wettability on three-phase hydrodynamic cavitation was investigated. Inceptions with
particles of different wettabilities were compared between a glass tube and a 3D-printed
Venturi tube with lower surface wettability. The screen effect of the tube wall on particle
wettability effect was analyzed. This study aims to obtain a better understanding of the

behaviors of both particle and Venturi tube walls in three-phase hydrodynamic cavitation.

4.2. Material and Methods

4.2.1. Equipment setup

Using a peristaltic pump, the slurry carried through a Venturi tube as shown in Figure
1a. A magnetic stirring bar with a stirring plate placed underneath the mixing tank was
used for particle-water mixing. The rotating speed of the stirring bar was kept at 450 rpm
in each test for consistency. A flow meter (Omega type FLR1001) was placed in front of
the Venturi to measure the flow rate. The voltages were monitored by an oscilloscope
(Rigol DS1054Z) and converted into liquid flow rate in post-treatment. The flow meter
emitted infrared light and received the reflection back from a turbine wheel driven by the
slurry flow. Particle slurries for each test were prepared at a concentration of 5 g/L, by
which the light transmittance was not blocked for high flow meter performances. To
minimize particle blockage effect on infrared light transmission, calibration was performed

for each experiment with particle slurry.
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Figure 4.1. (a) Schematic diagram of the experimental setup. (b) Images of glass Venturi
tube (top) and 3D printed Venturi tube (bottom). (c) Microscope images and (d)

Tensiometer contact angle measurement of the corresponding material.

4.2.2. Hydrodynamic cavitation device

Two Venturi tubes were used in this study to induce hydrodynamic cavitation. In the
experiments targeting the effect of particle property on hydrodynamic cavitation, the glass-
made Venturi tube shown at the top in Figure 1b was used. The glass material had a
relatively smooth surface with high wettability, as the 10x microscopic imaging and

Tensiometer (Attension Theta Lite) contact angle measurement showed in the top of
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Figure 1c¢ and Figure 1d. Such a tube wall is expected to have a nuclei-free surface, which
barely promotes bubble nucleation. Without interference from tube wall properties, the
glass Venturi tube is ideal for studying the effect of particle properties. A second Venturi
tube was fabricated using the Formlabs Form2 3D printer equipped with Stereolithography
(SLA) technology, as shown at the bottom of Figure 1b. To minimize the geometry
difference between the two tubes, the 3D printed tube was designed with similar parameters
as the glass tube, with 10 mm inlet diameter, 2.2 mm throat diameter, 21° convergent angle
and 9° divergent angle. Both tubes were fabricated with inlet and outlet extensions that
were joint to the half-inch recirculation hoses. Although the SLA technology uses lasers to
solidify photo-sensitive liquid material and is a well-known technology for high-resolution
fabrication [169], a relatively rough surface was observed under the 10x microscopic

imaging compared to the glass material. Furthermore, the contact angle measurement
shows a more hydrophobic surface with a contact angle of 55°. In the study of the Venturi

wall's effect, particles with different properties were tested with both tubes, and the

cavitation inceptions were compared.

4.2.3. Particle preparation and characterization

In the three-phase cavitation study, silica particles were used to prepare the slurry due
to their easy size control and wettability modification. By grinding the crystalline bulk
silica using a Shatter Box and following sieving, three patches of silica particles with
different sizes were obtained. The particle sizes were measured using Mastersizer 300, and
the average result of three tests for each patch is listed in Table 4.1. With the mean sizes

of less than 20 um from the Mastersizer 3000 measurement, these silica particles were
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selected to represent the fine particles that are problematic in the mineral flotation
processes [36]. As a reference to the rough silica particles, spherical glass beads purchased
from Kisker Biotech GmbH & Co. were also tested in the effect of particle surface
roughness study. The SEM images of patch 3 silica particles and glass beads are shown in
Figure 4.2, with 100 um scale bars for the left images and 40 pm scale bars for the zoomed
right images. The glass beads have a spherical shape with relatively smooth surfaces, while
the silica images show obvious irregular shapes with creviced surfaces that are potential

sites for surface gas nuclei.

Besides the particle surface structures, wettability also plays a crucial role in the
presence of surface nuclei. For wettability modification, the dry silica particles and glass
beads were placed into the 0.2 vol% dichlorodimethylsilane (DDMS) in toluene
solution[170]. During the treatment, DDMS peeled off the hydrophilic hydroxyl group
from the silica surface and substituted it with a layer of methyl groups repulsive to water

molecules, and a longer treatment period led to lower wettability.

As direct contact angle measurement on fine particles is difficult, flat silica wafers as
references were silane-treated with particles, and their contact angles before and after
treatment were measured. The contact angles are listed in Table 4.2, where the values are
summarized from three tests for each sample. Before treatment, the contact angles of clean
silica wafers were measured to be less than 10°, indicating a relatively clean surface. After
10s, 30 s and 120 s of silane treatment, the contact angle of the clean silica wafers roughly
increased 20° between each step leading to 35°, 54° and 73°, respectively. In this study,
despite the contact angle of silane-treated particles never exceed 90°, they are referred as

“hydrophobic” particles in the results and discussion section for differentiation from the
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bare silica particles. Although the apparent wettability of silica particles is a combination
of surface roughness and material hydrophobicity, and the contact angles of silica wafers
could not fully represent the contact angles of the particles, this contact angle measurement

provides a general trend of the particle wettability.

Table 4.1. Sizes of the tested particles

Particle Name D10 (um) D50 (um) D90 (um)
Silica Patch 1 0.414 1.54 10.9
Silica Patch 2 291 11.7 24.4
Silica Patch 3 1.73 16.9 56.8
Glass Beads 2.08 19.9 52.1

Table 4.2. The corresponding contact angle of glass slides after the different duration of

0.2 vol% DDMS treatment

0.2 vol% DDMS Average Contact Angle on Standard Deviation
Treatment Time Clean Glass Slides of Contact Angle
0 8.71 +1.22
10s 35.15 +2.94
30s 53.96 +4.36
120 s 72.57 + 6.48
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(b)

Figure 4.2. SEM images of particles at 400x and 1600x: (a) patch 3 silica particles and (b)

glass beads.

4.2.4. Cavitation inception measurement

In this study, the inceptions of hydrodynamic cavitation were measured using an
acoustic detection method. A microphone (Fifine-K050) was connected to a computer and
taped at the outer wall of the Venturi tube close to the throat. By using Mastersizer 3000,
the cavitation generated microbubbles have sizes ranging from 20 to 100 um with D50 is
about 40 um without particle or chemical addition. The freshly produced microbubbles are
smaller than the measured value as they experience coalesce while entering the chamber
of Mastersizer. When cavitation occurred, high-frequency energy waves that radiated

during bubble oscillation were detected by the microphone [171]. As shown in the insets
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of Figure 4.3, the absolute amplitudes of the sound signal were extracted in the conditions
of no cavitation, intermediate cavitation, and full cavitation. The fluctuation observed in
the insets is caused by pulsating flow from the peristaltic pump. The ambient noise was
detected below the amplitude threshold of 3 mV, while the noise radiated by the
hydrodynamic cavitation exhibited a higher sound level. Cavitation was then distinguished

by using a threshold of 3 mV.

For the inception measurement using the acoustic method, half-second of acoustic
samples were recorded at 100 kHz at each flow rate. As shown in Figure 4.3, the proportion
of cavitation samples was plotted against the throat velocity calculated by dividing the flow
rate by the Venturi throat area. The fraction of cavitation samples (f) that reach the
amplitude threshold are named cavitation probability, and its relationship with throat

velocity displays a cumulative normal distribution defined as:

f= %{1 + erf [%l} (4.1)

where erf is the error function, v is the throat velocity, p and o are the mean and variance
of the distribution. The S-shape cumulative frequency curve can be obtained by fitting the
cavitation probability and the associated velocity data into the function above. To quantify
the cavitation inception for numerical analysis and comparison, the cavitation inception in
this study is defined as the throat velocity where a straight-line fitting the middle section

of the S-shape curve intercepts with the x-axis.
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Figure 4.3. Example of cavitation probability test with patch 1 silica particles after 10 s of
silane treatment. Inset: The amplitude of the acoustic signal in the conditions of no

cavitation, intermediate cavitation, and full cavitation, respectively.

4.3. Results and discussion

4.3.1. Effect of particles to stabilize nuclei in the water system

Classical theory suggests that gas nuclei in a liquid-air two-phase system are unstable
due to their large Laplace pressure. However, stabilized nuclei were observed in particle
or dust-rich environments [172]. These nuclei, in return, act as gas nucleation sites and
facilitate cavitation. In this section, hydrodynamic cavitation was performed using a glass
tube to avoid the nuclei trapped on the tube wall. Without particle addition, the system

consists of only de-ionized (DI) water and bulk nuclei were used to simulate two-phase
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hydrodynamic cavitation, and the large inception variation of the two-phase cavitation was
analyzed. After that, hydrophilic silica particles were introduced, and the role of particles

in unifying cavitation inceptions was discussed.

The inceptions of two-phase hydrodynamic cavitation in the glass Venturi tube are
shown in Figure 4.4. The lines represent the averaged fitted curve of ten tests in each
condition. To visually display the reproducibility, each fitted curve was associated with a
shaded area, which was obtained based on the standard deviation of the mean of
distributions, u from Eq.4.1, with 99% confidence interval. The results show an interesting
phenomenon that for the more than twenty inception tests performed, two distinct groups
of results were obtained from the two-phase cavitation despite using the same setup and
de-ionized water. The first group on the right has average inception at about 22 m/s. The
other group of water samples, by contrast, has much quicker cavitation with average
inception at 19 m/s. According to Bernoulli's equation, the pressure in the fluid decreases
with the square of fluid velocity. The high cavitation inception indicates a stable water
system that is able to withstand low pressure before the liquid ruptures (cavitation). Such
water samples were sensitive to the presence of gas pockets, which were detrimental to the
high tensile strength of the liquid [133]. In other words, this group of water samples are
relatively “nuclei-free”. On the other hand, the two-phase cavitation tests with lower
inception velocities were “nuclei-present”, which were likely induced when replacing the
post-cavitation water with fresh DI water for the preparation of the next set of experiments.
These nuclei with micron or smaller radii tend to dissolve in bulk water due to the large

Laplace pressure unless they are stabilized by either bulk contaminants or tube wall [60],
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[173]. The two groups of the two-phase cavitation inceptions could be explained by the

unstable existence of nuclei in the water system.
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Figure 4.4. Cavitation probability as a function of throat velocity with DI water. Two
distinct groups of water results using the same setup and material were observed. The curve

of “nuclei-present” water overlaps with the result using untreated silica patch 1.

To confirm the role of naturally hydrophilic particles in stabilizing nuclei and enhance
cavitation, silica patch 1 slurry at a concentration of 5 g/LL was added to the water system,
and the inception curve is shown in Figure 4.4. For the ten tests performed with the
hydrophilic particles, the results showed great consistency, that the two groups of
inceptions obtained from two-phase cavitation were unified to one group at about 19 m/s,
which almost overlapped with the “nuclei-present” water data. The patch 1 silica particles,

with small D50 at 1.5 um, and naturally hydrophilic characteristics, were not expected to
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bring large nuclei to the water system. Despite that, the particles were able to stabilize the
pre-existing nuclei in the system, which reduce the required tensile strength and promote

cavitation.

4.3.2. Particle wettability effect on cavitation inception with different

types of particles

The wettability of particles plays an important role in hydrodynamic cavitation. Not
only because low wettability provides lower energy for heterogeneous nucleation [51],
[166], most importantly, it increases the ability of solids to stabilize gas pockets, which
drastically lowers the tensile strength of the liquid and induces cavitation at a relatively
high pressure. In this section, the silica patch 1, 2, 3 and glass beads of different
wettabilities were tested at a concentration of 5 g/L, and the comparison of averaged
inceptions of five runs is shown in Figure 4.5. The hydrodynamic cavitation was induced
by using the glass Venturi tube with a hydrophilic and smooth wall surface. The group of
“nuclei-free” DI water tests, representing the two-phase (air and water) hydrodynamic

cavitation, were plotted as the reference.

As Figure 4.5 shows, all four types of bare particles have significant effects in reducing
the cavitation inception comparing to the two-phase cavitation due to particles stabilizing
nuclei and created nucleation sites for inception. Similar to the two-phase condition, the
cavitation probability rose sharply with bare silica addition, which indicates that the
cavitation happened violently in just a short period at the corresponding threshold.

According to Blake's theory [174], the threshold for bubble nucleation is inversely
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proportional to nuclei size. Therefore, the inception profiles of bare particles suggested that

the nuclei involved in these cavitation activities were tiny and with relatively uniform sizes.

The inceptions with particles of different wettabilities are compared in Figure 4.5. As
discussed in section 4.2.4, the inception value in this study is quantified as the throat
velocity where the straight line fitting the middle section of the S-shape curve intercepts
with the x-axis. It can be clearly observed that with the increase of the particle
hydrophobicity, the inceptions show a gradually decreasing trend. This phenomenon is
universal for all four types of particles. Taking Figure 4.5a as an example, the hydrophobic
silica particles lowered the inceptions to 16 m/s, 14 m/s and 13 m/s after silane treatment
time tppms of 10 s, 30 s and 120 s. Comparing to the inception of the two-phase system
which was about 22 m/s, particles after 120 s of treatment caused a significant 9 m/s drop
to the inception. Such a drop in inception velocity could be converted to a 158 kPa
difference in pressure based on Bernoulli's equation. The low pressure threshold for
cavitation results from the presence of large nuclei. With similar ending points at 19 m/s
to the bare silica particle curves, particles with hydrophobic coating display earlier
inceptions with lower slopes of the cavitation probability curves. These results indicate that,
besides the same population of small nuclei which sustain full cavitation, the
hydrophobized particles also brought larger nuclei to the water system, which induced
partial cavitation at lower throat velocity. Moreover, as the wettability of solid particles

decreases, they are able to hold more and larger nuclei.
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Figure 4.5. Hydrodynamic cavitation inception tests with silica: (a) patch 1, (b) patch 2,
(c) patch 3, and (d) glass beads at 5 g/L. Each type of particle was treated in a DDMS
solution for different periods (tbpms) to modify the surface wettability. The average and
standard deviation of five tests are plotted for particles with each wettabilities. The result

of the “nuclei-free” two-phase hydrodynamic cavitation is plotted as a reference.

Silica particles from patches 1 to 3 have different sizes listed in Table 4.2. By
comparing Figure 4.5a with 4.5b and 4.5c¢, the size effect of particles on hydrodynamic
cavitation was demonstrated. The patch 3 particles, with the largest average size, show the
lowest inception without silane treatment. This result was confirmed by Marshall et al. in
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2003 that larger particles have a better effect in reducing the tensile strength of water,
possibly due to the ability to hold larger nuclei [58]. However, this effect is no longer
obvious for hydrophobic particles. Hydrophobic fine particles exhibited smaller inceptions
as particle size increased. This result might arise from the complex fine particle
agglomeration process where micro-size bubbles can be stabilized inside a particle-bubble
cluster [46], [49], [112]. The results show that in the tested size range, wettability plays a
critical role in reducing cavitation inception regardless of the particle size. However, this

cavitation selectivity is more pronounced for fine particles.

Glass beads with similar particle size distributions as silica patch 3 were applied to
examine the effect of particle surface roughness on cavitation inception (Figure 4.5d).
Similar to Figure 4.5¢, the ability of hydrophobized glass beads in lowering the inception
of the fluid system is as good as the silica particles. This result is contrary to the expectation
that the smooth surface of glass beads was supposed to have a limited ability to facilitate
nuclei. Nuclei that exist in the crevices on the particle surfaces are restricted by the size of
the crevices [57], [175], thus the nuclei are expected to be tiny considering the fine sizes
of particles used in this study. Moreover, as shown in Figure 4.6, the phenomenon of "air-
ball" like clusters was observed when hydrophobic particles were added to the water
system, which evidenced the presence of large air bubbles agglomerated with hydrophobic
particles. According to the bubble nucleation theory, the inception is initiated by the
nucleation of the largest nuclei in the system. The results demonstrated that hydrodynamic
cavitation with particles is possibly induced by the bubbles attached to particles, whereas
the tiny nuclei entrapped in surface crevices play an insignificant role in this case.

Therefore, the effect of particles on cavitation is barely affected by surface roughness.
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Figure 4.6. Microscopic images of slurry using patch 2 silica particles (a) without and (b)

with 30 s of DDMS treatment. Air balls were observed with surface hydrophobic particles.

4.3.3. Role of gas-pockets in the effect of wettability in hydrodynamic

cavitation

Besides the formation of particle-covered air bubbles during particle addition, another
possible mechanism for the hydrophobic particles to bring bubbles into the water system
is that when silane-treated particles were added to water, they would sink before being fully

wetted and carry gas pockets on their surfaces [172]. Both theories suggested the
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introduction of gas pockets during hydrophobic particle addition. Therefore, the reduction
of cavitation inception by hydrophobic particles was believed to be the effect of surface
gas pockets. However, hydrophobic solid surfaces themselves could promote cavitation
since the free energy required for bubble nucleation is lowered with higher hydrophobicity
[51]. To investigate the significance of gas pockets in the effect of particle wettability,
particle slurries after gas-pocket elimination were tested. The correlation between
cavitation inceptions and particle wettabilities was compared with that of undegassed

slurries.

To remove the gas pockets in the water system, the silica patch 2 slurries were degassed
by vacuuming in a sealed flask for ten minutes. The samples were then placed in the open
air for four days to recover the air-saturation level so that the inceptions could be examined
without the effect of gas-saturation level [150]. With the equilibrium contact angle of tested
particles less than 90°, the degassed particles would not be able to spontaneously re-
generate surface nuclei, even in the crevices [176]. In Figure 4.7, throat velocity at
inception was plotted as a function of the particle hydrophobicity, which is represented by
the contact angle of glass slides under the same silane treatment. Curves fitted the average
inceptions were plotted to guide their trend over hydrophobicity. Regardless of the
presence of gas pockets, the addition of bare silica particles (9°) has similar inceptions at
approximately 18 m/s. The inception differences were observed between undegassed and
pre-degassed slurries when the silane-treated silica particles were applied. For silica in
undegassed water, the inceptions decreased considerably with hydrophobicity. In
comparison, the pre-degassed slurries showed relatively consistent inceptions at around 18

m/s, which barely changed from the untreated silica. These phenomena indicate that the
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gas pockets are the main trigger to promote cavitation, and larger gas pockets are carried
by particles with higher hydrophobicity. A noticeable drop in inception could be observed
for particles of 73°. However, the average inceptions (17 m/s) are still about 20% higher
than the inception tested in undegassed water. Considering the effect from surface energy
not as critical as gas pockets for cavitation inception, this drop in inceptions is possibly
caused by the hydrophobic particle-stabilized gas pockets which survived from the nuclei

elimination process.
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Figure 4.7. Hydrodynamic cavitation inceptions with particles of different wettabilities.
Cavitation tests were performed using silica patch 2 in pre-degassed water to eliminate the
gas pockets in the water system. The results are compared with tests using un-degassed

slurries.
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4.3.4. Effect of Venturi tube wall wettability on three-phase cavitation

In previous sections, the hydrodynamic cavitation was performed in a glass-made
Venturi tube whose wall is smooth and hydrophilic. Without interference from the tube
wall, hydrodynamic cavitation tests show that the wettability of solids plays an important
role in changing the inception of three-phase hydrodynamic cavitation. Considering the
direct interaction between the wall and liquid flow, it is reasonable to expect that the surface
properties of the Venturi tube wall would also affect the hydrodynamic cavitation process.
In this section, silica patch 2 slurries with different wettabilities were tested in the 3D-

printed Venturi tube. The results were compared with the glass tube.

In Figure 4.8, cavitation inceptions of particle slurries are plotted as a function of
particle wettability, and the effect of glass Venturi tube and 3D-printed Venturi tube were
compared. Tests performed in two-phase systems were included as the reference group.
For tests performed in the glass tube, the addition of silane-treated silica decreases the
inceptions considerably. The curve fitting average inceptions display a downward trend
from approximately 20 m/s in two-phase cavitation tests to 14 m/s in tests with the most
hydrophobic silica particles (73°). By contrast, the cavitation test using the 3D-printed tube
showed much lower inception in two-phase cavitation, where cavitation started as early as
15 m/s throat velocity. As shown in Figure 4.1b, the 3D-printed Venturi tube was
intentionally designed to have similar geometry as the glass Venturi tube. The geometry
differences between these two Venturi tubes are within 100 micrometer range. Such a tiny
difference could not solely explain the significant inception difference in two-phase
cavitation tests (almost 5 m/s) without the effect from the hydrophobic characteristic of the

3D-printed tube wall. When bare silica particles (9°) and 10 s-silane treated particles (35°)
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were added, the inceptions barely changed since their contact angle is much lower than the

contact angle of 3D-printed material at 55°. The nuclei induced by those particles were not

as large as the hydrophobic tube wall, having no apparent effect on cavitation inceptions.

The further addition of the 30 s and 120 s treated particles (54° and 73°) in 3D-printed tube

lowered the inceptions, the overall decrease was from about 15 m/s to about 13 m/s. The

effect of hydrophobic particles in lowering inception velocity was far less effective than

using the glass tube.
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Figure 4.8. Hydrodynamic cavitation inceptions with patch 2 silica with different

wettabilities. Tests were performed using a glass Venturi tube and a 3D-printed Venturi

tube.
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4.4. Conclusion

The effect of particle properties on hydrodynamic cavitation behavior was
investigated using the acoustic detection setup. Two distinct average inceptions, 18.9 and
21.8 m/s, were found in the two-phase cavitation tests using a glass Venturi tube. The
addition of naturally hydrophilic fine particles converged the inceptions to 18.5 m/s, which
is possibly due to the particles stabilizing gas nuclei in bulk water. Particles with different
wettabilities, sizes and roughness were also tested in the three-phase hydrodynamic
cavitation. Regardless of the surface roughnesses and particle sizes, particles with lower
wettabilities could effectively reduce cavitation inception. Based on the relative constant
inceptions from three-phase cavitation tests using pre-degassed slurries, the mechanism of
particle wettability effect was demonstrated to be the introduction of gas pockets.
Compared to the glass Venturi tube, the 3D-printed Venturi tube had a more hydrophobic
tube wall which significantly promoted hydrodynamic cavitation. Under such
circumstances, the wettability effect from particles on hydrodynamic cavitation became

less obvious.

In the industrial flotation process, both recovery and grade are critical parameters that
need optimization. Hydrodynamic cavitation, as an efficient micro-bubble generation
process, was proven to improve the recovery of fine particles. However, questions have
been raised that the tiny bubbles could entrap unwanted particles, causing a lower grade of
froth. Based on this study, it is encouraging to see that hydrodynamic cavitation has the
potential to improve the flotation selectivity, taking advantage of particle hydrophobicity
in promoting cavitation. By using a hydrophilic Venturi tube where the performance of
hydrophobic and hydrophilic particles can be differentiated, the operation flow velocity
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could be adjusted to reach the inception of only target particles. By doing so, it is promising
to have bubble nucleation from cavitation happening on target particles only; thus both

recovery rate and selectivity are improved.
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Chapter 5 Enhancement of Selective Fine
Particle Flotation by Microbubbles
Generated through Hydrodynamic

Cavitation
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Abstract

The flotation of fine particles less than 50 um is challenging for the mining industry.
By using hydrodynamic cavitation, a significant improvement in the recovery of fine
particles has been found. This study aims to investigate the effect of hydrodynamic
cavitation on the selective flotation of fine particles from detailed mechanisms. Our single-
bubble flotation results indicated that the bubble-particle collection efficiencies of fine
silica particles (Dso = 6 pm and Dsp = 16 um) improved after hydrodynamic cavitation,
especially for hydrophobized silica particles. The improved flotation performance of fine
particles was investigated from three perspectives: (1) By zeta potential distribution
measurements, bubble-frosting on hydrophobic particles was demonstrated after
hydrodynamic cavitation. (2) The formation of large aggregates of hydrophobic fine
particles after cavitation was revealed by slurry turbidity and particle size measurements,
potentially contributing to the improved collision efficiency of the fine particles due to the
bridging effect provided by microbubbles. (3) The attachment efficiency between a solid
surface and flotation bubbles was enhanced if the surface was covered with hydrodynamic
cavitation-generated microbubbles. Compared to the hydrophilic particles, the
hydrophobic particles benefited from the hydrodynamic cavitation from the perspectives
of bubble frosting, particle-bubble collision efficiency and attachment efficiency. Based on
this study, it is expected that the separation efficiency for fine hydrophilic and hydrophobic

particles can be improved by hydrodynamic cavitation.
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5.1. Introduction

Froth flotation, which was first applied in the mining industry in the nineteenth century,
is now widely used in mineral processing [23], [25], oil sands processing [18], [19], [177],
[178], paper recycling and wastewater treatment [21], [179], [180]. With the depletion of
high-grade and easy to process ores, miners are facing low-grade and complex ore bodies.
In this case, fine grinding circuits have to be applied in order to liberate the valuable
minerals, resulting in a substantial amount of fine particles. It has been reported that the
flotation recovery is highly dependent on the particle size. Particles under 10-20 pm, even
with desired hydrophobicity, are difficult to recover by flotation except by entrainment
[35], [181]-[183]. This phenomenon is believed to result from the low efficiency of

particle-bubble interactions [26], [27], [29], [184]-[186].

It is generally accepted that the interactions between particle and bubble include three
sub-processes: collision, attachment, and detachment [26], [27]. Surface forces such as the
Van der Waals, electrostatic and hydrophobic, are important to the particle-bubble
interaction, particularly the attachment efficiency [27], [187], [188]. For fine particles, the
detachment is negligibly small because of the low inertia [28], [29]. Their small sizes
mainly contribute to the low collision efficiency between them and conventional flotation
bubbles. Two major approaches have been investigated to improve fine particle flotation,
including decreasing the bubble size and increasing apparent particle sizes [36]. In
particular, the methods of enhancing particle sizes by forming flocs or aggregates are of
great interest. Typically, a long-chain polymer or coagulant is added to promote the
aggregation of fine particles [37], [38]. However, this method had challenges in the
industry due to the lack of selectivity of the reagents used, resulting in the entrapment of
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gangue minerals [39], [40]. Thus, the demand for an efficient method to selectively
improve the collision and attachment of conventional flotation bubbles and fine particles

1s still substantial.

In recent years, hydrodynamic cavitation (HC) emerged as a promising method for
improving the flotation recovery of fine and ultrafine particles [3], [16], [189]. Cavitation
is a process whereby gas/vapour filled voids are formed [1]-[3]. With a fast liquid flow
through a specialized geometry, such as orifice and Venturi tube that allows velocity
variation, hydrodynamic cavitation occurs, and bubbles nucleate by utilizing the decrease
and subsequent increase in local pressure [190]. It has been reported that
micro/nanobubbles generated by hydrodynamic cavitation can help the aggregation
formation and increase the surface hydrophobicity of fine and coarse particles (coal,
phosphate), thus improving flotation recovery and flotation rate [6], [41], [44], [143].
Besides that, the advantages of micro/nanobubbles can extend to lower consumption of

collector and frother [43], [44], [191].

Previous studies have mainly focused on the effect of HC on the overall recovery of
target particles. However, the detailed mechanism in flotation sub-processes and the effect
on flotation selectivity were usually neglected. The goal of this paper is to investigate the
effect of hydrodynamic cavitation on the flotation of both hydrophilic and hydrophobic
fine particles. The collection efficiency representing the overall floatability of particles
before and after HC was experimentally quantified. To explain the results, the effects of
HC on particles with different wettabilities were further investigated from the perspective

of bubble frosting, aggregation formation and solid-bubble attachment. In the end, the
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mechanisms of HC on the selective improvement of hydrophobic particle flotation were

discussed and summarized.
5.2. Experimental Methods

5.2.1. Hydrodynamic cavitation devices and operating parameters

The hydrodynamic cavitation (HC) based bubble generation setup is shown in Fig.
5.1A. The setup with auto-gas suction was designed to continuously provide microbubbles
for the study of particle performance in the flotation process. Connected by the 5/16 inches
(7.94 mm) Tygon tubes, the peristaltic pump drove the water from a storage tank at
atmospheric pressure into the Venturi-type gas suction tube. This tube was designed with
a tube inlet/outlet diameter at 6.67 mm and a slight narrow throat diameter of 5 mm, which
created a zone lower than the atmospheric pressure at the Venturi throat when water passed
through. The air was automatically injected into the system, by which the air flow rate was
controlled at 14.3 CCM by the valve. At downstream of the peristaltic pump, the water-air
mixture entered a pressurized cell and separated into two phases. Choked by the Venturi
type HC device with a large inlet/throat diameter ratio at 4, high pressure built up in the
pressurized cell, causing the dissolution of excessive air into water according to Henry’s
law [74]. The air-saturated water was discharged from the cell bottom to avoid the escape
of large bubbles. In the downstream, the Venturi-type HC device was designed with a high
inlet angle at 42° and a low outlet angle at 6° so that the occurrence of HC was greatly
promoted [147], [192]. The liquid passing through the Venturi throat experienced a sudden
static pressure drop and became air-supersaturated, and subsequently microbubbles

nucleated at the tube outlet. In this study, the HC bubble generation process was conducted
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using DI water in a controlled environment at 20°C, with a constant water flow rate at 1.34
L/min (approximately 25 m/s at Venturi throat) and no chemical additives. One minute of
HC setup operation would generate sufficient microbubbles to turn the clear DI water into
milky bubble solution, as shown in Fig. 5.1B. An on-site bubble size measurement using
Malvern Mastersizer 3000 provided the microbubble size distribution in Fig. 5.1C, with a
mean bubble size of about 38.3 um. The actual bubble sizes could be much smaller than
the measured value since tiny bubbles passing through the Mastersizer suction tube would

coalesce or dissolve without stabilizing by any surfactant.
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Figure 5.1. (A) Hydrodynamic cavitation-based bubble generation device with auto gas-
suction design. (B) Picture of DI water after one minute of bubble generation process with
operating parameters used in this study. (C) Size distribution of the HC generated

microbubble measured using Malvern Mastersizer 3000. No surfactant was added in this

operation.
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5.2.2. Single bubble-particle collection efficiency measurement and

calculation

In this study, the overall efficiency of bubble-particle interaction was quantified by
measuring the collection efficiency. This study used two batches of high purity silica
particles purchased from U. S. Silica (MIN-U-SIL®) with mass median diameters (Dso) at
around 6 um and 16 pm. The contact angle of original silica particles was assumed to be
10° by measuring the contact angle of a clean glass of similar material. Two batches of
silica particles were hydrophobized to various degrees by exposure to 0.1%
dichlorodimethylsilane (99.5%, Sigma-Aldrich) in toluene for 0.5 and 2 min, and the
contact angles of the silica particles were approximated by the contact angles of glass

surfaces with the exact same treatment, which were 45°-50° and 75°-80°, respectively.

The two batches of silica fine particles, each with three different wettabilities, were
used in the single bubble flotation experiment before and after HC treatment. For each test,
1 g of silica particles were mixed in 1 L of DI water using a mechanical agitator kept at
300 rpm for 5 min to form the 0.1 wt% silica suspension. Such dilute suspension was
prepared to minimize the entrainment amount in the collection efficiency measurement.
For experiments that required the HC treatment, the suspension was recirculated through
the HC setup for 1 min, then immediately transferred to the single bubble flotation set up

for collection efficiency tests.

A modified Hallimond flotation setup with a three-way valve for the single bubble-
particle collection efficiency experiments is shown in Fig. 5.2. In order to minimize

unwanted turbulence and create a particle-free water zone before introducing the single
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bubbles, a three-way valve designed by Dai et al. was used in this study [193]. During
feeding, the three-way valve was positioned towards the bottom, where the top and bottom
sections were separated as shown in the top inset of Fig. 5.2. Fresh Milli-Q water was
introduced into the top tube from the water injection site, while the silica suspension was
transferred to the tube bottom from the slurry injection site. During the experiment, the
three-way valve was positioned to the right, as shown in the bottom inset, so that the top
and bottom tubes were connected. Capillary generated single bubbles (about 2.2 mm on
average) with an inner diameter of 0.15 um were injected from the tube bottom for a total
of one minute at about one bubble per second; the total number of bubbles was around 60-
70 for each test. The particles were collected from the particle collecting chamber and then

counted by microscope visualization.
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Figure 5.2. Single bubble flotation test setup for collection efficiency measurement. A
three-way valve was placed in the middle to separate clear water at the top tube from

particle suspension at the bottom before the experiment.
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The calculation of collection efficiency follows the work of Dai et al. [194], where the
experimental collection efficiency E Ce ;C lp is estimated as a function of the number of

particles collected per bubble; in order words,

exp _ Npr _
Ecol = W =E.E,E; (5.1)

where Ny r represents the number of particles floated per bubble, C,, is the particle number
concentration and V; is the volume of the suspension in the path of the rising bubble. The

collection efficiency can be defined as the product of the efficiency of three sub-processes
in flotation, which involves collision efficiency, E., attachment efficiency, E,, and stability

efficiency, E; [195].

The collection efficiency provides an overall concept of the ability of a type of particle
to be picked up by flotation bubbles. It is also regarded as the combination of efficiencies
for the flotation sub-processes. To explain the selective effect of HC on particles of
different wettabilities, the fundamentals of HC on particle collision and attachment were
further studied. The stability efficiency of particle-bubble masses was neglected in this
study, as small sizes and low masses of particles were associated with negligible

detachment probability [28], [29].

5.2.3. Bubble frosting tests by Zetaphoremeter

The =zeta-potential distribution analysis using Zetaphoremeter (SEPHY-CAD
Instrumentations) is an innovative method to identify the interaction potential of different
substances in dynamic environments [196], [197]. It measures the electrophoretic mobility

distribution of materials by tracking their trajectory in an applied electric field, and the
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electrophoretic mobilities are converted to zeta potential using the Smoluchowski equation
[198]. In this study, the zeta potential distribution of air bubbles generated using the HC
set up and particle suspension of 6 um silica at 10° and 45° were measured individually.
Without surfactant addition, the zeta-potential distribution of silica particles and air
bubbles show similar results that are difficult to distinguish [199]. To solve this issue and
to stabilize bubbles for measurements, the cation surfactant dodecylamine hydrochloride
(DAH) at 0.1 mM was added to each sample to bring the zeta-potential of bubbles to a
relatively positive value. For the experiments of HC bubble frosting on particles, silica
suspensions of different wettabilities were mixed with HC bubbles using two methods: (1)
The suspension was mixed with HC-generated bubbles using a stirrer; (2) The suspension
of particles was directly recirculated in the HC bubble generation setup, then, analyzing
their zeta potential distribution. The level of bubble frosting at each condition could be
analyzed by comparing the zeta-potential distributions of the mixtures with pure particles
or bubbles. All measurements were carried out in 10 mM NaCl solution at natural pH of

around 6.5.

5.2.4. Particle aggregation tests by measuring slurry turbidity and

particle size distribution

Previous research has demonstrated that the particle-bubble collision efficiency is
proportional to the square power of particle sizes [31], [200], [201]. In fine particle flotation,
the low collision efficiency due to small particles sizes is a critical issue that needs to be
addressed. Previous studies on the HC have visually shown the images of particle

aggregates bridged by microbubbles [6], [46], [49]. In this study, the selective effect of HC
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bubbles on aggregation formation was demonstrated using turbidity tests. Silica particles
(6 um) with CA = 10°, 45°, and 75° were used to prepare 1 wt% slurry. The slurry samples
at agitation before and after 1 min of HC treatment were immediately transferred to a 100
mL glass cell equipped in Micro 100 Turbidimeter (Scientific, Inc.). This equipment
automatically measured the turbidity of the slurry sample in real-time so the relationship
between turbidity change over time could be obtained. The formation of aggregates could
reduce the number of suspending particles, thus resulting in a turbidity decrease in the
slurry. The slurry samples were then taken to measure the particle size distribution using
the Malvern Mastersizer 3000, so that the results from turbidity tests could be verified. To
avoid interference from bubbles in the particle size measurement, each sample was size-
measured at least 5 mins after HC treatment, so that the free microbubbles in bulk water

would either dissolve or escape from the solution.

5.2.5. Bubble-solid attachment experiment

In the bubble-solid attachment efficiency study, flotation size bubbles were generated
one by one to interact with inclined glass pieces in DI water. This method has been used to
measure the induction time of bubbles and solid surfaces [202]. As explained in Fig. 5.3,
bubbles generated from a capillary tip would rise, contact, slide, and potentially attach to
the top glass tilted 30°. Three glasses of different surface properties were prepared: A UV-
treated clean glass surface with CA = 10°, a hydrophobized glass surface with CA = 45°,
and a microbubble-covered glass surface prepared by placing a bare glass into HC
generated bubble solution. By image analysis, the sizes of rising bubbles in this section
were measured at about 0.9 mm. The controlled small size could avoid bubble deformation

according to Weber number, We:
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where p; and o are the density and surface tension of DI water, respectively. With the
bubble volume equivalent diameter, d, ~ 0.9 mm, the bubbles had rising terminal velocity,
vy, of about 0.1 m/s [203], [204]. Such flotation bubbles had a Weber number around 0.13,
which is less than one. Therefore, the bubbles would undergo negligible deformation and
a relatively consistent rising path [205]-[207]. After contacting the glass surfaces, the
bubbles were not necessarily attached but thinning the interfacial water film while sliding
on the glass surface due to the buoyancy force. Using a high-speed camera, the motion of
the bubbles approaching and sliding underneath the glass surface was captured, and the

period from bubble-solid contact to attachment was recorded as the induction time.
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Figure 5.3. Schematic diagram of the bubble sliding experimental setup and graphic

demonstration of parameters.
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5.3. Results and discussion

5.3.1. Single bubble-particle collection efficiency

The collection efficiency represents the overall ability of a single bubble to pick up
particles and is a comprehensive parameter that involves the collision, attachment and
detachment efficiencies. By comparing the collection efficiency before and after HC
treatment, the overall effect of HC on the flotation of particles of different wettabilities was

obtained, providing a direction for further analysis of the HC effect on sub-processes.

As shown in Fig. 5.4, using 6 um and 16 pm particles, increased collection efficiencies
of silica particles were observed as a function of particle size and hydrophobicity before
HC treatment. These results were expected since larger particles were easier to collide with
flotation bubbles, and their larger mass provides higher momentum that helps penetrate
through the bubble-particle interfacial water film. With stronger hydrophobic forces for
attachment, the particles with lower wettability were the most favourable for flotation at
both sizes. The hydrophilic ones were difficult to pick up. In fact, the collected hydrophilic
(10°) silica particles before cavitation could be largely contributed by entrainment, as the

attachment and collision efficiency for fine hydrophilic particles should be quite small.

Compared with those before cavitation, the particles after HC treatment had obvious
higher collection efficiency. Interestingly, the collection efficiency of bare silica after HC
treatment slightly increased from 0.87x107 to 2.29x107 for 6 um silica and from 4.17x10"
3 to 6.88x107 for 16 um silica. The result suggests that the HC-generated microbubbles
could improve the recovery of hydrophilic particles to a small extent. On the other hand,

the improvement in collection efficiency became substantial for the hydrophobic particles

95



(contact angle at 45° or 75°), where the efficiency values after HC were more than doubled.
Based on the flotation sub-processes, the increase in collection efficiency could be
attributed to higher collision and attachment efficiencies. The possible mechanism is the
HC bubbles frosting on the hydrophobic particles, which improved their interactions with
other particles and large flotation bubbles. The bubble-frosted particles formed particle
aggregates to improve the collision probability with flotation bubbles, and the attachment
efficiency was also improved due to bubble coalescent attachment. To demonstrate this
hypothesis, specific studies on the effect of HC on flotation sub-processes will be included

in the next sections.
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Figure 5.4. Collision efficiency of hydrophilic silica (10°) and modified hydrophobic silica

(45° and 75°) using 6 um and 16 um silica particles before and after HC treatment.
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5.3.2. Effect of HC on bubble frosting on particles of different

wettabilities

The microbubbles frosting on particles after the HC treatment is the first, yet most
critical step in the HC-assisted fine particle flotation. It is the precondition for microbubble-
aided particle aggregation and particle-flotation bubble attachment. In this study, the
interaction between HC bubbles and particles of different wettabilities was demonstrated
by zeta-potential distribution measured using the Zetaphoremeter. DI water with 0.1 mM
DAH was used to generate a relatively positive zeta potential for bubbles, while the silica
particles have negative potential values at the operating pH of 6.45. Having the two
materials with different peaks, a merging distribution would represent the combination of
particles and bubbles, and more positive values would suggest well-frosted bubbles on

particle surfaces.

The zeta-potential distribution of HC bubbles, silica particles, bubble-particle stirring
mixture, and particle suspension after HC mixing are shown in Fig. 5.5 from top to bottom.
The results were presented with hydrophilic particles (100) on the left and hydrophobic
particles (45°) on the right. Each sub-figure is the combination of 5 test runs for
reproducibility, and the x-axis of all figures was kept the same for comparison. The mean
value of each peak was indicated using dash lines. The bubbles affected by the cation
surfactant DAH have a relatively positive distributions average value of 11.2 mV. On the
other hand, the particles displayed negative values, where the hydrophilic silica particles
had a peak at -53.1 mV, and hydrophobic particles had a less negative peak at -29.1 mV.

The shift of hydrophobic particles demonstrated the presence of gas pockets on the particle
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surfaces, which were formed due to particle wettability and roughness [57], [208], [209].
The measurement of hydrophobic particles in a pre-degassed solution had similar zeta-
potential results to hydrophilic particles; thus, the mild hydrophobic coating (45°) from
silane treatment had no significant effect on the particle zeta-potential without the presence

of surface gas pockets.

As shown in the third row of Fig. 5.5, two peaks were observed for both the hydrophilic
and hydrophobic particles by mixing the HC-generated microbubbles with the particles.
For hydrophilic particles, the left peak with an average of -40.6 mV represented the
particles that barely interacted with bubbles, and the right peak at -5.9 mV could result
from the partially covered particles with HC bubbles. Due to buoyancy force and large
Laplace pressure, the microbubbles were difficult to stabilize for measurements, thus
resulting in a much lower number frequency of the right peak than the particle peak at the
left. The two peaks of the mixture indicate a bad attachment of bubbles and hydrophilic
particles. In fact, the attachment in the right peak might be due to the attractive EDL forces,
which would be negligible if non-cation surfactants were used. Compared to the
hydrophilic particle-bubble mixture, bubbles played a more significant role with
hydrophobic particles even though two peaks were observed. Simply mixing bubbles and
450 particles, the left point that represented particles shifted from -29.1 mV to -9 mV,
trending toward the bubbles. The right peaks with relatively higher frequency were at 12.3
mV, close to the original bubble value, indicating a complete covering of bubbles on
particle surfaces. The result indicated a higher level of hydrophobic particle-bubble

interactions and the presence of more stabilized bubbles.
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The last row of Fig. 5.5 shows the zeta potentials of particle suspensions after 2 mins
of HC treatment. In these processes, particle suspensions participated directly in the bubble
generation process, where bubbles could directly nucleate on the particles from pre-
existing surface gas pockets. As a result, the level of bubble-particle attachment was
expected to be higher than that of particle-HC bubble post-mixing. However, the results of
hydrophilic particles showed no obvious difference. Two obvious peaks were still present
with mean values slightly trending toward bubbles, demonstrating the low efficiency of
bubble frosting on hydrophilic particles even with HC treatment. On the other hand, the
hydrophobic particle suspension showed a unique peak at 12 mV after HC treatment,
similar to the value of bubbles. This phenomenon indicated a strong bubble-particle
attachment and bubble covering on particles on a large scale. Overall, the HC micro bubble
frosting is obvious with hydrophobic particles, and the best way to achieve bubble-particle

attachment is through direct HC treatment.
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Figure 5.5. From top to bottom, the zeta-potential distributions of HC generated
microbubbles, silica particles, HC bubble-particle mixture by stirring, and particle
suspension after HC treatment. Slurries were prepared using hydrophilic silica (left) and
hydrophobic silica (right). Slurries were prepared in 10 mM NacCl solution at natural pH of
around 6.5. 0.1 mM cation surfactant DAH was added to differentiate the zeta-potential of

bubbles from silica particles.

5.3.3. Particle aggregation by turbidity and size measurements

Increasing the apparent sizes of fine particles has been an effective method to improve
particle recovery, as the collision probability with conventional flotation bubbles could be
enhanced. Due to small bubble sizes, the microbubbles had high collision efficiency with

fine particles [31], [200], [201], thus could be used as bridges that efficiently enhance
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particle-particle interaction to form large particle aggregates. The previous bubble-frosting
study has demonstrated the inherent bubble growth on the surface of hydrophobic fine
particles by HC treatment, which revealed its potential in particle aggregation. In this study,
the level of aggregation formation of 1 wt% particle suspension made with 6 um silica was
tested using the turbidity meter before and after HC treatment. The sizes of the silica
suspensions were measured to further demonstrate the formation of aggregations after HC
treatment.

The turbidites of silica suspension were measured as a function of settling time, as
shown in Fig. 5.6A. The suspension of the hydrophilic particles (10°) before HC treatment
has the most dispersed particles, as shown by the highest turbidity. After HC treatment, as
expected, the suspension turbidity did not change remarkably considering the limited
interactions between microbubbles and hydrophilic fine particles. For the hydrophobic
particles, lower turbidities were observed even before HC treatment, indicating the natural
formation of particle aggregates. The phenomenon became more obvious as the particle
hydrophobicity increased. This could result from the hydrophobic forces that bonded
particles during particle addition and mixing. The turbidity of hydrophobic silica
suspension had a significant decrease after HC treatment. The results demonstrated the
effect of HC microbubbles in enhancing aggregation formation, which reduced the number
of fines in the suspension and thus increased the clarity of the slurry. The recorded images
of the aggregate formation for hydrophobic (45°) particles before and after HC are shown
in Fig. 5.6B and 5.6C. The photos clearly displayed the slurry suspension before HC, and

suggested the formation of large aggregates for the hydrophobic particles after cavitation.
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Figure 5.6. (A) Turbidity measurements of 1 wt% silica suspensions before and after
cavitation as a function of time. (B) Image taken for 45° silica before cavitation; (C) Image

taken for 45° silica after cavitation.

The particle size distribution of silica suspension before and after cavitation was
measured using Mastersizer to directly measure the effect of cavitation on particle apparent
size change. The equipment automatically measured particle sizes three times in each case
to give a relatively representative average result, and the data are shown in Table 5.1 and
Fig. 5.7. For the hydrophilic silica (10°), the interactions between particles and bubbles
were enhanced to a small extent after HC treatment, which was reflected by the slightly
increased D50 from 6.6 to 8.2 um. The D90 of the suspension after cavitation changed
from 20.8 to 21.4 pm, in which most of the particles were still regarded as troublesome
fine particles in the flotation process. For both batches of hydrophobic silica particles (CA
= 45° and 75°) before cavitation treatment, even though the same theoretical particle sizes

as the hydrophilic silica, they exhibited larger D90. The size differences explained the
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lower turbidity compared to hydrophilic particle suspension, resulting from the small-
degree particle aggregation formed by pre-existing surface bubbles and hydrophobic force.
The changes in particle size distribution after HC treatment are illustrated in Fig. 5.7. The
number frequency of particles larger than 10 um decreased dramatically. Instead, large
aggregates were formed shown by the new peaks over 100 um. The aggregates seem to be
formed by particles or small aggregates larger than 10 um, which contained surface nuclei
to facilitate the nucleation of surface bubbles. The results confirmed the selective behaviour
of HC bubbles that mainly enhance the aggregation formation of hydrophobic particles.
Large hydrophobic particle aggregates could originate from small complexes of
hydrophobic particles and gas pockets after HC treatment. It coincided with the previous
experiment that hydrophobic particles with surface bubbles had the best performance in

bubble frosting after HC treatment.

Table 5.1. The particle size distribution of silica suspensions before and after cavitation

Before/After
Cavitation Dx (10) (um)  Dx (50) (um)  Dx (90) (um)
10° Silica  Before cavitation 0.92 6.62 20.8
10° Silica  After cavitation 1.01 8.15 214
45° Silica  Before cavitation 0.86 6.97 27.1
45° Silica  After Cavitation 0.99 10.1 400
90° Silica  Before cavitation 0.90 10.0 44.7
90° Silica  After Cavitation 1.02 12.8 291
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Figure 5.7. The particle size distribution of silica suspensions before and after HC
treatment. From top to bottom, silica particles with characteristic contact angles of 10°, 45°,

and 75°.

5.3.4. Bubble-solid attachment using bubble sliding under inclined glass

surfaces

The bubble-solid attachment efficiency represented by the induction time was
measured using motion-tracking of bubbles sliding under a hydrophilic glass surface (CA
= 10°), a hydrophobic glass surface (CA = 45°), and a microbubble frosted glass surface.
The bubbles with an average size of 0.9 mm had controlled rising velocity at around 0.1
nm/s in DI water, thus had similar momentum when approaching the glass surfaces.

Fig. 5.8A shows the bubble rising/sliding velocity plotted against time. For hydrophilic

glass, the bubble could not attach to the hydrophilic glass even up to 120 ms of measuring
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time. More than five tests were conducted at this condition, and no obvious differences
were observed. The low attachment efficiency was expected since the reported millimeter
size bubble-hydrophilic solid surface induction time was at hundreds to thousands of
milliseconds [117], [119], which was significantly longer than the 120 ms recording time.
The bubble velocity profile under the 45° hydrophobic glass surface showed induction
times lower than that for the hydrophilic glass. As indicated in the figure, three repeating
tests were performed, and all the bubbles were able to attach to the glass within 100 ms. In
the last experiment, bubbles contacted with a microbubble frosted glass surface and
immediate attachments were observed. The tests were repeated several times with freshly
made bubble-frosted glass surfaces, and consistent results were obtained. The microscopic
image of microbubbles on the glass surface is shown in Fig. 5.8B. Using imaging analysis
on three bubble pictures taken at different locations, the size distribution of surface
microbubbles was obtained and is shown in Fig. 5.8C. The average bubble size of about
40 um agreed with the bulk bubble size distribution shown earlier in Fig. 5.1C. These
microbubbles significantly enhanced the bubble-solid attachment, which happened almost

instantly after contact.

This study demonstrated the ability of surface microbubbles to greatly enhance the
attachment between flotation size bubbles and solids. One hypothesis was proposed by
Klassen and his coworkers [210], believing that the coalescent attachment between a large
bubble and a tiny bubble required much less free energy than a direct attachment of a large
flotation bubble on the particle. From the hydrodynamic perspective, the mechanism can
be explained by the Reynolds lubrication theory, where the large Laplace pressure 20 /R

of small bubbles accelerates the thin liquid film drainage between two surfaces [123]. For
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the surface microbubbles with radii around 10-20 um, the theoretical coalescence time
using the Stokes-Reynolds-Young-Laplace model is about 20 ms [123], [211], while the
experimental value should be even shorter. Therefore, the presence of surface
microbubbles contributed to the fast bubble-solid attachment, thus enhancing flotation

recovery.

(A) (B)

Hydrophilic (10°) Glass Slide ]

20 40 60 80 100 120

o
—_

o
o
a

o

o

o
Y

i ‘ T ‘ ]
! Hydrophobic (45°) Glass Slide

| W, ©
, . e Mg, WA o

Bubble Rising/Sliding Velocity (m/s)
=
o

0 L@

0 20 40 60 80 100 120 5'; 40
01 Microbubble Frosted Glass Slide §

0.05+ & 20
' 2
w

0 ‘ ' ‘ : : 0

0 20 40 60 80 100 120 20 40 80
Time (ms) Bubble Size (um)

Figure 5.8. (A) The velocity of a bubble rising and sliding on a 30° tilted (1) hydrophilic
glass, (2) hydrophobic glass and (3) microbubble-frosted glass. (B) The 10X microscopic

image of the bubble-frosted glass surface and (C) the size distribution of surface bubbles.

5.4. Mechanism of HC Enhanced Fine Particle Flotation

The above results revealed that the floatability of hydrophobic fine particles could be
significantly increased with HC. The data suggests that three sub-processes are
collaboratively involved to selectively improve the flotation performance, as depicted in
Fig. 5.9. In the first step, HC-generated microbubbles are preferably covered on
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hydrophobic particles. Compared to microbubble-particle attachment by mixing, the
bubble frosting process is more efficient by direct bubble nucleation on particle surfaces.
This explains the particularly significant bubble frosting effect with hydrophobic particles,
as the pre-existing surface gas pockets facilitate the bubble nucleation during the HC

process.

1. Bubble Frosting 2. Enhanced Collision 3. Enhanced Attachment
through Aggregation through Bubble Coalescence

Millimeter size
Flotation Bubble
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Particle Particle -

Figure 5.9. Schematic of the HC enhanced fine particle flotation.

The microbubbles on particle surfaces enhanced the latter particle-particle interaction,
as the formation of aggregates by fine particles was observed after HC. Again, this was
demonstrated to have a more profound impact on hydrophobic particles. Some researchers
have shown that the HC-generated nanobubbles or microbubbles can modify the surface
properties of particles, including the reduced surface charge density [44][41]. Others
suggested that the capillary force contributes to the fast coalescence between microbubbles
[212]. Either way, the surface microbubbles on hydrophobic particles act as bridges for

fine particles to form large aggregates. Such an increase in particle apparent sizes could
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significantly increase the collision efficiency between fine particles and flotation bubbles,
as the collision efficiency is proportional to the square power of the particle size. In fact,
the approach to improve flotation recovery by forming aggregates has been applied
successfully in many fields.

However, the high collision efficiency does not necessarily translate to high floatability,
as particle-bubble attachment also plays an important role in fine particle flotation. With
particles covered with HC microbubbles, the attachment efficiency could be greatly
improved as the induction time was reduced. It could be explained by the lower surface
energy for coalescent bubble attachment and the fast liquid film drainage due to the high
Laplace pressure of small bubbles. In this study, HC treatment appears to selectively
improve the flotation performance for hydrophobic fine particles. It is believed that HC

will improve both the flotation recovery and grade of concentrates.

5.5. Summary

The effect of hydrodynamic cavitation on the flotation chemistry of fine hydrophilic
and hydrophobic particles was investigated. Experimental results clearly indicated that
hydrodynamic cavitation could improve the collection efficiency of single bubble-fine
particles, and the effect was more pronounced for hydrophobic particles. Mechanisms were
proposed for how hydrodynamic cavitation assists the flotation collection of fine particles.
The combined effect of bubble frosting, aggregation formation, and microbubble bridged
bubble-particle attachment resulted in improved collision and attachment efficiencies
depending on the hydrophobicity of the particles. Particle zeta-potential measurements
confirmed the bubble frosting on hydrophobic particles through the HC process.
Measurements of the particle size distribution and turbidity suggested that large aggregates
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formed for hydrophobic particles after hydrodynamic cavitation. The flotation bubble-solid
attachment analysis indicated that the attachment efficiency of a large bubble with a solid
surface was significantly improved after covering with surface microbubbles. For
hydrophilic particles, both the collection efficiency and sub-processes tests showed limited
improvement after HC treatment. On the other hand, the flotation performance could be
significantly improved for hydrophobic particles after HC. The study strongly supports the

potential of cavitation in improving the flotation recovery and selectivity of fine particles.
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Chapter 6 Improvement of the Fine
Particle Flotation by Optimized

Parameters of Dual Bubble Generator
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Abstract

The conventional froth flotation with millimeter-sized bubbles has faced challenges in
recovering fine particles for decades. Using microbubbles generated from hydrodynamic
cavitation with a designed Venturi tube enhanced fine particle flotation. The combination
of conventional and cavitation bubbles is called the ‘dual bubble method’. Previous studies
demonstrated the effect of cavitation bubbles on particle-particle and bubble-particle
interactions. In this study, a lab-scale flotation column was used to tune and optimize the
synergy of cavitation bubbles and conventional bubbles. The optimized position of
conventional bubble injection was investigated through bubble size and gas holdup
measurements. Flotation tests used naturally hydrophobic molybdenite particles and
hydrophilic silica particles to investigate particle recovery and grade improvement with
different gas injection locations. Results demonstrate that the gas injection at the inlet of
the Venturi tube prevented the generation of cavitation microbubbles but produced smaller
size conventional bubbles, which resulted in a decrease in the flotation selectivity. For the
downstream gas injection, a higher gas injection rate leads to a higher recovery rate at the
expense of flotation selectivity. As the gas injection site is placed further from the Venturi
tube, the grade of the desired mineral particles becomes higher, with the cost of lowered

recovery.

6.1. Introduction

Froth flotation is a separation process that has been widely used in many industrial
applications, including oil sands processing, wastewater treatment, and especially mineral

processing [17]-[19], [21], [22], [161], [213], [214]. During the flotation process, air
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bubbles are injected into the flotation column and interact with the particles through three
sub-processes: collision, attachment, and detachment [31], [201]. The targeted minerals
usually have higher attachment probabilities with the rising bubbles, leaving the unwanted
particles at the column bottom [201], [215], [216]. For many years, fine particles with sizes
smaller than 10-20 um have faced recovery challenges due to the low collision probability
[30], [32], [33], [36]. It has been reported that neither the small size of mineral particles
nor the large size of conventional flotation-size bubbles is favorable for the bubble-particle

collision and attachment processes [30], [31].

Many studies have been dedicated to developing the appropriate technology to improve
the recovery of fine particles, such as reactive oily-bubble flotation, shear flocculation and
selective polymer flocculation [162]-[164]. These methods improve the effective size of
fine particles through aggregation, increasing the bubble/particle collision and attachment
probabilities, and hence, the recovery of mineral particles can be enhanced. However, there
are still several major problems such as expensive chemical dosage and energy
consumption, strict physical and pH control, as well as low selectivity, which make it
difficult to apply these techniques in industrial operations. In recent years, hydrodynamic
cavitation, as a relatively simple and energy-efficient technology for microbubble
generation [8], [51], [52], has shown great potential for increasing the recovery of fine
particles [5], [46], [217]. By placing a Venturi tube in the recirculation loop at the bottom
of the flotation column, cavitation can be triggered, and microbubbles are generated
through gas nucleation on the tube wall or the surface of hydrophobic and rough particles.
The microbubbles attached to the particle surfaces increase the hydrophobicity of the

particle surface and provide higher Laplace pressure that offsets the disjoining pressure,
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thus enhancing the attachment probability with the flotation-sized bubbles [45]-[47].
Moreover, the microbubbles increase the effective size of fine particles by aggregation,

which leads to a higher bubble-particle collision probability [4], [48], [49].

In the flotation setup with the installation of the Venturi tube, the conventional bubbles
provide the buoyancy force to float desired minerals, while the microbubbles generated by
hydrodynamic cavitation assist in increasing the fine particle recovery. The fundamental
study on the dual bubble method and positions of flotation-sized bubble injection with
respect to the Venturi tube was still absent. In this study, the dual bubble method was
studied by investigating the bubble size and gas holdup with gas injection at different
locations, followed by the lab-scale selectivity tests between naturally hydrophobic

molybdenite and hydrophilic silica particles.
6.2. Material and Methods

6.2.1. Experimental setup

The schematic of the experimental lab-scale flotation setup built to mimic the flotation
process is shown in Fig. 6.1a. The core flotation system consists of a peristaltic pump, a
gas injection site, and a flotation column of 107 cm in height and 5.1 cm in diameter. For
the bubble size distribution measurement, three sources of bubble generation were studied.
A Venturi tube was installed as the cavitation device to generate cavitation microbubbles.
The flotation-sized bubbles that provide the most buoyancy force for mineral flotation were
injected at 55 mm from the upstream (G1) or the downstream (G2) of a Venturi tube. Both
gas injection sites were equipped with gas flow meters, and a sintered tube with a porosity

of 20 um was inserted at the Venturi tube outlet to generate flotation-sized bubbles. A flow
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meter (Omega type FLR1001) and a pressure transducer (IKA RW 20 digital) were placed
upstream of the Venturi tube to monitor the Venturi throat velocity and inlet pressure for
cavitation inception measurement. The recirculation flow rate was kept constant
throughout all the experiments to maintain the size of the injected bubbles [218]. A
microphone (Florida Research Instrument 100-1) was placed at 1 cm above the Venturi
tube to detect the signal radiated from bubble burst during cavitation [171], [219]. Through
coaxial wire connections, the voltage signals from the flow meter, the pressure transducer
and the hydrophone were received by the oscilloscope (Rigol DS1054Z), where the signals
were converted to flow rate, pressure, and acoustic spectrum, respectively. The

recirculation system was connected by a half-inch Tygon tube.
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Figure 6.1. (a) Schematic diagram of the experimental setup. (b) Example of a high-speed
camera image of bubbles generated without gas injection at throat velocity /=15 m/s. The
image is composed of 1024 x 1024 pixels with a scale of 1.8 um/pixel. (¢) Schematic

diagram of the setup for gas holdup measurement.
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6.2.2. Hydrodynamic cavitation device

The effect of geometrical parameters of the Venturi tube on the hydrodynamic
cavitation system was reported in a previous study [147], [220]. Based on the findings, a
Venturi tube with a high inlet angle and low outlet angle promotes hydrodynamic cavitation
with lower flow resistance. Figure 6.2. a shows the geometry of the Venturi tube used in
this study. The sintered porous ceramic tube for the generation of flotation-sized bubbles
with the porosity of 20 um was inserted at the entrance of gas injection sites G1 and G2,

which were located about 55 mm apart from the inlet and outlet of the Venturi tube.
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Figure 6.2. (a) Schematic design of the Venturi tube with labelled parameter in mm. The
cavitation inception of this device was measured using (b) inlet pressure detection and (c)

cavitation noise detection.
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In addition, the cavitation performance of the studied Venturi tube was investigated to
obtain the cavitation inception in terms of flow velocity at the Venturi throat. The
experimental setup and studied methodology have been reported in the previous study
[220]. The inception could be indicated by observing the inlet pressure change or detecting
the cavitation noise using the hydrophone. As shown in Fig. 6.2b, the flow pressure at the
tube inlet shows a deviated rising velocity at a throat velocity of about 12.5 m/s,
representing the inception of cavitation due to the blockage effect caused by cavitation
bubbles at vapor pressure in the Venturi tube. It is observed that the cavitation inception
detected using a microphone agrees with the pressure detection, with the fully incepted
cavitation also at about 12.5 m/s. Based on the inception measurement, the operating flow
velocity at the Venturi throat was set at 15 m/s to ensure the occurrence of cavitation during

the experiment.

6.2.3. Bubble size distribution measurement

The size distribution of bubbles generated by the hydrodynamic cavitation setup was
monitored using a high-speed camera at 125 fps equipped with a high magnification lens
(Fig. 6.1b). The observation was conducted through a glass-viewing chamber placed 26
cm downstream from the Venturi tube. A MATLAB code was developed to identify round
objects and record their sizes in each image. The bubble quantity and size distribution were

calculated using about 1,300 images for each experiment.
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6.2.4. Gas holdup measurement

The volumetric fraction of gas in the flotation column, gas holdup (eg), is obtained by
measuring the pressure difference between two tapping points using liquid manometers as

shown in Fig. 6.2¢. The gas holdup can be calculated using the equation:

g =1-22(1-2) 6.1)

Psl AL

where p,, and pg; are water density and slurry density, respectively. Ah and AL are the
height differences between the slurry level and the tapping points. The gas holdup is a
parameter that represents the overall bubble sizes. As the bubble rising velocity is inversely
proportional to the bubble size, smaller bubbles result in a longer residence time in the

column and higher gas holdup.

6.2.5. Particle preparation

In this study, fine molybdenite particles (Dso = 23.5 pm) were used as the target
material in the flotation test. Samples were obtained from Teck Highland Valley Copper
Partnership, Logan Lake, BC, Canada, with a purity of approximately 97.2% analyzed by
XRF. For the hydrophilic particle representing the gangue material, fine silica was
purchased from Discovery Gemstone with a purity of 98.58% analyzed by XRF
examination. The silica particles were ground using the Shatter box to reach the mean
particle size, Dso = 22.6 um, similar to molybdenite particles. Their particle size

distributions were measured by Malvin Mastersizer 3000 and are summarized in Table 6.1.
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Table 6.1. Particle size parameters of molybdenite and silica particles.

Dio (um) Dso (um) Doo (um)
Molybdenite 12.6 23.5 52.2
Silica 2.8 22.6 85.5

6.2.6. Parameters of flotation tests

Methyl isobutyl carbinol (MIBC) purchased from Sigma Aldrich was used at 10 ppm
concentration in the study as the frother. Tap water was used due to the considerable
volumetric amount needed in each experiment. Flotation tests of the mixture of
molybdenite and silica were conducted using the same setup as the bubble size study. 200
g particles in 3 L of the slurry were fed to the column up to the level of 25 cm below the
column top. The pulp level was kept constant during the experiment with continuous water
fed from the bottom of the column. The timer was started when the froth was first collected,
and the collection times were at 0.5, 1, 2, 3 and 4 min. A riffler was used to prepare 2 g of
each sample evenly, and one pellet of each sample was sent to XRF examination for assay

analysis.
6.3. Results and Discussion

6.3.1. Role of cavitation micro-bubbles in fine particle flotation

In the flotation process, the bubble size plays a significant role in the collision

probability between either bubble/particle or bubble/bubble. The conventional bubbles
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were injected in the column flotation to provide the buoyancy force for flotation. However,
the interactions between those conventional bubbles and fine particles have poor
performance and need to be assisted by microbubbles. In one of our previous studies, the
collection efficiency of conventional bubbles to fine silica particles was improved with the
help of microbubbles generated using hydrodynamic cavitation. The mechanism was
explained by the enhanced particle-particle interactions, which increased the particle-
bubble collision efficiency by forming large particle aggregates. The fundamental study by
Liu et al. [221] also provided knowledge that microbubbles generated on particle surfaces
make it easier to attach to the millimeter size bubbles. Furthermore, the effect of cavitation
bubbles on improving particle-particle and particle-large bubble interactions becomes
more significant with hydrophobic particles. This phenomenon can be utilized to enhance

flotation selectivity.

6.3.2. Bubble size distribution by different gas injection

Fig. 6.3 presents the result of bubble size distribution in the presence and absence of
gas injection at a controlled flow speed. The bubble sizes were analyzed from images taken
by the high-speed camera at the Venturi tube. 10 ppm of MIBC was added to stabilize the
bubble for a longer lifetime and decrease the bubble mean size. In the presence of inlet gas
injection (gas injection from G1), larger bubbles were found. The bubble size distribution
showed a wider diameter range compared to the bubbles in the absence of inlet gas injection.
With 0.5 LPM of inlet gas injection, the mean bubble size is approximately 160 pm, which
is much larger than the average cavitation bubbles at 25 um without inlet gas injection
(confirmed by the Mastersizer 3000 measurement at 27 pm). The decrease in microbubble

generation and the increase in overall bubble size are explained by pre-existing large
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bubbles during cavitation. It was reported that the required energy for bubble growth is
smaller than that of bubble nucleation. Hence, the vaporized water and dissolved gas prefer
to enter the pre-existing bubbles instead of forming new micron-size bubbles [1], [53], [57].
In addition, when the gas was injected at the inlet of the Venturi tube, the inlet pressure
increased from 83 kPag to 117 kPag. Subsequently, the pressure in the Venturi throat
increased, which lowered the tensile stress applied to the liquid phase and prevented the
formation of microbubbles. The theories explained the large bubles size distribution as
shown in Fig. 6.3, that tiny cavitation bubbles were absent when the air was injected from
G1. Regarding the flotation size bubbles, the G1 injected bubbles were shattered into
bubbles at about 160 um under the Venturi tube's high shear and turbulent energy. By
comparison, the size of conventional flotation bubbles injected from G2 was over 200 pm,
which was still smaller than the real size due to the high-speed camera viewing area limit.
Their sizes could be reflected by the gas holdup discussed in the next section. Results of
bubble size distribution provide the supporting explanation in the column flotation

experiments, which will be discussed further in this study.
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Figure 6.3. Comparison of bubble size distribution with and without 0.5 LPM of gas

injection from the inlet of Venturi tube at throat velocity, V=15 m/s, 10 ppm MIBC.
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6.3.3. Gas holdup measurement

The gas holdups in the column sampling area with G1 and G2 injections were compared,
and the gas holdup without the installation of cavitation sparger is shown as a reference in
Fig. 6.4. It is worth noting that the low gas holdups shown in this study served as an
indication for bubbles size comparison, where the tests were performed in an air/water two-
phase system. The gas holdup tests were also performed in the three-phase condition at a
higher gas injection rate, where the water was replaced by 6.7 wt.% slurries with 1.043 g/L
of density. The gas holdup in the column increases from 10.5% to 15.6% with 2-4 liter per
minute (LPM) of G1 gas injection and from 10.2% to 15.1% for G2 gas injection at the
same rate. Fig. 6.4 shows that the highest gas holdup was observed with G1 gas injection
with and without MIBC, while the column without the infill of cavitation bubbles has the
lowest gas holdup as expected. The high gas holdups from G1 injection were contributed
to the massive smaller than conventional flotation bubbles, which were produced by the
shattering of injected bubbles at the Venturi tube. As discussed by Miettinen et al., although
decreasing the flotation bubble size can enhance the bubble/particle collection efficiency,
the use of small bubbles also brings some challenges [36]. They noticed that the low rising
velocity of smaller conventional bubbles adhered with mineral particles led to a longer
flotation time, which is not preferred in the flotation operation. Also, one of the other main
disadvantages is that the smaller bubbles result in high water recovery, and hence, the
entrainment of undesired particles can be increased. The observation from Fig. 6.4 will be

further explained during selectivity tests in the next session.
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Figure 6.4. Gas holdup with and without hydrodynamic cavitation, with 1 LPM of gas
injection from the inlet/outlet of Venturi tube at V=15 m/s, 10 ppm MIBC. The tests were

performed without the addition of particles.

6.3.4. Effect of cavitation bubbles and gas injection rate in particle

flotation

The enhancement of fine particle flotation by cavitation bubbles was demonstrated in
the column flotation test using 6.7 wt% molybdenite/silica mixture slurries at a 3:7 mass
ratio. According to the above discussion, experiments were conducted with gas injection
from 2 to 4 LPM at the outlet injection site G2 to avoid the disturbance to cavitation
microbubble generation. As a reference, flotation tests without hydrodynamic cavitation
were performed by replacing the Venturi tube with a hollow tube with a gas injection at 3
LPM. The results are presented in Fig. 6.5. The tests without hydrodynamic cavitation had

obvious lower recovery and grade compared to the ones with cavitation microbubbles. The
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results confirmed the previous studies that the cavitation bubbles increase fine particle
recovery through (1) enhancing particle-particle interactions to form large aggregates,
thereby promoting the collision probability with conventional bubbles, and (2) enhancing
particle-conventional bubble interactions to increase attachment efficiency. In addition, the
beneficial effects of cavitation bubbles are more significant with hydrophobic particles;

thus, promoting the flotation selectivity.

By increasing the gas injection rate from 3 LPM to 4 LPM, a higher recovery was
obtained, but with the cost of a lower grade. The result is as expected since a large number
of conventional bubbles could collect gangue materials by entrainment. Despite that, the
grade of cavitation flotation with 4 LPM gas injection was similar to that without cavitation
bubbles with 3 LPM injection, while a significant improvement in particle recovery of over
10% was obtained. Vice versa, a lower recovery similar to the tests without cavitation was
obtained by decreasing the gas injection rate from 3 LPM to 2 LPM. Still, the grade was
significantly increased with the help of cavitation bubbles. The results indicated that both
the flotation recovery and grade could be improved by introducing the hydrodynamic
cavitation setup onto the flotation column. By tuning the gas injection rate downstream of
the cavitation sparger, a higher recovery can be achieved with the expense of grade and

vice versa.
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Figure 6.5. Recovery vs Grade of molybdenite in selectivity tests of 6.7 wt%
molybdenite/silica mixture used as the slurry feed. Conventional air bubbles were injected
from G2 at rates from 2 LPM to 4 LPM. Flotation without installing the cavitation device

was performed with an injection rate at 3 LPM as a reference.

6.3.5. Flotation tests with different G1/G2 gas injection ratio

As discussed previously, the inlet or outlet gas injection (from G1 or G2) leads to
various mechanisms of bubble formation with different size distributions. To confirm the
disadvantages of inlet gas injection, flotation tests were conducted with a total of 3 LPM
of gas injection from G1 and G2 at different ratios. The flotation results are presented in
Fig. 6.6. It can be noticed that the grade of molybdenite particles decreased with the
increase of the amount of G1 gas injection. In other words, more entrainment of silica
particles occurred with the injection of gas at the G1 position. The flotation results agree

with the bubble size study that the gas injection at the G1 position is unfavourable for the
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targeted mineral particles. The millimeter bubbles generated at G2 prevented the nucleation
of microbubbles and lowered the conventional bubble size which possibly causes the
entrainment of unwanted particles. In addition, the conventional bubble-particle aggregates
formed at the inlet of the Venturi tube must subsequently travel through the turbulent
Venturi region, which could potentially increase the detachment probability of
molybdenite particles from air bubbles [147]. On the other hand, gas injection at G2
prevented the interference of pre-existing conventional bubbles on hydrodynamic
cavitation, which could generate microbubbles on the surface of particles. Subsequently,
the bubble-covered particles encountered freshly injected conventional bubbles at G2 to
achieve the perfect dual-bubble flotation. In this circumstance, the detachment probability
of the aggregates from the flotation-sized bubbles can be reduced. Overall, conventional

bubble injection from the downstream of cavitation sparger is desired.
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Figure 6.6. Recovery vs Grade of molybdenite in selectivity tests of 3 L of 6.7 wt%
molybdenite/silica mixture used as the slurry feed. The total gas injection rate is 3 LPM

divided by G1 and G2 injection locations at different ratios.
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6.3.6. Optimization of gas injection location apart from cavitation

sparger

After identifying G2 as the preferred gas injection site, the distance between G2 and
Venturi tube requires identification to optimize the dual bubble method. Three groups of
flotation tests were conducted with G2 placed at 55 mm, 80 mm, and 120 mm away from
the end of the Venturi tube. As shown in Fig. 6.7, longer distance results in lower recovery
but higher grade. The results could be explained by the small sizes of cavitation bubbles
undergoing large Laplace pressure, which results in a short lifetime after leaving the
Venturi tube. Furthermore, surfactant gradually accumulates on the surface of bubbles,
preventing the coalescence between them [46]. With the closest G2 position to the Venturi
tube (55 mm), the bridging microbubbles at their greatest number can benefit the
attachment to either molybdenite or silica particles to form aggregates, which are followed
by the further attachment to the large fresh bubbles. Thus, at the G2 injection site 55 mm
apart, the recovery of molybdenite was higher. Still, the grade was relatively lower as the
recovery of gangue silica also increased from the cavitation microbubbles. For the longer
distance of G2 placement, a better grade and a lower recovery were obtained. It was
elucidated that the attachment between silica particles and microbubbles is due to
entrainment, while the attachment between molybdenite particles and microbubbles is by
physical attraction. Due to the long travelling distance before they meet the fresh bubbles,
silica particles are more likely detached from microbubbles. Hence, the molybdenite grade

in the concentrate is the highest for the case of 120 mm
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Figure 6.7. Recovery vs Grade of molybdenite with G2 placed 55 mm, 80 mm, and 120

mm away from the end of the Venturi tube.

6.4. Conclusions

In the dual bubble flotation study, the location of flotation bubble injection with respect
to the cavitation sparger was optimized by measuring overall bubble size distribution and
gas holdup. The mean size of the cavitation bubble without gas injection upstream was
measured to be about 25 um. However, the gas injection at the Venturi tube inlet prevented
the formation of the small cavitation bubbles and replaced them with shattered
conventional bubbles with mean sizes of about 170 um. Such conventional bubbles
resulted in a higher gas holdup, which would cause entrainment of gangue material and
low flotation grade. The flotation tests on the molybdenite/silica mixture were performed
to demonstrate the effect of the dual bubble in fine flotation. Compared to conventional
flotation without hydrodynamic cavitation, higher recovery and grade were obtained with

conventional bubbles injected downstream of the cavitation sparger. The improvement in
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the recovery and grade can be tuned by adjusting the gas injection rate. A low grade of
targeted molybdenite particles was collected by injecting gas upstream of the cavitation
sparger, which agreed with the bubble size study. At last, an investigation of the effect of
gas injection positions showed that a higher grade was achieved with a longer distance
between the Venturi tube outlet and the gas injection site, but the recovery was lower. This
study revealed a new perspective to improve the selectivity of desired mineral particles in

the flotation column operation.
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Chapter 7 Conclusions and Future Work

7.1. Conclusions

The mechanism of hydrodynamic cavitation inception induced by Venturi tubes in both
two-phase and three-phase systems was experimentally investigated in this work. By
applying this technique, the roles of cavitation microbubbles in fine particle flotation were

fundamentally understood and experimentally demonstrated.

In the water/air two-phase system, the inception of hydrodynamic cavitation was
promoted with the addition of NaCl. However, the inception barely changed when salt was
introduced into solutions with constant gas saturation levels. The decrease explained the
mechanism for the change in gas solubility with the presence of electrolytes. Dissolved gas
molecules entered or left the pre-existing gas nuclei when the gas saturation level was
altered, thus affecting the tensile strength of the liquid. The air-saturation level of degassed
DI water was changed from 0.5 to 1 by gas injection or salt addition, and the cavitation
was promoted from 0.2 to 0.5 in cavitation inception number, which was calculated based
on the inception velocity at Venturi throat. Further increase in the air content caused
oversaturation, which induced visible bubbles that greatly promoted hydrodynamic
cavitation. Knowing the gas saturated level as the major reason for inception change, CO»
was utilized as an innovative additive for cavitation inception control, as its solubility is
highly dependent on solution pH. The effect and reversibility of this method were
demonstrated by altering the pH of carbonated solutions between 4 and 8, and the cavitation

inception number reached the same level at about 1.2 and 0.2 within the 11 test runs. The
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results suggested it as a reversible process to be potentially utilized in industrial

applications that require early or late hydrodynamic cavitation.

The content of gas nuclei liquid, as the major factor affecting the liquid tensile strength
and cavitation inception, depended on the surface properties of solids in the three-phase
systems. The presence of hydrophilic particles stabilized the tiny gas nuclei in bulk water,
which accelerated the inception of hydrodynamic cavitation from 22 m/s to 19 m/s in
Venturi throat velocity. Moreover, the addition of hydrophobic particles further promoted
cavitation, regardless of the particle surface roughness and particle sizes. The mechanism
of particle wettability effect was demonstrated to be the introduction of gas pockets, as
similar inceptions were obtained using pre-degassed solutions that prevented the formation
of surface bubbles. By replacing the glass-made hydrophilic cavitation tube at 10° contact
angle with a 3D printed tube with similar geometry and contact angle at 55°, the
hydrodynamic cavitation inception was dropped to 15 m/s if particles with lower contact
angles were present. The distinct effects of hydrophobic and hydrophilic particles on the
inception of hydrodynamic cavitation preliminarily revealed its benefit potential in both

the recovery and selectivity of the mineral flotation process.

The detailed mechanism of cavitation microbubbles on the flotation of hydrophilic and
hydrophobic fine particles was investigated next. Single bubble flotation tests indicated
that hydrodynamic cavitation could improve the bubble collection efficiency with
hydrophobic particles. The results were explained from three aspects: (1) Microbubbles
were preferably covered on hydrophobic particle surfaces during the hydrodynamic
cavitation process to modify the particle surface properties. (2) particle-particle interactions

were enhanced with the presence of microbubbles to form large aggregates, which
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increased the particle collision probability with flotation bubbles. (3) The large flotation
bubbles could easily attach to solids with surface microbubbles. All three factors were
particularly effective for hydrophobic particles, which explained the improved collection
efficiency compared to hydrophilic ones. These results strongly support hydrodynamic

cavitation's potential in improving the flotation recovery and selectivity of fine particles.

The beneficial effect of hydrodynamic cavitation in fine particle flotation was
demonstrated using a lab-scale flotation column with molybdenite and silica particle
mixture. The location of flotation bubble injection with respect to the cavitation sparger
was optimized by measuring the overall bubble size distribution and gas holdup. By gas
injection upstream of cavitation sparger, the generation of cavitation bubbles at about 25
pm was hindered. Instead, the flotation bubbles were shattered from over 200 pm to about
160 um when passing through the Venturi tube. Such a decrease in flotation bubble size
resulted in a higher gas holdup and a lower flotation selectivity due to entrainment. By
comparison, both cavitation microbubbles and large flotation bubbles were present in the
system if flotation bubbles were injected downstream of the cavitation sparger. The
combination of cavitation bubbles in tens of micrometers and injected flotation bubbles in
hundreds of mcirometers formed the ideal dual-bubble technique, which improved both the
recovery and grade of fine particle flotation. The improvement in the recovery and grade
can be tuned by adjusting the gas injection rate. The distance of gas injection from the
cavitation sparger was also investigated. A higher grade was achieved with a longer
distance between the Venturi tube outlet and the gas injection site, but the recovery was

lower.
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7.2.

Future work

Based on the developed experimental method and findings, several research areas are

suggested for future study.

In Chapter 3, the addition of NaCl was demonstrated to enhance hydrodynamic
cavitation by lowering the gas solubility. By contrast, it is worth investigating the
type of salts that increases the gas solubility of the solution, which would

potentially prevent the occurrence of hydrodynamic cavitation.

The presence of gas pockets on hydrophobic particle surfaces reduced the tensile
strength of the liquid and enhanced cavitation. The detailed mechanism of the gas

pocket formation on particles of different surface properties should be studied.

The surface microbubbles could efficiently improve the attachment between a
flotation bubble and a flat surface, regardless of its hydrophobicity. The
microbubbles provided high Laplace pressure that accelerated the thin liquid film
drainage. The bubble attachment with a solid rough surface with spikes in micro
sizes should be explored and compared with attachment with a microbubble frosted

surface.

It is worth confirming the effect of hydrodynamic cavitation in an industrial-scale

flotation process experimentally.
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