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Abstract
Process industries are cornerstones in today’s industrialized society. They contribute significantly
in the manufacturing of various goods and products that are used in our day-to-day life. Our
society’s paradigm of consumerism accompanied by a rise in global population drives an everincreasing demand for goods. One of the many strategies developed to satisfy these demands and
at the same time improve production capabilities is known as process intensification. As an
example, this can be accomplished by implementation of devices using the principle of
hydrodynamic and acoustic cavitation. High-intensity cavitation in the ultrasonic range can
change the physical and chemical properties of a wide range of substances and hence, improve
the production rate or quality.
Despite the generally accepted benefits of hydrodynamic and acoustic cavitation, applications in
the process industry are yet limited. The reasons are that the method requires extensive
optimization, which depends on multiple process parameters and encounters problem in the
implementation on a larger scale. Scalable cavitation reactor concepts for industrial applications
need to meet challenges like stability and robustness, energy efficiency and high flow rates. This
thesis focuses on the methodology for the design and optimization of a flow through cavitation
reactor.
An ultrasound reactor concept has been developed and tested for two different applications: i)
Fibrillation processes typical for paper and pulp industry and ii) Metal leaching of mineral
concentrates. Simulations were carried out using commercially available software for
multiphysics modeling, which combines acoustics, structural dynamics, fluid dynamics and
piezoelectrics. However, the optimization procedure requires extensive experimental work in
parallel with multi-physical simulations. In general, the application leads to hydrodynamic
initiation of small gas bubbles in the fluid to be excited and collapsed by high intensity ultrasound.
This transient collapse of the cavitation bubbles results in high temperature, high pressures and
shockwaves at microscale and contributes to a plethora of physical and chemical effects on
materials.
The developed reactor has a power conversion efficiency of 36% in batch mode and is well
suited for a scale-up. In flow-through mode, the cavitation effect improves extensively and
provides stable results. Energy efficiency requires hydrodynamic initiation of cavitation bubbles,
high acoustic cavitation intensity by multiple excitation frequencies adapted to the optimized
reactor geometry, as well as optimal process pressure and temperature with respect to the
materials to be treated. The impact of flow conditions and hydrodynamic cavitation is significant
and almost doubles the yield at the same ultrasonic power input.
In the case of fibrillation of cellulose fibers, the developed metodology generates cavitation
intensity that enables energy efficient modification of the mechanical properties of the fiber wall.
In the case of leaching, experiments show that six hours of exposure gave a 57% recovery of
tungsten from the scheelite concentrate at 80°C and atmospheric pressure.
Key words: Ultrasound, Acoustic and Hydrodynamic Cavitation, Process intensification,
Sonochemistry

iii

iv

List of appendix
This thesis is based on work reported in the following three papers:
Paper I

Design of High-Intensity Ultrasound Reactor
Örjan Johansson, Taraka Pamidi, Torbjörn Löfqvist
Presented at the IEEE International Ultrasonic Symposium, September
2017, Washington, D.C., USA

Paper II

Comparison of Two Different Ultrasound Reactors for
the Treatment of Cellulose Fibers
Taraka Pamidi, Örjan Johansson, Torbjörn Löfqvist, Vijay
Shankar
Submitted for publication in Ultrasonics Sonochemistry

Paper III

Sustainable and Energy Efficient Leaching of Tungsten
by Hydrodynamic and Acoustic Cavitation
Örjan Johansson, Taraka Pamidi, Vijay Shankar
To be submitted for publication

v

vi

Nomenclature
Ap
Aws
DM
C
cB
Cp
Di
E
fc
fUS
fr
Fv
H
Iirrad
Imax
K
lf
Lf
lz
m
mx
n
PA
Tv
u
xw
Greek alphabets
ɉ
ɉB
ɉx
ɉz
ɏ
ݒ
subscripts
A
B
c
f
ws
m
v
x
w
us
irrad
max

Area of the probe tip [m2]
Area of the wetted surface of the vessel [m2]
Mean diameter[m]
Speed of sound in the medium [m/s]
Bending wave phase speed [m/s]
Heat capacity of the solvent [JKg-1K-1]
Inner diameter of the circular tube [m]
Young’s modulus [Gpa]
Critical frequency [Hz]
Ultrasound excitation frequency [Hz]
Resonance frequency [Hz]
Force vector [N]
Wall thickness [m]
Intensity of ultrasound irradiation [W/cm2]
Maximum ultrasonic intensity [W/cm2]
Bulk modulus of elasticity [Pa]
Half wave length mode number in fluid [m]
Length of the cylindrical fluid volume [m]
Bending wave mode number in axial direction
Mass of the solvent [kg]
Circumferential half wavelength mode number
Radial wavelength mode number
Pressure amplitude [Pa]
Temperature of the inner vessel wall [°C]
Particle displacement [m]
Thickness of the inner wall [m]
Acoustic wavelength [m]
Bending wavelength [m]
Tangential wavelength [m]
Wavelength along the axial direction [m]
Density of the liquid medium [kg/m3]
Poison’s number
Amplitube
Bendingwave
Critical
Fluid volume
Wetted surface
Mean
Vector
Circumferential
Wall
Ultrasound
Irradiation
maximum

vii

viii

Table of Contents
Acknowledgements ............................................................................................................................... i
Abstract .................................................................................................................................................. iii
List of appendix ..................................................................................................................................... v
Table of Contents................................................................................................................................. ix
1.

Introduction .................................................................................................................................. 2

2.

Theoretical Background ............................................................................................................. 4

3.

4.

5.

2.1

Fundamentals of cavitation ............................................................................................... 4

2.2

Bubble Dynamics ............................................................................................................. 6

2.3

Parameters Affecting Cavitation ....................................................................................... 6

2.4

Estimation of Ultrasonic Parameters ............................................................................... 10

2.5

Ultrasonic Intensity ........................................................................................................ 11

2.6

Characterization of the Sound Field ............................................................................... 12

Reactor Design Methodology .................................................................................................. 13
3.1

Acoustic cavitation ......................................................................................................... 13

3.2

Hydrodynamic cavitation: .............................................................................................. 18

Methods and Procedures........................................................................................................... 20
4.1

Numerical simulation: .................................................................................................... 20

4.2

Experimental setup ......................................................................................................... 22

4.3

Experimental Methods ................................................................................................... 22

Results and Discussions............................................................................................................. 25
5.1

Cavitation effect on cellulose fibers ................................................................................ 27

5.2

Leaching by Cavitation................................................................................................... 28

6.

Conclusions ................................................................................................................................. 30

7.

Future Work ................................................................................................................................ 31

References............................................................................................................................................ 32

ix

Part I
Summary

1

1.

Introduction

Process industries are cornerstones in today’s industrialized society. They contribute significantly
in the manufacturing of various goods and products that are used in our day-to-day life. Our
society’s paradigm of consumerism accompanied by a rise in global population drives an
increasing demand for goods. One of many strategies developed to satisfy these demands and at
the same time improve production capabilities is known as process intensification. As an example,
the same can be accomplished by implementation of devices using the principle of hydrodynamic
and acoustic cavitation. High-intensity cavitation in the ultrasonic range can change the physical
and chemical properties of a wide range of substances and hence, improve the production rate
or quality.
Sound waves are defined by characteristics of frequency, amplitude, and wavelength. As sound
is a mechanical wave it could be both audible and inaudible, depending upon frequency. For
example, human’s audible range of frequency lies between 20 Hz to 20 kHz. Some animals like
bats can generate and hear frequencies up to 100 kHz. The term ultrasound is associated with
frequencies ranging from 20 kHz up to 200 MHz. Like any other mechanical wave, ultrasound
also requires medium of transfer like gas, liquid or solid. The ultrasound frequency range is
further sub-divided as two broad areas:
x Low intensity ultrasound, high frequency applications, 200 kHz - 2 MHz and
x High intensity, low frequency applications, 20 kHz - 200 kHz.
In the frequency range of 20 kHz to 2 MHz cavitation can be induced in liquids. In the range 5
to 10 MHz, cavitation cannot be produced and is commonly used in medical diagnostics [1].
The term cavitation and the associated phenomenon was discovered by J. Thornycroft and S.W.
Barnaby in 1895 as a part of the investigation into poor speed performance of the screw-driven
destroyer H.M.S Daring [2]. The rapid motion of the propeller blades in water caused the water
to be torn apart causing a cavity, hence the process is called cavitation. These cavities formed
were unstable and imploded at the propeller surface at high pressures and temperatures resulting
in pitting, which eventually lead to the mechanical failure of the propellers. This was an
unwanted phenomenon and measures were taken in the design of propellers to minimize it.
Cavitation bubbles in liquids can also be induced by ultrasound as shown in Figure 1. At lower
ultrasound power, cavities grow by a slower process called rectified diffusion. In these
circumstances, a cavity will oscillate over many expansion and compression cycles, when the
amount of gas or vapor diffusing in or out of the cavity depends on the surface area, which is
slightly larger during expansion than compression. Thus, over many acoustic cycles, the cavity
will grow. The growing cavity can eventually reach a critical size, called the resonant size, where
it efficiently absorbs energy from the ultrasonic radiation. The critical size depends on the liquid
properties and the frequency; at 20 kHz in water, for example, the critical cavity radius is roughly
170 μm. At this point the cavity can grow rapidly during a few cycle of sound. Once the cavity
has overgrown, either at high or low sonic intensities, the cavity can no longer sustain itself and
surrounding liquid rushes in, and the cavity implodes. The implosion of the cavity creates an
local increase in pressure and temperature which leads to physical and chemical reactions [3].
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Figure 1: Ultrasound propagation in liquid resulting the creation of cavitation bubbles formation and collapse [4].

The phenomenon of transient cavitation has been in focus regarding process intensification by
new alternative technology. The present thesis focuses on processes used in pulp and paper
production and for extraction of metals from minerals. These industrial sectors need to meet
new demands regarding energy efficiency. For example, Swedish paper mills combined
consumes about 19 % of the industry’s total energy usage in Sweden [5]. Of special focus is
fibrillation which is the most energy consuming process within paper making, is found to have
an energy efficiency of ~1% [5]. Leaching of minerals characterized by high activation energy is
another energy demanding process. Minerals that fall into this category are tetrahedrite, nickel
laterites, scheelite, wolframite, etc., and these types of minerals are typically leached in autoclaves
at elevated pressures and temperatures making the leaching process highly energy intensive.
Hydrodynamic and acoustic cavitation has so far only found a limited use in the process industry
and the reason behind is two-fold: (i) The method requires extensive optimization that depends
on multiple process parameters and (ii) Problems in the implementation on a larger scale with
respect to, stability, robustness, energy efficiency and high flow rates. The thesis focuses on the
methodology in designing and optimizing a scalable flow-through reactor based on
hydrodynamic and acoustic cavitation. The objective connects to the following research
questions:
x
x
x
x

How to use multiphysics simulations and experimental verification for optimization of a
cavitation reactor concept?
How to control cavitation by ultrasound in order to increase yield and modify the
physical characteristics of cellulose fibers?
How to exploit ultrasound treatment to achieve high recovery of metals from hard to
leach minerals?
How to optimize process parameters to increase the energy efficiency?
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2.

Theoretical Background

2.1
Fundamentals of cavitation
Changing the pressure and/or temperature of a liquid also changes the thermodynamic state of
the liquid. With a reduction in pressure, and an increase in temperature, the liquid approaches
a gaseous state. For instance, if water is heated at constant pressure, a state is reached when the
vapor filled bubbles start to grow and collapse, which is defined as boiling as indicated in
Figure 2.

Figure 2: Phase diagram of water, where the blue line indicates saturated vapor/liquid line.

Ultrasonic waves causing fluid molecules to oscillate around their mean position in space, pushed
together in the compression cycle and pulled apart in the rarefaction cycle. When a liquid is
subjected to sufficient negative pressure during the rarefaction cycle, the molecules will be pulled
apart to a distance greater than the intermolecular van der Waals forces of attraction keeping the
liquid intact and there by resulting in the formation of small cavities or gas-filled micro-bubbles.
Growing over a few cycles by taking in dissolved gas and vapor from the liquid, bubbles reach a
resonant size. Depending on the intensity of the acoustic field two types of cavitation exists:
x

x

Stable cavitation: Bubbles have a lifetime that is more than several acoustic cycles,
where the stable nature is the result of the micro-bubble containing mainly gas
preventing a quick collapse.
Transient cavitation: Bubbles have a shorter lifetime than in case of stable cavitation
as the bubbles mainly contain vapor and implode rapidly after a few cycles.

Due to the interaction with nearby bubbles a non-uniform acoustic pressure field is created and
bubbles undergo a sudden expansion to an unstable size and implode. The implosion of
cavitation bubbles results in high temperature, high pressures and shockwaves at microscale and
contributes to a plethora of physical and chemical effects.
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Figure 3: Regions of stable and transient cavitation [6].

Many researchers account for enhanced chemical and physical effects in transient cavitation than
the stable one as it contributes to a larger number of implosions per unit time which can lead to
better mixing and increased formation of radicals. Kiel makes a through representation of the
various chemical and mechanical effects by cavitation [6]. The physical effects of bubbles
generating micro-jects are illustrated in Figure 4 and the impact of these effects on the type of
system where it is generated in.

Figure 4: Representation of the physical effects of cavitation [7].

Cavitation can be generated within a fluid by using transducers which converts an electrical
signal to mechanical vibration. For example, when sinusoidal voltage is applied over both surfaces
of a planar piezoelectric material, a vibration proportional to the applied voltage is generated.
Cavitation can also be induced by using a focused electromagnetic acoustic transducer (EMAT)
which produces a high-intensity shock wave in the fluid concerned [8]. Once the shock wave
is induced, cavitation bubbles are formed in the negative pressure region of the wave, causing
rupturing of the fluid. Secondary cavitation transients, created by the collapse of the primary
bubbles, may also occur. The two main types of electrochemical transducers used in industrial
applications are piezoelectric and magnetostrictive. Piezoelectric transducers are constructed
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using a piezoelectric material. The current transducer technology makes use of ceramic
materials like e.g. lead zirconate titanate.
2.2
Bubble Dynamics
The dynamics of bubbles are described by the general Rayleigh-Plesset equation which is stated
in Franc (2006) as
ߩ ൬ܴܴሷ +

ܴሶ
ܴ ଷఊ 2ܵ
3 ଶ
ܴሶ ൰ = [௩ െ ஶ ( ])ݐ+  ൬ ൰ െ
െ 4ߤ
ܴ
ܴ
ܴ
2

(1)

Where ܴ denotes the bubble radius and ܴሶ and ܴሷ are the first and second order time derivatives
of bubble radius respectively. The surface tension is denoted as S and pv and p(t) are vapor
pressure and the far field pressure of the surrounding liquid respectively. This gives us a relation
between the surrounding pressure and the temporal development of the bubble radius. It can
clearly be seen that bubble radius will decrease with increasing liquid pressure, which means that
cavitation bubbles will have a shorter lifespan if the pressure recovery is quick after the orifice,
and vice versa. The nonlinearities in Equation 1 however, means that this is only a simplified
way of looking at it, and that the response of bubbles subjected to changing pressures will be
nonlinear. This contributes to the very drastic features of cavitation bubbles. For instance a drop
in pressure leading to nonlinear increase in bubble radius implies a depressed vapor pressure
inside the rapidly expanding bubble [9]. This low pressure inside the bubble can further amplify
the rapid collapse due to very high pressure gradients over the bubble wall.
It is important to note that the Rayleigh-Plesset equation has been derived for adiabatic
conditions for the control volume surrounding the bubble, as the evolution of the bubble is so
quick that the heat transfer will be negligible for these time scales. This means that conditions in
the control volume will not be isothermal and the heat needed for vaporization will be provided
by a volume of the liquid surrounding the bubble. Due to this both temperature and pressure
will vary quite heavily on very small scales [10]
2.3
Parameters Affecting Cavitation
The ambient conditions of the system influence the cavitation intensity, which affects the yield.
These conditions include the temperature, hydrostatic pressure, irradiation frequency, acoustic
power and ultrasonic intensity. Other parameters that significantly affect the cavitation intensity
are the dissolved gases, liquid properties and sample preparation. Each of these factors is
described in detail below.
2.3.1

Multiphase flows

Multiphase flows can be simply described as the simultaneous flow of two or more phases, which
could be two phases of one species, e.g. water and steam, or multiple species, e.g. water and air.
Characterization of multiphase flows is done according to the phases present and the four main
cases are gas-liquid, gas-solid, liquid-solid and three-phase flows. Multiphase can also be
categorized according to how the phases mix and form contact surfaces. These are defined as
[11]:
x Dispersed flow is a flow where one phase is discrete elements in a continuous phase, such
as droplets in gas flow or bubbles in liquid. In this case the discrete phases are not in
contact with each other.
x Separated flow means the phases have only line of contact, for instance an annular ring of
liquid on a pipe with gas flow in the center.
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Cavitation is most easily described by using the Bernoulli equation for incompressible flow
1 ଶ
(2)
ߩ = ݒconst.
2
Where p denotes the local static pressure, ȡ is the density of the fluid and v is the velocity of
flow. According to this the static pressure must decrease when the flow velocity is increased.
When the static pressure thus drops below the vapor pressure of the fluid it will lead to the
formation of gas bubbles in the fluid flow, which is known as cavitation. This can be induced in
flow by making the flow pass through a smaller pipe orifice/venturi which means that flow
velocity must increase to satisfy continuity.
+

Cavitation is in many ways similar to boiling, Figure 1, but not limited by the heat transfer in
the liquid, rather only limited by inertial effects of the cavitating liquid. This means that cavitation
is a much quicker process than boiling. The quick expansions and implosions of the bubbles is
the reason it can be quite a damaging process. As the local pressure needs to be lower than the
saturation pressure cavitation can occur once the cavitation number is lower than zero, see
Equation 3. However, if one is able to predict where this can occur and control the cavitating
flows, these violent processes could be put to good use [12]. Several studies have also been
conducted on the pressure development and erosion of collapsing cavitation bubbles and a
number of them are reviewed in Okada et al. [13]. Though results vary somewhat between the
studies the bubble collapse pressures are typically on the order of Giga Pascal’s.
Several studies have been conducted on modeling of cavitation and which conditions need to be
fulfilled for cavitation to occur. The basic considerations are listed in Sauer [14] where he for
example states the basic cavitation number defined as
 െ ௦௧
(3)
1
ߩ ܷଶ
2 
Where p and psat are the static and saturation pressures, ȡl is the liquid density and U is the liquid
velocity. This is the dimensionless ratio of the pressure difference between static and saturation
pressure and the dynamic pressure of the flowing liquid. However, in contrast to other
dimensionless numbers, cavitation cannot be said to occur at one specific value, rather it depends
on several mechanical and dynamic effects of the fluid, such as the number of cavitation nuclei,
friction and surface tension [14]. Cavitation nuclei is considered as weak spots of the fluid
structure and could for instance be solute gas, contact points with solid surfaces or small solid
particles in the liquid.
ߪ=

The effects can be quite dramatic, for example from a theoretical point of view , it has been
found that a liquid free from nuclei could handle tension in the region of 1000 bar without
breaking the liquid structure, while practical experience and experiments show that cavitation
occurs already below 1 bar [14]. Even under experimental conditions, degassed and filtered water
has not been able to withstand tensions larger than around 280 bar [15]. This can be explained
by assuming that even very pure fluids have nuclei points and a pure fluid should be seen as an
entirely theoretical concept. It also means that for engineering purposes it can usually be assumed
that nuclei points are abundant.

7

2.3.2

Dissolved Gases

Dissolved gases act as nucleation sites for cavitation. As gases are removed from the reaction
mixture because of the implosion of the cavitation bubbles, initiation of new cavitation events
becomes increasingly difficult. Bubbling gases through the mixture facilitates the production of
cavitation bubbles, but the type of gas used is important. Generally, a gas with a high specific
heat ratio gives a greater cavitation effect than one with a low specific heat ratio. Because the
collapse of the bubble occurs in such a small amount of time (3.5 μs as estimated by [16]), it can
be assumed to occur adiabatically. Monatomic gases, such as argon and helium, convert more
energy upon cavitation than diatomic gases, such as nitrogen and oxygen, because of the larger
ratio of specific heats. Gases which are extremely soluble in the reaction mixture may reduce the
cavitation effect because the bubbles formed may re-dissolve before collapse occurs. The bubbles
which do not dissolve often become so large (because of facile penetration of gas into the bubble)
that they float to the surface and disintegrate. The thermal conductivity of the gas is also
important because, although the collapse is modelled as adiabatic, there is a small amount of heat
which is transferred to the bulk liquid mixture during collapse. As the thermal conductivity of
the gas increases, the amount of heat loss due to thermal dissipation also increases. There are
many studies that characterizes the cavitation intensity in liquids containing dissolved gases [9] –
[13].
2.3.3

Ambient Temperature

In general, an increase in the ambient temperature results in an overall decrease in the cavitation
effect. The decrease is a result of a sequence of events. First, as the temperature is raised, the
equilibrium vapor pressure of the system is also increased. This leads to easier bubble formation,
due to the decrease of the cavitation threshold. However, the cavitation bubbles contain more
vapor. This vapor reduces the ultrasonic energy produced upon cavitation because it cushions
the implosion in addition to using enthalpy generated in the implosion for the purposes of
condensation. In general, the cavitation effects are stronger at lower temperatures when a
majority of the bubble contents is gas. In certain application, an optimum temperature may lead
to more favorable results. An increase in temperature will increase the cushioning effect of the
vapor in the bubble begins to dominate. Thus, the cavitation effect decreases upon further
increase in ambient temperature [13–15].
2.3.4

Ambient Pressure

Increasing the ambient pressure generally results in an overall increase in the cavitation effect
because of the decrease in the vapor pressure of the mixture. Decreasing the vapor pressure
increases the intensity of the implosion, thus increasing the ultrasonic energy produced upon
cavitation. However, there is a limitation to this increase, as found by Moulton when
investigating the ultrasonic hydrogenation of soybean oil [16] and [17]. When they operated at
an ambient pressure of 13.7 bar and greater, they found ultrasound to have little effect on the
catalyst activity. When the pressure was decreased to 7.9 bar, the effects of ultrasound increased
significantly. It appeared that operating at pressures of 13.7 bar and above increased the cavitation
threshold in the system to a level at which the cavitation bubbles could no longer be produced
or were produced in such small quantities that they did not significantly affect the overall
reaction. For any given system an optimum operating pressure will most likely exist [19].
Changing the hydrostatic pressure can alter the resonance frequency and equilibrium radius of
the bubble and drive the system toward resonance conditions. This approach was taken by Cum,
et. al. [25], who found that operating the system under resonance condition increased the rate
and yield of the reaction.
8

2.3.5

Liquid properties

Cavities are more readily formed when using a liquids with a high vapor pressure, low viscosity,
and low surface tension. Lorimer and Mason investigated the effects of the natural cohesive forces
of the liquid on cavitation and found the most intensive cavitation occurring in liquid with a
higher viscosity [26]. Other researchers [20] and [21] found that the cavitation was inhibited
when using the extremely volatile solvent diethyl ether, which has a vapor pressure of
approximately 0.73 bar at 25 °C. When choosing a liquids for a particular application, the
appropriate “family” of liquids to use is frequently dictated by the type of chemistry involved,
i.e., due to temperature, solubility and/or other parameters. Once a family of liquids are
identified, then the effects on cavitation of the various liquids can be investigated.
2.3.6

Ultrasound Frequency

The frequency of ultrasound has a significant effect on the cavitation process because it alters the
critical size of the cavitation bubble. At very high frequencies, the cavitation effect is reduced
because either (i) The rarefaction cycle of the sound wave produces a negative pressure which is
insufficient in its duration and/or intensity to initiate cavitation or (ii) The compression cycle
occurs faster than the time required for the microbubble to collapse. In the past, most ultrasound
cavitation were carried out using irradiation frequencies between 20 and 50 kHz. This is because
the relatively low alteration of frequency has no apparent effect on chemical reactions, such as
in the dissociation of carbon disulfide [29]. However, current research shows that in other
reactions, such as oxidations, higher frequencies may lead to higher reaction rates. For example,
the rate of sonochemical oxidation of iodide in the presence of air was 31 times greater when
operating at a frequency of 900 kHz compared to 20 kHz [22] – [28].
In summary, lower frequency ultrasound produces more violent cavitation, leading to higher
localized temperatures and pressures at the cavitation site. However, higher frequencies may
actually increase the number of free radicals in the system because, although cavitation is less
violent, there are more cavitation events and thus more opportunities for free radicals to be
produced [36]. It is also evident that combinations of two to three different frequencies give
better yield and higher cavitation intensity [38, 39]
2.3.7

Acoustic Power

Many authors have found that as the power delivered to the liquid increases, the cavitation
intensity increases to a maximum and then decreases with a continued increase in power [39]. A
possible explanation for the observed decrease at high powers is the formation of a dense cloud
of cavitation bubbles near the probe tip which acts to block the energy transmitted from the
probe to the fluid, [31-32].The optimum power level is also dependent on the operating
frequency [42]. When investigating the rate of corrosion of 304L stainless steel, the authors found
that curve maxima were different (i.e., different power optima) for different ultrasonic
frequencies.
There are several methods available in the literature to determine the power dissipated (Pdiss) in
a reaction mixture. One of the most common approaches is calorimetry, which if the energy
delivered to the system is dissipated as heat, as shown by
ܲௗ௦௦ = ൬

݀ܶ
൰
݉
݀ ݐ௧ୀ
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(4)

Where m and Cp are the mass and specific heat capacity of the solvent, respectively, and
(dT/dt)t=0 is the initial slope of the temperature rise of the reaction mixture versus time
of exposure to ultrasonic irradiation. The initial temperature rise of the system is
independent of the initial bulk liquid temperature (< 40 °C), the height of the liquid in the
vessel and the horn height, [35-36]. Many authors have not reported the acoustic power
dissipated in their reaction systems, making it difficult for other researchers to reproduce results
or compare reaction conditions [20].
Hagenson and Doraiswamy concluded that equation 4 needed to be modified to account for the
heat absorbed by the vessel as well as the liquid [45], as shown by
ܲௗ௦௦ = ൬

݀ܶ
݀ܶ
൰
൰
݉௨ௗ ,௨ௗ + ൬
(ߩ) ܺ ܣ

݀ ݐ௧ୀ
݀ ݐ௧ୀ ௐௌ ௐ ௩௦௦ ௩௦௦

(5)

where Tv is the temperature of the inner vessel wall, Aws is the area of the wetted surface of
the vessel, xw is the thickness of the inner wall and m and Cp are the mass and heat
capacity of the liquid or the vessel, as indicated.
Other methods of determining the power dissipated in a reaction system are by using chemical
dosimeters, such as the generation of HNO3 from NO3 in water [46] and the Weissler
reaction which measures the liberation of iodine from potassium iodide. A recent comparison
of calorimetry and the Weissler reaction as measures of ultrasonic power [43] showed that
the two methods provided similar predictions. However, the efficiency of the ultrasonic
device measured by calorimetrically estimated energy dissipation, may not directly translate into
energy utilized for generating cavitationeffects.
2.4
Estimation of Ultrasonic Parameters
The following sections and Table 1, summarizes the ultrasonic parameters which have been
estimated by different authors through either experimental research or model simulations. While
the actual values of the parameters are system dependent, the values in the table are provided as
estimates of order of magnitude for modelling studies.

Table 1: Estimates of parameters Necessary for modeling of ultrasonic system [20]
Definition

Value

N

Number of cavitation
bubbles per unit time
and liquid volume

2.6.1010(Ls)

“

“

4.105(Ls)

System
Condition
Aqueous solvent
ultrasonic bath
frequency 20
kHz

Method of
determination
Model
simulation

Dependent
upon
Power input
Frequency
Vessel type
Position in
vessel
Solvent
Dissolved
gases

Organic solvent
mixtures
ultrasonic probe
freq: 20kHz

Chemical
dosimeter
Reaction
kinetics

Power input
Frequency
Solvent
Dissolved
gases
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Reference
[16]

[47]

Final
pressure(maximum
produced by collapsed
bubble)
Initial cavity size

79 bar

tm

Transient bubble
collapse

3.5μs

Tmax

Final
temperature(maximum
produced by collapsed
bubble)
Microjet velocity(jet
perpendicular to solid
surface)

2064 K

Pmax

R0

Vmj

2.0 μm

100 m/s

aqueous solvent
mixtures
ultrasonic probe
freq: 20kHz
aqueous solvent
mixtures
ultrasonic probe
freq: 20kHz
aqueous solvent
mixtures
ultrasonic probe
freq: 20kHz
aqueous solvent
mixtures
ultrasonic probe
freq: 20kHz
Water

model
simulation

model
simulation

bubble
contents
bulk liquid
temp
Power input
Frequency
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2.5
Ultrasonic Intensity
The maximum ultrasonic intensity (Imax) is related to the pressure amplitude (pA) by
ܫ௫ =

ଶ
2ߩܿ

(6)

Where ȡ is the density of the liquid medium and c is the velocity of sound in that medium. In a
free field the velocity of the sound in that medium intensity (I) will decrease as the distance from
the transmitting source (dT) increase, as shown by
ܫ = ܫ௫ ݁ (ିଶఈௗ )

(7)

Where Į is the attenuation coefficient of the medium.
When a probe system is used, the intensity (Irad) of ultrasound at the surface of the ultrasonic
device (typically expressed in W/cm 2) is equal to the power dissipated (Pdiss) divided by the
area of the probe tip (Ap), as shown by
ܫௗ =

ܲௗ௦௦
ൗܣ


(8)

The acoustic intensity can also be quantitatively determined using a chemical dosimeter such as
the decomposition ratio of 5, 10, 15, 20-tetrakis (4-sulfotophenyl)-porphyrin (H2TPPS4-)[49].
However, in a contained fluid volume a pressure field will be built up. At specific resonance
frequencies standing waves are established, so called resonant modes. At the antinodes of these
modes very high pressure variations are generated. Along nodal lines pressure variation is close
to zero. This effect has as huge impact on cavitation intensity, since it is proportional to the
pressure variation. The spatial variation in sound pressure also causes bubbles, particles and light
weight bodies to be moved, referred to as Bjerkenes forces [6]. To optimize cavitation effect and
energy efficiency the sound field needs to be controlled. Optimal cavitation intensity can be
identified based on measured pressure signal [20]. Maximum of the pressure amplitude ratio
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p(1.5fus)/p(fus) indicates optimal intensity, see Figure 9. If the ultrasonic amplitude becomes too
high the power conversion efficiency decreases.

Figure 5: Sound pressure amplitude ratio at excitation frequency 22 kHz as a function of input electrical power [50].

2.6
Characterization of the Sound Field
Numerous methods exist to characterize the sound field of different acoustic reactors, including
the chemiluminescence of luminol, the use of thermistor probes [51], [52] and
thermoelectric probes [53] and the use of aluminum foil pitting. A comprehensive review
concerning characterization techniques was recently published by Hodnett and Zeqiri [54].
The piezoelectric pressure intensity measurement probe (PPIMP), developed by Soudagar and
Samant [47], has the shape of a traditional ultrasonic probe and is fitted with a sandwich type
PZT piezoelectric crystal. It was designed with the intention of characterizing the sound field of
ultrasonic cleaners and was shown to be an effective characterization technique.
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3.

Reactor Design Methodology

In literature and in many applications of high power ultrasound various reactor concepts exists
[13] and [46-49][59]. The most promising designs regarding energy efficiency and scalable flow
through concepts seem to be the double tube type of reactors. The design methodology
described in this thesis focus on the reactor concept with an outer tube of stainless steel and inner
tube of plastic material. The solvents to be treated by cavitation flow through the inner tube.
The volume between the tubes is filled with degassed water and act as an acoustic wave guide.
The design goal is to maximize the cavitation intensity inside the inner tube by superposition of
different resonant modes and the geometrical focusing effect. Previous research has shown that
the combination of both hydrodynamic and acoustic cavitation can improve energy efficiency
by a factor of 10 [6]. The present reactor concept enables hydrodynamic cavitation by flow
through different types of nozzles [60].
3.1
Acoustic cavitation
The aim is to design and match different resonance phenomena to achieve a flow-through
reactor resilient for high-intensity acoustic cavitation. The goal is to generate as efficient power
transmission as possible between electrical input and high-intensity cavitation output. The idea
is to fully couple a number of resonant structures, to act as one unit. To do that, different wave
types need to be analyzed and controlled. Maximum reactor efficiency enhances wave
phenomena that create positive interference at the target frequency. One fundamental
assumption is that the pressure builds up inside the tube is maximized by standing waves in the
water column. The reactor structure is excited by sonotrodes to generate bending wave
resonances in the outer tube wall close to the breathing mode resonances of the tubes. The best
coupling is obtained at or above the so called critical frequency (bending wave speed is equal or
greater than the wave speed in the fluid).

Figure 6: Design flow for reactor optimization.
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Appropriate start values for acoustic optimization is defined with respect to structural acoustic
theory. Figure 6 describes the iterative procedure using multiphysic simulation and experimental
verification.
Design parameters are chosen as:
I.
II.
III.
IV.
V.
VI.

Temperature (T),
The diameter of fluid volume (Di) or tube mean diameter (Dm),
Length of fluid volume (Lf),
Wall thickness of the surrounding tube (h),
Length of the tube (Ls) and
Properties of the fluid inthe inner tube. 2

Varying the design parameters I to VI in three levels, 729 combinations need to be
considered. However, initially three of the design variables were kept fixed. Temperature
was set to 20 °C. Inner diameter Di and water volume length Lf were set to values that gave
appropriate mode shapes of the contained volume at the target frequency and temperature.
However, in the practical application these variables are dependent on the effective wave
speed of the contained fluid and the cavitation effects. The final geometry was fixed after a
sensitivity analysis.
3.1.1

Wave speeds in fluids and solid materials

The speed of sound in water is dependent on temperature and the amount of gas in the water.
However, the design of the reactor allows the water jacket volume to be degassed by the
ultrasound and only the temperature dependence of water was considered. The inner volume
where solvents and mixtures flow through was controlled by variable boundary conditions and
loss factors. Compression speed of sound in solids and fluids is defined by the Bulk of modulus
of elasticity (K) and the fluid density (ȡ), see equation 9.
ܿ = ( ܭ/ ߩ)ଵ/ଶ

(9)

Both K and ȡ are temperature dependent. Stainless steel (K =163.109 Pa) and approximately 80
times harder to compress than water, K= 2.20.109 Pa at 20°C. The speed of sound in water as
in Figure 7 varies to a greater extent with temperature than the speed of sound in stainless steel.
In water at 20°C, speed of sound c = 1480 m/s. In a tube structure, the longitudinal sound speed
needs to be corrected since the wall thickness is much smaller than the wavelength. In plate and
shell structures, the quasi-longitudinal wave speed is defined by Equation 10.
ܧ
ߩ(1 െ  ݒଶ )

ܿ = ඨ

2

The design goal is to make the reactor design as robust as possible with respect to losses in the central volume
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(10)

Figure 7: Speed of sound in fresh water as a function of temperature.

3.1.2

Fluid eigenmodes in a cylindrical volume

For the reactor type aimed for, the geometry of the fluid volume is defined so that two
independent mode shapes will co-exist at the same eigenfrequency. Like a pure mode in the
axial direction and a pure mode in a radial direction. Positive interference between these two
modes will get maximum amplification. But also benefit from an excitation of the related
complex mode at a higher secondary frequency.
The inner diameter (Di) of the tube is the first parameter to be defined. If Di=90 mm and the
speed of sound (c) is 1480 m/s (water at 20 °C), then the pure radial cross-sectional eigenmode
(l=0, m=0, n=1, ȕ0,1= 3.83) occurs at around 20.0 kHz (Equation 11). The mode shape
generates maximum pressure at the center and along the walls (Figure 8). The two wavelength
radial eigenmode will be around 37 kHz. For optimized response the best result is likely to be
achieved by a superposition of a pure axial mode and the first radial mode, due to expected losses
along the reactor centerline, both by the plastic tubes presence and the changed wave impedance
due to high cavitation activity inside the tube. Altogether, boundary condition and forced
excitation will alter the coupled resonances.
݈
ܿ 2ߚ, ଶ
݂,, = ඨ൬
൰ +ቆ ቇ
2
ߨܦ
ܮ

ଶ

(11)

The wavelength in water at 20°C and 20 kHz is 74 mm. The length of the water column (Lf) is
defined to create a pure axial standing wave (m=0, n=0) at the target frequency see, Equation
12. Two options exist: (i) lf defined by even numbers, i.e. full wavelengths; (ii) lf defined by odd
numbers, i.e. half wavelengths. The benefit of an even mode number is a symmetric pressure
field. However, there are multiple competing modes in the frequency range of interest. Some
frequencies may not contribute to the objective and need to be avoided. One example is the
circumferential mode in fluid (m=3, n=0).
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Figure 8 Different types of eigenmodes in a circular cross-section of a water filled tube of stainless steel. The mode type (m=0,
n=1) is the target for optimization.

3.1.3

Longitudinal resonances in a shell structure

The structural modes are coupled to the fluid inside the tube. A key frequency (fO), is defined
by the breathing mode of the cylinder, which corresponds to a longitudinal eigenmode in the
circumference of the cylinder, see Equation 12. For example, a free cylinder in stainless steel
(DM=100 mm) has a breathing mode around 16 kHz, to maximize the acoustic coupling between
the tube structure and the contained fluid fO needs to be lower than the reactor resonance
frequency [61].

݂ை =

1
ܧ
ඨ
ߨܦெ ߩ(1 െ  ݒଶ )

(12)

The longitudinal eigenfrequencies of a tube due to longitudinal wave propagation can be
expanded to 3D by combining Equations 10 and 12. The potential modes of interest will be
strongly coupled to the water column inside the tube. The idea is to enhance the breathing mode
and suppress longitudinal resonances, by mistuning of the tube length (LSOz Ȝs/2).
݉௫ ଶ
ܧ
݈௭ ଶ
݂, = ඨ
+
ቈ൬
൰
൰ 
൬
2ܮௌ
ߩ(1 െ  ݒଶ ) ߨܦெ
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(13)

3.1.4

Bending wave eigenmodes in a cylindrical shell with free boundaries

Bending waves exist in plate or shell-like structures and is the wave type that radiates sounds
most efficiently. The bending wave combines the properties of a quasi-longitudinal wave and a
transverse wave. The bending wave is dispersive in nature, which means that the propagation
speed is frequency dependent. Considering a thin walled cylinder (h<<D) with finite length (LS),
and free boundaries cB can be defined with respect to different dimensions and eigenmodes, see
Equation 14.
2ߨ݂

ܿ =

ଶ
ଶ
ඨቀߨ݈௭ ቁ + ቀ2݉௫ ቁ
ܮ௦
ܦெ

(14)

The starting point is to determine the wave speeds (cB) dependence on frequency (f), mode
numbers in axial (lz) and tangential (mx) directions, mean diameter (DM), and tube length. The
idea is to excite bending waves in the tube wall in three points, normal to the wall surface,
forming an equal-sided triangle seen in cross-section. For a tube where Di = 90 mm the mean
diameter (DM) is determined by the wall thickness (h). Dividing the circumference of the neutral
layer by three (mx=3) defines the tangential wavelength (Ȝx). However, due to fluid mass loading
and resonances eigenfrequencies will be shifted more or less.
3.1.5

Critical frequency of a bending wave in a cylindrical shell structure

The idea is to set the target resonance frequency of the tube geometry (fUS= 20 kHz) close to
the critical frequency (fc). The critical bending wavelength ȜB then needs to be equal or greater
than 74 mm. Due to the difference in acoustic impedance and the assumed bending wave
radiation, the boundary in radial direction is approximately linked to the mean diameter of the
tube (DM). The geometrical relationship for a bending wave in a tube wall is outlined in Figure
9.

ʄx

ߣ= ܤ
ʄB

ߣݖߣ ݔ
ටߣ  ݔ2 +ߣ  ݖ2

ʄz

Figure 9: The geometrical conditions for a bending wave propagating along a tube with wall thickness much smaller than the
diameter. The bending wave travels in a spiral and may be decomposed in an axial component (ɉz) and a tangential component
(ɉx). The relationship between the components is approximated by unfolding the tube wall.

The bending wave in a tube travels normally in spiral form, and by unfolding the cylinder ȜB can
be defined approximately, see Equation 15. The finite length of the tube needs to be an integer
of half wavelengths (ls), as specified by Equation 13. However, a symmetric response requires an
even integer number.
ߣ௫ ߣ௭
ߣ =
(15)
ඥߣଶ௫ + ߣଶ௭
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However, the wave speed (cB) also depends on the tube material (ȡ, E, Ȟ) and thickness (h), see
Equation 16. The expression is valid when h << ȜB and f > fO.
݄ܧଶ
ܿଶ = 2ߨ݂ඨ
12ߩ(1 െ  ݒଶ )

(16)

To enable a bending wave speed (cB) of 1480 m/s at the target frequency fUS = 20.0 kHz require
a stainless wall thickness to be 11.5 mm. By that, the assumption of a thin structure is not valid
since h/ȜB = 0.16, and therefore cB need to be corrected due to the inertia of rotating segments
and Poisson effects [62], as in Equation 17.

ଶ
ܿ
= 2ߨ݂ඨ

݄ܧଶ
݄ ଶ
െ
3.6
൰ 
ቈ1
൬
12ߩ(1 െ  ݒଶ )
ߣ

(17)

To summarize, the acoustic optimization of a tube structure filled with water need to be treated
by coupled analysis. Appropriate start values can be defined as follows: The circumferential mode
number (mx) is set to 3, h = 11.5 mm and DM = 101.5 mm; then Ȝx = 106.3 mm. With respect
to ȜB = 74 mm,and Ȝz = 103.0 mm, the tube length (LS) defined by an even integer number
(Ȝz=8) become 412 mm. Then cB = 1480 m/s when f3,8 = 20,0 kHz. However, these start values
are limited to the eigenmodes of an uncoupled tube structure. Simulating the forced pressure
response of the complete reactor with respect to fluid loading and different loss factors, require
a multi-physical FE-modelling approach.
3.2
Hydrodynamic cavitation:
The most energy efficient manner to induce cavitation is by hydrodynamics, i.e. some sort of
contraction-expansion vessel such as a venturi [12]. Several principles for hydrodynamic
cavitation have been investigated [12], [63], [64]. Shankar et.al. have shown the potential of
CFD-optimization with the purpose of significantly lowering the energy consumption in case
of fiber refining [64]. The idea comes from the fact that cavitation has been noted to contribute
to the fibrillation and processing of fibers already in the disc refiners in place today [65]. Goto
et.al. [66] have proposed that the use of liquid jet to generate cavitation is an efficient method
for the fibrillation and processing of the wood pulp fibers.
The implemented design induce hydrodynamic cavitation by running the pulp stream through
a venturi nozzle see Figure 10. This is done to increase flow speed and reduce static pressure as
both mass and energy must be conserved in the passage through the nozzle. The cavitation
bubbles thus induced will then collapse when the pipe expands and the static pressure recovers,
and the idea is to focus the bubble collapse on the surface of the fibers to achieve fibrillation and
processing. This means that the venturi nozzle needs to be carefully designed so that the
cavitation can be controlled and used to concentrate the processing energy to the fibers and
provide effective refinement of the fibers in the flow. However the most efficient processing
require a combination of hydrodynamic and acoustic cavitation. The acoustic control of the
bubbles collapse increases cavitation intensity and improve fiber processing.
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Figure 10: Results from calculation model for optimized venturi geometry. a) Calculated cavitation field without
fibers. b) Calculated flow field with fiber suspension as speed, pressure and viscosity variations [67].

The advantage with this technique compared with the current state-of-the-art is that it could
possibly save large quantities of energy. This is due to a couple of beneficial aspects of cavitation.
As cavitation can be created at near-ambient conditions regarding temperature and pressure it is
a very energy efficient way of creating zones of high temperature and pressure gradients, namely
the regions where the cavitation bubbles collapse [63]. So instead of having to pressurize or heat
the entire stream, similar effects can be achieved by inducing cavitation in the flow, where the
only energy consumption correlates to the pressure drop over the cavitation zone. This means
that fluid-induced cavitation significantly reduces the amount of energy needed to create local
zones of high temperature and pressure. The disadvantage is that it is hard to control and
therefore has been considered too complicated to use on an industrial scale, but with the rapid
development of CFD technology and engineering in the past decades the potential of
hydrodynamic has received ever more interest, in particular from chemical and process industries
[68].
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4.

Methods and Procedures

4.1
Numerical simulation:
The numerical simulation has been executed using Comsol multiphysics in 3D configuration.
The reactor design comprises a closed tube in stainless steel and a thin walled plastic pipe located
in the center of the tube. The reactor is excited with sonotrode, which converts electrical energy
into mechanical energy to vibrate the wall of the reactor. The sonotrode consists of a resonant
structure and integrated piezo-ceramic elements see Figure 11. Vibration is excited by an
electrical signal that varies over time, most typically as a pure sinusoid at a fixed frequency
determined for the reactor's optimum response. The optimized excitation of the reactor walls
leads to rise to high-efficiency and controllable cavitation intensity that affects the suspension
flowing through reactor’s inner tube.

Figure 11: Displacement mode of the sonotrode.

The sonotrodes are symmetrical attached to the tube wall separated circumferentially by 120°
see Figure 12. The position is chosen to excite the tube wall in a resonant flexural mode.
Moreover, the vibration of the pipe wall creates a high pressure standing wave inside the tube.
The finite element modelling of the reactor is made with respect to pressure acoustics of water,
structure vibrations of solid materials, and the piezo electric properties of the sonotrodes.

Figure 12: Geometry and design variables of the ultrasound reactor.

20

The ultrasonic wave propagation in water was simulated by using the pressure acoustics module
in Comsol multiphysics. In this case, the sound pressure level inside the reactor has been studied.
The governing wave equation for acoustic wave with losses is given as follows:
 ή ൭െ

1
߱ଶ 
(p െ ݍௗ )൱ െ
= ܳ
ߩ
ߩ ܿଶ

(18)

Where p is acoustic pressure, ȡ is density of water, c is speed of ultrasound propagation in the
water, Qm is monopole domain source and qd dipole domain source ߩ ܿଶ is bulk modules.
When simulating the vibrational displacement of the tube both stainless steel and piezoelectric
properties are defined as isotropic and elastic material. Therefore, the linear elastic behavior is
governed by Newton’s second law:
(19)
െߩ߱ଶ ࢛ െ . ߪ = ࡲࢂ ݁ 
Where u is the structural acceleration, ߪ stress vector, Fv force vector ܽ݊݀ is the phase
constant.

For piezo electric effect, an applied stress on the piezoelectric materials induces electric
polarization and a build-up of an electric field in the material, or opposite an applied electric
field induces dimension change for piezoelectric material. The electro-mechanical behavior of
the pzt, considered isotropic, can be expressed by two linearized constitutive equations:
ܶ = ܿா ܵ െ ݁ ் ܧ
 ܵ݁ = ܦ+ ߝ௦ ܧ

(20)

ܵ = ݏா + ݀ ் ܧ
 ܶ݀ = ܦ+ ߝ் ܧ

(21)

The finite element analysis of the reactor was made in 3D. The mesh in all domains was defined
individually by tetrahedral mesh elements. In order to consider a quasi-static approximation for
each elementary triangular element, the segment length should be shorter than approximately
ɉ/8 where ɉ is the wave length of an acoustic wave for a given frequency for each material. This
permits a reduction between computational time and precision of the results.
Materials properties:
Table 2 material properties at 20°C used for simulations

Materials used in design of reactor

Stainless steel
(Austenitic)

Polycarbonate

Lead Zirconate
Titanate

Longitudinal wave speed (m/s)

5642

1950

3970

3

Density of material (Kg/m )

7800

940

7750

Young’s modules [Pa]
Poisson’s ratio

200E9
0,29

0,69E9
0,46

---------
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4.2
4.2.1

Experimental setup
Cavitation reactors

Figure 13 shows a schematic description of the experimental setup. The used batch reactor
(Figure 13a) consists of a glass cylindrical beaker with 71 mm outer diameter and 128 mm height.
With a small inner container placed at 40 mm above the bottom. This small container is used to
fix the material to be treated in the acoustic anti-node of the ultrasound irradiated fluid. The
batch reactor was excited with a single sonotrode at 20.8 kHz. The ultrasound tube reactor
comprises sonotrodes, driven by piezo electric transducers, which were positioned radially at the
reactor wall with 120° angular separation. The developed reactor concept uses a vertical tube in
stainless steel (10 mm thickness), vented in the top-end. The suspension flow through the inner
tube of polycarbonate material (PC) (h=3 mm) centered along the length of the reactor. The
outer tube wall is excited to induce breathing and bending wave modes in the reactor tube, see
Figure 13(b) with inner tube [69]. The flow direction has been both against and with gravity.

Figure 13: Schematic representation of beaker reactor with pressure mode highlighted and tube reactor.

Apparatus used
Evaluation of the reactors requires measurement of frequency responses of sound and vibration
signals, electrical impedance of excitation signals, and of the sound pressure mode shapes inside
the reactors. Measurement setup used to verify the transient cavitation in the developed reactor
was controlled using a PC-based software and two channel hardware (CLIO) for frequency
response measurements in time and frequency domain at 192 kHz sampling rate. Pressure
responses were measured at 1-80VA electric input power. A signal conditioning amplifier (B&K
NEXUS 2692) connects a pressure sensor (Dytran model 2200V1) and a miniature shock type
accelerometer (PCB 353M15) to the measurement system. The pressure transducer has an upperfrequency limitation of 300 kHz. Pressure response was also measured using an oscilloscope with
a bandwidth of 1 MHz [69].
4.2.2

4.3

Experimental Methods

4.3.1

Aluminum foil test

Aluminum foil was used as testing material to investigate the ultrasonic cavitational yield. Before
treatment, a beaker was filled with 330 ml of water. The test material was 128 circular pieces of
aluminum foils, 5 mm in diameter and 15 μm in thickness. In the first test the foil pieces were
dropped in the beaker to float freely. In the second experiment, the foil pieces were placed in a
small container as shown in Figure 13(a). In the third test the flow through tube reactor was
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used. The total circulating water volume was 2.25 liter where the cavitation reactor volume
represented 0.25 liter, giving a duty cycle of 11%. Before entering the reactor cavitation bubbles
were initiated by flow through a specially designed venturi nozzle [64]. The 128 circular pieces
of aluminum foil, was circulated freely when pumped through the tube. After the exposure, the
aluminum foil pieces were removed to assess the damage pattern.
The aluminum foil discs were treated 5 min with ultrasound using the same input electrical
energy at the corresponding excitation frequency. After test, pictures were taken on the treated
foil discs.
4.3.2

Calorimetric test

The input acoustic power to the test liquid and the power conversion efficiency was determined
by the calorimetric method [16]. The dissipated ultrasonic power Pdiss was calculated from the
rate of temperature increase when ultrasound is on, and rate of temperature decrease when
ultrasound is off:
ܲௗ௦௦ = ܥ ܯ

߂ܶௌ + ߂ܶ
݀ݐ

(22)

where Cp is the specific heat capacity of the liquid (J/kgK), M is the mass of liquid (kg)
and ȴT is temperature rise and fall, ȴt is time of exposure in seconds (S) [70].
The ultrasonic power density, Ȇ [3], is defined as:
ߎ=

ܲ
ܸ

(23)

where PA is the applied acoustic power (W) and V is the volume of the ultrasonic vessel or
reactor with the unit W/L or W/cm3.
The power conversion efficiency of the reactors was determined by:
ᐭ=

ܲ
݈݁݁ܿݎ݁ݓ ݈ܽܿ݅ݎݐ

(24)

Below table shows the properties of the material used in the calorimetric test. Most of the heat
dissipated by ultrasound was absorbed by the water and less heat was absorbed by the solid
materials.
Table 3 Material used in calorimetric test

Material used in
calorimetric setup

Specific heat
capacitance

Density of material
(kg/m3)

(J/kgK)
Stainless steel

460

7800

Aluminum

336

2700

Polycarbonate

1210

1200

Water

4190

998

Quartz glass

700

2650
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4.3.3

Cellulose fiber treatment

The fibers used in the experiment both in beaker reactor and the tube reactor are hardwood
fibers, from birch, bleached in chlorine free process. The mean fiber length was 0.9 mm [71].
The never-dried pulp were sampled at a paper mill 3 from the end of the bleaching process.
The fibers did not receive any pre-treatment prior to ultrasound exposure. After sonication the
samples were analyzed by various methods in terms of different fiber properties and energy
aspects of the sonication. The pulp was thereafter stored in a refrigerator.
The fiber experiments were made in three different cases: (i) freely dropped fibers in beaker; (ii)
fixed fibers in case of beaker reactor; (iii) fibers freely flow through the inner volume of the tube
reactor.
4.3.4. Leaching of minerals by cavitation

The ultrasound cavitation reactor was adapted to handle a highly-concentrated leaching reagent
(10 M sodium hydroxide). Tests were conducted at 38, 60 and 80°C at varying flow conditions,
input powers and excitation frequencies. The excitation signals were adapted to the reactor's
experimentally optimized frequency response at around 23 kHz and 40 kHz. The temperature
60° C was selected for comparison with reference data. The mineral suspension flows through a
separate PVC-plastic tube (Di=16mm) centered in the water-filled reactor. Before entering the
reactor cavitation bubbles were initiated by flow through a specially designed nozzle. The nozzle
function was varied by changing orifice plates, which are 5-15 mm thick cylindrical discs with a
number of small holes in three different geometrical patterns [72]. The basic idea with the orifice
plate is to create a local velocity and pressure change, which together with flow friction through
the narrow holes, initiates cavitation bubbles. In the second intermediate stage, the bubbles are
furthered excited and collapsed in the resonance amplified reactor volume [73].
For each test, samples from the leaching solution were taken every hour. The fluid flowing
through the reactor system had a total volume of 220 ml, where 30% were within the acoustic
cavitation reactor. Each sample taken was 1.5 ml, using a pipette that was inserted in to the
temperature controlled mixing container. The taken sample was then filtered using a 0.45 μm
syringe-filter setup. The filtered solution was analyzed for tungsten through ICP-OES
(inductively coupled plasma - optical emission spectrometry).

3
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5.

Results and Discussions

Optimization of the ultrasonic reactors geometric design were made by a combination of
numerical modeling and experimental verification. The numerical analysis was performed with
commercially available software (Comsol Multiphysics). The cavitation intensity is dependent
on the mode of pressure response at a specific excitation frequency. Zones with high sound
pressure variations generate high cavitation intensity. Figure 14 shows a comparison between
simulated and measured pressure response in the center of the flow through tube reactor. The
simulated linear acoustic response gives unrealistically high amplitudes at single frequencies. The
measured response get much smother, due to the fact that the response at the dedicated frequency
of 22.8 kHz become non-linear, seen as a broad brand harmonic spectrum. Never the less, the
response characteristics are in line with the simulated response.

Figure 14: Calculated and measured frequency response. Represents the sound pressure measured by a pressure sensor in the
center of the tube reactor. The reactor, filled with degassed water, was excited with a swept sine signal by sonotrodes tuned to 23
kHz fed by 200 W electric power. T = 20 ° C.

Figure 15: FE-optimized and experimentally verified prototype reactor, length 325 mm. a) the sound pressure level (SPL) in
the water volume inside the polycarbonate tube at 21.8 kHz. b) The sound pressure level (SPL) in the water volume inside the
PVC tube at 22.9 kHz.

Figures 15 and 16, shows the final version of the prototype flow through reactor, excited by
single frequency. The reactor has been gradually optimized through an iterative process of
numerical simulation in parallel with experiments. Figure 15 shows an adaption of the reactor
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with respect to fibrillation and leaching. The sonotrode design is easy to manufacture and provide
high-level excitation at the resonance frequency. Most critical in the acoustic modeling is to
model the boundary conditions in a physically realistic way. Critical aspects are the attachment
of the end caps to the tube reactor, and the connection of mechanical horns to the tube wall.
The length of the water column inside the tube has a major impact on the response and is
therefore variable and adjusted for maximum response. The boundary condition between the
end piece and the pipe wall is very important for the response. Sonotrode responses were adjusted
to the optimum excitation frequency by adjusting torque. First, each sonotrode was tuned
separately to the same frequency. Then the sonotrodes were tested together to ensure an equal
input power distribution.

Figure 16: Figure (a) and (b) represents vibration, and sound pressure mode shapes
Figure(c) shows aluminum foil erosion from 20 seconds of immersion in the center of the reactor at 50° C

Verification of the reactor design was made by pressure response measurements in the center of
the tube at 250W electric power and excitation frequency of 23.0 kHz. The FE-simulated
pressure response as indicated in Figure 14 was determined with an assumption that the enclosed
volume of water behaves linearly. In practice, cavitation occurs, which means that the input
power (pure sine at one or various frequencies) transforms into a harmonically related frequency
response spectrum, where some overtones have as high or higher amplitude than what occurs at
the excitation frequency (Figure 17).

Figure 17: The measured pressure response in the center of the reactor tube filled with degassed water at 55°C.
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The total loss factor of the reactor was determined by electrical impedance measurements in
frequency domain. Best energy efficiency occurs near a well-defined impedance minimum, and
coincides with the maximum pressure response in the reactor. The peak amplitude in the current
signals frequency spectrum gives a good indication of when the maximum pressure response
occurs. The current peak frequency is a simpler indicator than the impedance minimum. When
the system response is known the optimum excitation frequency can be determined without
measuring the pressure. However, determining the loss factor of the water volume require a
swept sine signal (or chirp) excitation, and measurement of the half power bandwidth of the
pressure amplitude at the resonance frequency. At maximum response, current and voltage are
slightly out of phase. Electrical power use corresponds to the product of the effective value of
current and voltage and the phase angle. With the system in operation, the "loss factor" increases
due to an energy transfer to the fiber material, both in the form of mechanical processing and as
frictional losses. Figure 18 show the example of the effect on fibers caused by hydrodynamic and
acoustic cavitation [74].

Figure 18 Scanning Electron Microscopy images of untreated and ultrasound treated cellulose fibers

5.1
Cavitation effect on cellulose fibers
The fiber treatment conditions are summarized in Paper 2. The average fiber geometrical
properties were characterized by a pulp analyzer. The impact on pulp quality was determined by
measuring the ultrasound absorption according to a validated method [75]. The experimental
pulp used for the verification of the cavitation effect on fibers properties was a CTP never dried
type of birch fiber. The fiber suspension concentration was 0.3-0.7%.
The results shows that the ultrasound controlled cavitation can alter the fiber properties. Figure
19 shows the results of all absorption measurements. Differences in absorption characterize
changes in the fibers mechanical properties. The variation between pulp samples can be explained
by different effects on the fiber structure. Analyzing the effects of sonification of single cellulose
fibers Iwasaki et.al defined four different effects: (D) deformation of fiber wall; (S1) peeling off
layer 1; (SW) Swelling of layer two; (F) Fibrillation of layer two (S2). The results with respect
to absorption is in the beginning effects of deformation and swelling [76]. In case of"BExp2" and
Exp5, with a negative attenuation compared to the reference, it is most likely an effect of peeling
of layer 1, a possible fibrillation effect but also a delamination of fiber wall. In the case of BExp2
the lower attenuation and change of fiber dimensions is likely related to a destruction of the fiber
wall see Figure 18. The differences regarding BExp2 may be related to the chirp signal, which
creates a pulse like rise of acoustic power. At 60°C the cellulose structure is still brittle and could
be damaged by misguided and too powerful cavitation.
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BExp3 has the greatest attenuation, which indicates a clear change of fiber properties at an energy
equivalent to 3452 kWh/bdt. In case of BExp3 the CTP suspension was exposed by a chirp
signal within the frequency band of 20.5-21.5 kHz. The increased attenuation relates most likely
to swelling and internal fibrillation since the change in fiber dimensions is minor.
Results regarding power conversion efficiency and foil tests show that the hydrodynamic and
acoustic cavitation by the tube reactor give greater cavitation intensity. Due to that and the effect
of fiber dimensions it is likely to conclude Exp3b is the most processed fiber sample by an energy
equivalent of 897 kWh/bdt as other fiber parameters did not change significantly by the
ultrasonic treatment. Exp4 is another interesting result where the attenuation is comparable to
Exp3b but with an increase in fiber length.

Figure 19: Comparison of Measured absorption at 5MHz. free fibers (top graph) and fixed fibers (bottom graph). The mid
panel refer to an experiment using a tube reactor (middle).

5.2
Leaching by Cavitation
The aim is to improve the leaching process by utilizing hydrodynamic and acoustic cavitation.
Figure 20 shows the recovery rate of tungsten by acoustic and hydrodynamic cavitation (Paper
3). The temperature and flow direction gave the most pronounced effect, which might be
obvious. The flow against gravity gets a recovery rate that is almost 50% better. The top-down
flow gives in average 16% recovery and bottom-up flow gives more than 20% recovery in a case
of 400 VARMS and two excitation frequencies. The better result for bottom-up flow was most
likely due to the advantage of the gravitation effect, which keeps heavier particles longer time
inside the reactor. The final result (Test 11) verified the choices made and showed a significant
improvement in recovery rate (53.1 % after 5h and 56.4% after 6h). The 56.4% tungsten recovery
was obtained by an energy supplement equivalent to 130 kWh/kg scheelite concentrate. The
reference chemical reactor test, when stirring 220 ml of the leaching reagent at the same
temperature and exposure time, gave 38 % recovery of tungsten.
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Figure 20: Leaching recovery of tungsten (W) from Scheelite, with respect to ultrasound and hydrodynamic cavitation. The
black line represents the leaching effect by the circulating flow.
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6.

Conclusions

Energy efficient process intensification can be achived by a combination of hydrodynamic and
acoustic cavitation. Energy efficiency requires extensive optimization with the help of numerical
and experimental investigations in order understand the interconnection of different physical
phenomena. A flow-through ultrasound reactor concept has been developed and tested for two
different applications: i) Fibrillation processes typical for paper and pulp industry, and ii) Metal
leaching of mineral concentrates. The focus has been on the energy conversion efficiency from
a dedicated electrical excitation signal to cavitation effect for process intensification. The reactor
design (sonotrodes - tube structure - fluid volume) becomes ideal when synchronized impedance
matching is maintained when high power is applied. An optimized venturi nozzles ensure
initiation of cavitation bubbles, and bifurcation of the suspension. The cavitation bubbles are
collapsed with high-intensity ultrasound at 22 kHz and 39 kHz in the subsequent resonant
reactor volume. The power conversion efficiency of the reactor is 36% under static conditions.
In the flow mode, the cavitation effect on treated materials became more than two times better.
The efficiency of cavitation depends on the used liquids and the material to be treated. In the
experiments, the best results were obtained when the temperature was between 50-60°C (fiber
pulp) and 80°C (sodium hydroxide and scheelite).
Results show that the mechanical properties of the fibers were changed by the sonification in all
tests. The flow-through reactor was more efficient than the beaker reactor. The effect of keeping
fibers in the antinode of the mode shape of the irradiation frequency was also significant. The
effect on fiber properties for the tested mass fraction was determined by a low-intensity
ultrasound pulse-echo based measurement method, and by a standard pulp analyzer
In the case of tungsten leaching from scheelite, the recovery rate was 56.4 % after 6h exposure
at 80°C. The applied energy by acoustic cavitation was equivalent to 131 kWh/kg concentrate.
The result can be compared to a 38 % recovery when using conventional stirring at the same
exposure time and temperature. The improved recovery rate I most likely caused by collapsing
bubbles, which generates an increase of microscale temperature and removes diffusion layers by
shockwaves and micro-jets. However, longer exposure time and higher process temperature are
necessary to achieve a leaching recovery rate corresponding to today's autoclave technology. The
long term target is to maximize the recovery rate of tungsten (>90%) from the scheelite
concentrate.
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7.

Future Work

The research work that will be conducted in the future is summarized as follows:
x
x
x
x
x
x
x

Better characterization of the variations in impedance, density, and viscosity of the pulp flow
More experiments need to be conducted on different type of fibers at higher static pressure
and temperatures
There is also a need to conduct experiments at different fiber concentrations up to 4% by
weight, which alters the input power as well
More fiber quality verification like tensile index analysis in accordance with the ISO 19243 standard, and so forth.
Leaching experiments need to be repeated and further optimized to see the stability in the
recovery rate
Long term exposure using the up-scaled rector and higher flow rates to determine the
maximum recovery rate
Performing tests with other minerals like titanite.

31

References
[1]

“Introduction.”
[Online].
[Accessed: 07-May-2019].

Available:

http://www.sonochemistry.info/introdution.htm.

[2]

J. Einhorn, “Advances in sonochemistry,” Ultrasonics, vol. 29, no. 6, p. 497, 2002.

[3]

“Sonochemistry:
The
Suslick
Research
Group.”
[Online].
http://suslick.scs.illinois.edu/sonochembrittanica.html. [Accessed: 08-May-2019].

[4]

M. Vinatoru, T. J. Mason, and I. Calinescu, “Ultrasonically assisted extraction (UAE) and
microwave assisted extraction (MAE) of functional compounds from plant materials,” TrAC
Trends Anal. Chem., vol. 97, pp. 159–178, Dec. 2017.

[5]

P. O. Engstrand et al., “Mekmassainitiativet för energieffektivitet, e2mp-i,” Mittuniversitetet,
2015.

Available:

[6]

F. Keil, Modeling of process intensification. John Wiley & Sons, 2007.

[7]

“Ultrasonic cleaning | Evoclean - Professional cleaning.”
https://evoclean.gr/en/ultrasonic-cleaning/. [Accessed: 08-May-2019].

[8]

M. T. Carnell, P. T. Fiadeiro, and D. C. Emmony, “Cavitation phenomena generated by a
lithotripter shock wave,” J. Acoust. Soc. Am., vol. 97, no. 1, pp. 677–679, Jan. 1995.

[9]

C. T. Crowe, J. D. Schwarzkopf, M. Sommerfeld, and Y. Tsuji, Multiphase Flows with Droplets
and Particles, Second. CRC Press, 2011.

[10]

J.-P. Franc and J.-M. Michel, Fundamentals of cavitation, vol. 76. Springer, 2006.

[11]

C. T. Crowe, Multiphase flow handbook. CRC Press, 2005.

[12]

P. R. Gogate and A. B. Pandit, “Hydrodynamic Cavitation Reactors: A State of the art review,”
Rev. Chem. Eng., vol. 17, no. 1, pp. 1–85, Jan. 2001.

[13]

T. Okada, Y. Iwai, and K. Awazu, “A study of cavitation bubble collapse pressures and erosion
part 1: A method for measurement of collapse pressures,” Wear, vol. 133, no. 2, pp. 219–232,
1989.

[14]

J. Sauer, “Instationär kavitierende Strömungen - Ein neues Modell, basierend auf Front Capturing
(VoF) und Blasendynamik [online],” 2000.

[15]

L. J. Briggs, “Limiting negative pressure of water,” J. Appl. Phys., vol. 21, no. 7, pp. 721–722,
1950.

[16]

D. V. P. Naidu, R. Rajan, R. Kumar, K. S. Gandhi, V. H. Arakeri, and S. Chandrasekaran,
“Modelling of a batch sonochemical reactor,” Chem. Eng. Sci., vol. 49, no. 6, pp. 877–888, Jan.
1994.

[17]

M. H. Entezari, P. Kruus, and R. Otson, “The effect of frequency on sonochemical reactions III:
dissociation of carbon disulfide,” Ultrason. Sonochem., vol. 4, no. 1, pp. 49–54, Jan. 1997.

[18]

E. J. Hart and A. Henglein, “Free radical and free atom reactions in the sonolysis of aqueous
iodide and formate solutions,” J. Phys. Chem., vol. 89, no. 20, pp. 4342–4347, Sep. 1985.

[19]

J. Berlan, F. Trabelsi, H. Delmas, A. M. Wilhelm, and J. F. Petrignani, “Oxidative degradation
of phenol in aqueous media using ultrasound,” Ultrason. Sonochem., vol. 1, no. 2, pp. S97–S102,
Jan. 1994.

[20]

L. H. T. and and L. K. Doraiswamy, “Sonochemistry:ௗ Science and Engineering,” Ind. Eng.
Chem. Res. 38,Page:1215-1249,1999.

[21]

M. Ibisi and B. Brown, “Variation of the Relative Intensity of Cavitation with Temperature,” J.
Acoust. Soc. Am., vol. 41, no. 3, pp. 568–572, Mar. 1967.

[22]

S. V. Ley and C. M. R. Low, Ultrasound in Synthesis, vol. 27. Berlin, Heidelberg: Springer Berlin
32

[Online].

Available:

Heidelberg, 1989.
[23]

K. J. Moulton, S. Koritala, and E. N. Frankel, “Ultrasonic hydrogenation of soybean oil,” J. Am.
Oil Chem. Soc., vol. 60, no. 7, pp. 1257–1258, Jul. 1983.

[24]

K. J. Moulton, S. Koritala, K. Warner, and E. N. Frankel, “Continuous ultrasonic hydrogenation
of soybean oil. II. Operating conditions and oil quality,” J. Am. Oil Chem. Soc., vol. 64, no. 4,
pp. 542–547, Apr. 1987.

[25]

G. Cum, R. Gallo, A. Spadaro, and G. Galli, “Effect of static pressure on the ultrasonic activation
of chemical reactions. Selective oxidation at benzylic carbon in the liquid phase,” J. Chem. Soc.
Perkin Trans. 2, vol. 0, no. 3, p. 375, Jan. 1988.

[26]

J. P. Lorimer and T. J. Mason, “Sonochemistry. Part 1—The physical aspects,” Chem. Soc. Rev.,
vol. 16, no. 0, pp. 239–274, Jan. 1987.

[27]

M. E. Fitzgerald, V. Griffing, and J. Sullivan, “Chemical Effects of Ultrasonics—``Hot Spot’’
Chemistry,” J. Chem. Phys., vol. 25, no. 5, pp. 926–933, Nov. 1956.

[28]

J. . Luche, “Organometallic sonochemistry: Successes, problems and by-products,” Ultrasonics,
vol. 25, no. 1, pp. 40–44, Jan. 1987.

[29]

M. H. Entezari, P. Kruus, and R. Otson, “The effect of frequency on sonochemical reactions III:
dissociation of carbon disulfide.,” Ultrason. Sonochem., vol. 4, no. 1, pp. 49–54, Jan. 1997.

[30]

M. H. Entezari and P. Kruus, “Effect of frequency on sonochemical reactions. I: Oxidation of
iodide,” Ultrason. Sonochem., vol. 1, no. 2, pp. S75–S79, Jan. 1994.

[31]

C. Petrier, A. Jeunet, J. L. Luche, and G. Reverdy, “Unexpected frequency effects on the rate of
oxidative processes induced by ultrasound,” J. Am. Chem. Soc., vol. 114, no. 8, pp. 3148–3150,
Apr. 1992.

[32]

I. H. and and M. R. Hoffmann, “Optimization of Ultrasonic Irradiation as an Advanced
Oxidation Technology,” Environmental Science & Technology 1997 31 (8), 2237-2243, DOI:
10.1021/es960717f.

[33]

T. J. Mason, J. P. Lorimer, D. M. Bates, and Y. Zhao, “Dosimetry in sonochemistry: the use of
aqueous terephthalate ion as a fluorescence monitor,” Ultrason. Sonochem., vol. 1, no. 2, pp. S91–
S95, Jan. 1994.

[34]

A. Francony and C. Pétrier, “Sonochemical degradation of carbon tetrachloride in aqueous
solution at two frequencies: 20 kHz and 500 kHz,” Ultrason. Sonochem., vol. 3, no. 2, pp. S77–
S82, Jul. 1996.

[35]

D. Drijvers, R. De Baets, A. De Visscher, and H. Van Langenhove, “Sonolysis of
trichloroethylene in aqueous solution: volatile organic intermediates,” Ultrason. Sonochem., vol. 3,
no. 2, pp. S83–S90, Jul. 1996.

[36]

L. A. Crum, “Comments on the evolving field of sonochemistry by a cavitation physicist,”
Ultrason. Sonochem., vol. 2, no. 2, pp. S147–S152, Jan. 1995.

[37]

K. M. Swamy and K. L. Narayana, “Intensification of leaching process by dual-frequency
ultrasound,” Ultrason. Sonochem., vol. 8, no. 4, pp. 341–346, Oct. 2001.

[38]

P. R. Gogate, I. Z. Shirgaonkar, M. Sivakumar, P. Senthilkumar, N. P. Vichare, and A. B. Pandit,
“Cavitation reactors: Efficiency assessment using a model reaction,” AIChE J., vol. 47, no. 11,
pp. 2526–2538, Nov. 2001.

[39]

M. Gutierrez and A. Henglein, “Chemical action of pulsed ultrasound: observation of an
unprecedented intensity effect.,” J. Phys. Chem., vol. 94, no. 9, pp. 3625–3628, May 1990.

[40]

R. F. Contamine, A. M. Wilhelm, J. Berlan, and H. Delmas, “Power measurement in
sonochemistry,” Ultrason. Sonochem., vol. 2, no. 1, pp. S43–S47, Jan. 1995.

[41]

F. Contamine, F. Faid, A. M. Wilhelm, J. Berlan, and H. Delmas, “Chemical reactions under
ultrasound: discrimination of chemical and physical effects,” Chem. Eng. Sci., vol. 49, no. 24, pp.
5865–5873, Dec. 1994.
33

[42]

G. O. H. Whillock and B. F. Harvey, “Ultrasonically enhanced corrosion of 304L stainless steel
II: The effect of frequency, acoustic power and horn to specimen distance,” Ultrason. Sonochem.,
vol. 4, no. 1, pp. 33–38, Jan. 1997.

[43]

T. Kimura et al., “Standardization of ultrasonic power for sonochemical reaction,” Ultrason.
Sonochem., vol. 3, no. 3, pp. S157–S161, Nov. 1996.

[44]

R. F. Contamine, A. M. Wilhelm, J. Berlan, and H. Delmas, “Power measurement in
sonochemistry,” Ultrason. Sonochem., vol. 2, no. 1, pp. S43–S47, Jan. 1995.

[45]

L. C. Hagenson and L. K. Doraiswamy, “Comparison of the effects of ultrasound and mechanical
agitation on a reacting solid-liquid system,” Chem. Eng. Sci., 1998.

[46]

H. Nomura, S. Koda, K. Yasuda, and Y. Kojima, “Quantification of ultrasonic intensity based on
the decomposition reaction of porphyrin,” Ultrason. Sonochem., vol. 3, no. 3, pp. S153–S156, Nov.
1996.

[47]

K. S. Suslick, D. A. Hammerton, and R. E. Cline, “Sonochemical hot spot,” J. Am. Chem. Soc.,
vol. 108, no. 18, pp. 5641–5642, Sep. 1986.

[48]

K. S. Suslick and W. L. Nyborg, “ULTRASOUND: Its Chemical, Physical and Biological Effects,”
J. Acoust. Soc. Am., vol. 87, no. 2, pp. 919–920, Feb. 1990.

[49]

S. Koda, T. Amano, and H. Nomura, “Copolymerization of sodium styrene sulphonate and
vinylpyrrolidone under ultrasonic irradiation,” Ultrason. Sonochem., vol. 3, no. 2, pp. S91–S95,
Jul. 1996.

[50]

F. Keil, Modelling of Process Intensification. 2007.

[51]

C. J. Martin and A. N. Law, “The use of thermistor probes to measure energy distribution in
ultrasound fields.,” Ultrasonics, vol. 18, no. 3, pp. 127–33, May 1980.

[52]

C. J. Martin and A. N. R. Law, “Design of thermistor probes for measurement of ultrasound
intensity distributions,” Ultrasonics, vol. 21, no. 2, pp. 85–90, Mar. 1983.

[53]

M. Romdhane, A. Gadri, F. Contamine, C. Gourdon, and G. Casamatta, “Experimental study of
the ultrasound attenuation in chemical reactors,” Ultrason. Sonochem., vol. 4, no. 3, pp. 235–243,
Jul. 1997.

[54]

M. Hodnett and B. Zeqiri, “A strategy for the development and standardisation of measurement
methods for high power/cavitating ultrasonic fields: review of high power field measurement
techniques.,” Ultrason. Sonochem., vol. 4, no. 4, pp. 273–88, Oct. 1997.

[55]

S. R. Soudagar and S. D. Samant, “Semiquantitative characterization of ultrasonic cleaner using
a novel piezoelectric pressure intensity measurement probe,” Ultrason. Sonochem., vol. 2, no. 1,
pp. S49–S53, Jan. 1995.

[56]

C. Horst, Y.-S. Chen, U. Kunz, and U. Hoffmann, “Design, modeling and performance of a
novel sonochemical reactor for heterogeneous reactions,” Chem. Eng. Sci., vol. 51, no. 10, pp.
1837–1846, May 1996.

[57]

P. R. Gogate, M. Sivakumar, and A. B. Pandit, “Destruction of Rhodamine B using novel
sonochemical reactor with capacity of 7.5 l,” Sep. Purif. Technol., vol. 34, no. 1–3, pp. 13–24, Jan.
2004.

[58]

P. R. Gogate and A. B. Pandit, Design and scale-up of sonochemical reactors for food processing and other
applications. Power Ultrasonics, pp: 725-755, 2015.

[59]

T. J. Mason, “Large scale sonochemical processingௗ: aspiration and actuality,” Ultrasonic
sonochemistry, vol. 7, pp. 145–149, 2000.

[60]

P. R. Gogate, I. Z. Shirgaonkar, M. Sivakumar, P. Senthilkumar, N. P. Vichare, and A. B. Pandit,
“Cavitation reactors: Efficiency assessment using a model reaction,” AIChE J., vol. 47, no. 11,
pp. 2526–2538, Nov. 2001.

[61]

F. Fahy, Sound and structural vibrationࣟ: radiation, transmission and response. Academic Press, 1985.

[62]

L. Cremer and M. Heckel, “EE Ungar,” Struct. Sound, Springer-Verlag, Berlin, 1973.
34

[63]

P. R. Gogate and A. B. Pandit, “A review and assessment of hydrodynamic cavitation as a
technology for the future,” Ultrason. Sonochem., vol. 12, no. 1, pp. 21–27, 2005.

[64]

V. Shankar et al., “Flow Induced Venturi Cavitation to Improve Energy Efficiency in Pulp
Production,” J. Fluid Flow, Heat Mass Transf., 2018.

[65]

K. M. K. Georges L. Chahine, “Fluid jet cavitation method and system for efficient
decontamination of liquids,” US6200486B1, 2001.

[66]

T. I. Shisei Goto, Takaharu Noda, Chie Yuzawa, “Cellulose-based fibrous materials,”
US8012312B2, 2011.

[67]

V.Shankar, “Fluid induced cavitation to improve energy efficienct in disc refiner for paper and
pulp production,” Technical report, ÅF Consulting, 2014.

[68]

P. R. Gogate, “Hydrodynamic cavitation for food and water processing,” Food Bioprocess Technol.,
vol. 4, no. 6, pp. 996–1011, 2011.

[69]

Ö. Johansson, T. Pamidi, and T. Lofqvist, “Design of a high-intensity ultrasound reactor,” in
IEEE International Ultrasonics Symposium, IUS, 2017.

[70]

T. J. Mason, J. P. Lorimer, and D. M. Bates, “Quantifying sonochemistry: Casting some light on
a ‘black art,’” Ultrasonics, vol. 30, no. 1, pp. 40–42, Jan. 1992.

[71]

“Paper and textile from pulp.” [Online]. Available: https://www.sodra.com/en/pulp/products/.
[Accessed: 30-Apr-2019].

[72]

N. P. Vichare, P. R. Gogate, and A. B. Pandit, “Optimization of Hydrodynamic Cavitation Using
a Model Reaction,” Chemical Engineeering Technology, vol. 23, pp. 683–690, 2000.

[73]

Johansson, Ö., Pamidi, T., Khoshkhoo, M., & Sandström, A. Sustainable and energy efficient
leaching of tungsten (W) by ultrasound controlled cavitation . Luleå University of Technology,
2017.

[74]

Ö. Johansson, Energieffektivisering genom flödesexciterad, resonansförstärkt och ultraljudskontrollerad
kavitation: Delprojekt inom Mekmassainitiativet för energieffektivitet (E2MPi). Luleå tekniska universitet,
2016.

[75]

Aitomäki, Yvonne. Towards a measurement of paper pulp quality: ultrasonic spectroscopy of fibre
suspensions. Diss. Luleå tekniska universitet, 2006..

[76]

T. Iwasaki, B. Lindberg, and H. Meier, “The effect of ultrasonic treatment on individual wood
fibers,” Svensk. Papperstidning, vol. 65, no. 20, pp. 795–816, 1962.

35

Part II
Papers

36

Paper I

Design of a high-intensity ultrasound reactor

'HVLJQRIDKLJKLQWHQVLW\XOWUDVRXQGUHDFWRU
gUMDQ-RKDQVVRQ 7DUDND3DPLGL

7RUEM|UQ/|ITYLVW

'HSWRI&LYLO(QYLURQPHQWDODQG1DWXUDO5HVRXUFHV(QJLQHHULQJ
/XOHn8QLYHUVLW\RI7HFKQRORJ\/XOHn6ZHGHQ
RUMDQMRKDQVVRQ#OWXVHWDUDNDSDPLGL#OWXVH

'HSWRI&RPSXWHU6FLHQFH(OHFWULFDODQG6SDFH(QJLQHHULQJ
/XOHn8QLYHUVLW\RI7HFKQRORJ\/XOHn6ZHGHQ
WRUEMRUQORITYLVW#OWXVH



Abstract²'HVLJQ DQGRSWLPL]DWLRQRIXOWUDVRQLFUHDFWRUVDUH
LPSRUWDQW REMHFWLYHV LQ VRQRFKHPLFDO SURFHVVLQJ 7KH UHFHQW
H[SDQVLRQ RI WKH XVH RI XOWUDVRQLF UHDFWRUV LQ YDULRXV UHVHDUFK
DUHDV DOOIDFHVWKHSUREOHPRIVFDOLQJXSIURPODERUDWRU\UHVXOWV
WR LQGXVWULDO SXUSRVHV $ WUDGLWLRQDO XOWUDVRQLF UHDFWRU XVXDOO\
KDV VHYHUDO LVVXHV VXFK DV ORZ HIIHFWLYHQHVV DV ZHOO DV FRPSOH[
DQGXQVWDEOHV\VWHP SHUIRUPDQFHZKLFKDOODUHXQIDYRUDEOHIRU
HIILFLHQW VRQRFKHPLFDO SURFHVVLQJ 7KLV VWXG\ DGGUHVVHV WKHVH
LVVXHV DQG LQYHVWLJDWHV D QHZ IORZ W\SH XOWUDVRQLF UHDFWRU
GHVLJQHG WR JHQHUDWH WUDQVLHQW FDYLWDWLRQ DV WKH PDLQ VRXUFH IRU
XOWUDVRXQG6RPHLPSRUWDQWIDFWRUVOLNHSUHVVXUHPDWHULDOIORZ
DQG JHRPHWU\ DUH FRQVLGHUHG LQ WKH GHVLJQ 1XPHULFDO
RSWLPL]DWLRQDVZHOODVH[SHULPHQWDOLQYHVWLJDWLRQVDUHSHUIRUPHG
WRUHDFKDQRSWLPL]HGHQHUJ\HIILFLHQWDQGFRQWUROOHGXOWUDVRXQG
FDYLWDWLRQUHDFWRU5HVXOWVIURPQXPHULFDOPRGHOLQJDUHXVHGIRU
DFRXVWLF RSWLPL]DWLRQ RI WKH UHDFWRU ZKLFK LV GULYHQ ZLWK WKUHH
WUDQVGXFHUV PRXQWHG UDGLDOO\ LQ WKH UHDFWRU ZDOO ZLWK R
VSDFLQJ7KHILQDOUHDFWRULVH[FLWHGZLWKGXDOIUHTXHQFLHVDWRWDO
RI  VRQRWURGHV 7KH UHDFWRU LV LQWHQGHG WR EH XVHG LQ VWXGLHV RI
SUHWUHDWPHQW RI FHOOXORVH ILEHUV DLPLQJ DW GHYHORSLQJ DQ
DOWHUQDWLYH HQHUJ\ HIILFLHQW ILEULOODWLRQ SURFHVV DQG IRU
XOWUDVRXQGOHDFKLQJRIPLQHUDOV
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6RQRFKHPLFDO SURFHVVLQJ LV D FRPPRQ DQG DQ LPSRUWDQW
WHFKQLTXH XVHG LQ YDULRXV SURFHVV LQGXVWULHV WRGD\ ,Q UHFHQW
\HDUVWKHUHKDVEHHQDQLQFUHDVHLQXVHRIXOWUDVRXQGUHDFWRUV
>@ DV LW KDV EHHQ IRXQG WR HJ LQFUHDVH \LHOG DQG UHGXFH
SURFHVVLQJ HQHUJ\ FRQVXPSWLRQ 8OWUDVRQLF UHDFWRUV DUH
GHYHORSHG WHVWHG DQG RSWLPL]HG IRU D VSHFLILF DSSOLFDWLRQ LQ
WKHSUHVHQWVWXG\ILEULOODWLRQRIFHOOXORVHILEHUVDQGXOWUDVRXQG
OHDFKLQJRIPLQHUDOVDUHRIVSHFLILFLQWHUHVW
7KH SUHVHQW DUWLFOH DLPV WR GHYHORS WKH IRXQGDWLRQ IRU D
IORZWKURXJK W\SH XOWUDVRXQG UHDFWRU EDVHG RQ FRQWUROOHG
FDYLWDWLRQ 7KH LGHD LV WR XVH UHVRQDQFHHQKDQFHG XOWUDVRXQG
WRLQLWLDWHDQGFROODSVHFDYLWDWLRQEXEEOHVRQVROLGVXUIDFHVLQ
DIORZLQJVXVSHQVLRQ7KHSURSRVHGPHWKRGSURYLGHVHIILFLHQW
HQHUJ\ WUDQVIHU WR WKH VROLG PDWHULDO WR EH SURFHVVHG 7KH
PHWKRGUHVWVRQFDYLWDWLRQZKLFKLVDSKHQRPHQRQLQKHUHQWO\
FRXSOHG WR DFRXVWLF SUHVVXUH GLVWULEXWLRQ JHRPHWU\ DQG
PDWHULDOVRIWKHUHDFWRUDQGWKHVXVSHQVLRQEHLQJSURFHVVHG,W
LV GLIILFXOW WR LGHQWLI\ WKH DFRXVWLF SUHVVXUH GLVWULEXWLRQ LQ DQ
XOWUDVRQLF UHDFWRU GXH WR V\VWHP FRPSOH[LW\ DQG VWDELOLW\
7KHUHIRUHQXPHULFDOPRGHOLQJLVFDUULHGRXWWRREWDLQDJRRG
HVWLPDWH RI WKH UHVRQDQFH IUHTXHQFLHV DQG PRGH VKDSH RI
SUHVVXUH GLVWULEXWLRQ >@ IRU D JLYHQ JHRPHWU\ 7RGD\
QXPHURXV VRIWZDUH SODWIRUPV H[LVW WKDW HQDEOHV PXOWLSK\VLFV
PRGHOLQJ7KHEHQHILWVRIVXFKQXPHULFDOPRGHOLQJDUHFOHDU
L  6LPXODWHG DFRXVWLF SUHVVXUH GLVWULEXWLRQV  IRU YDULRXV
UHDFWRU SULQFLSOHV JLYHV D SRVVLELOLW\ WR TXLFNO\ VHOHFW DQG
DVVHVV  GLIIHUHQW SURWRW\SH FRQFHSWV LL  QXPHULFDO
RSWLPL]DWLRQ UHGXFHV WKH QXPEHU RI H[SHULPHQWV IRU
YDOLGDWLRQ LLL  QXPHULFDO PRGHOLQJ LV HVVHQWLDO LQ VFDOLQJXS

RI WKH UHDFWRU E\ HDVH RI  RSWLPL]DWLRQ RI WKH JHRPHWULFDO
GLPHQVLRQVERXQGDU\FRQGLWLRQVPDWHULDOSURSHUWLHVDQGORVV
IDFWRUV
7KH XVHG PHWKRGRORJ\ LV EDVHG RQ DQDO\WLFDO DQG
QXPHULFDO PRGHOLQJ LQ FRPELQDWLRQ ZLWK H[SHULPHQWDO
RSWLPL]DWLRQ  7KH GHYHORSHG UHDFWRU FRQFHSW LV LQVSLUHG E\
0DVRQ >@ DQG LV IRUPHG DV D FRD[LDO WXEH DUUDQJHPHQW
DOORZLQJWKHILEHUVXVSHQVLRQWRIORZWKURXJKWKHDFRXVWLFDOO\
FRQWUROOHG FDYLWDWLRQ ]RQH >@ HQFORVHG LQ WKH LQQHU WXEH
%HIRUH WKH VXVSHQVLRQ HQWHULQJ WKH UHDFWRU EXEEOHV DUH
LQLWLDWHGE\IORZLQJWKURXJKD9HQWXULQR]]OH>@


)LJXUH7KHJHRPHWULF SULQFLSOHIRUEHQGLQJZDYHH[FLWDWLRQRIDVRXQGILHOG
LQVLGHDF\OLQGULFDOYROXPHRIZDWHUZKHUHWKHLQQHUWXEHFRQWDLQVZDWHU7KH
VSLUDO EHQGLQJ ZDYH ZLWK ZDYHOHQJWK Ȝ% LV GLYLGHG LQWR D ORQJLWXGLQDO
FRPSRQHQW Ȝ] DQGDWDQJHQWLDOFRPSRQHQW Ȝ[ 7KHUHODWLRQVKLSEHWZHHQWKH
FRPSRQHQWV FDQ EH GHWHUPLQHG DSSUR[LPDWHO\ LQ UHODWLRQ WR D F\OLQGULFDO
JHRPHWU\


)LJXUH &RQYHUVLRQRIHOHFWULFDOSRZHULQWRPHFKDQLFDOHQHUJ\LQWKHIRUP
RI YLEUDWLRQV DQG VRXQG ZDYHV WR H[FLWH DQG FROODSVH FDYLWDWLRQ EXEEOHV RQ
VROLGVXUIDFHVLQZDWHU)ORZDQGSUHVVXUHDUHFRQWUROSDUDPHWHUVIRUFUHDWLQJ
VWDEOHDQGRSWLPDORSHUDWLQJFRQGLWLRQV

7KH PDLQ REMHFWLYH LV WR RSWLPL]H WKH JHRPHWU\ WR REWDLQ
UHVRQDQFH DPSOLILFDWLRQ DQG WR PLQLPL]H HQHUJ\ WUDQVIHU ORVV
EHWZHHQWKHSLH]RGULYHQVRQRWURGHVWUXFWXUHWXEHVWUXFWXUH
ZDWHUYROXPHDQGFDYLWDWLRQ]RQH7KHUHDFWRUZDVRSWLPL]HG
ZLWKUHVSHFWWRWKHHIIHFWRQWKHVRXQGSURSDJDWLRQFDXVHGE\
WKH PDWHULDO IORZLQJ WKURXJK WKH LQQHU WXEH 7KH UHVXOWV PD\
DOVR VXSSRUW RWKHU QHZ LQGXVWULDOL]DWLRQ SURMHFWV DQG FRQFHSW
VWXGLHV IRU LPSURYLQJ HQHUJ\ HIILFLHQF\ E\ FRQWUROOHG
FDYLWDWLRQ
,,

180(5,&$/6,08/$7,21

2SWLPL]DWLRQ RI WKH JHRPHWULFDO GHVLJQ RI DQ XOWUDVRQLF
UHDFWRU UHTXLUHV D FRPELQDWLRQ RI QXPHULFDO PRGHOLQJ DQG
H[SHULPHQWDO YHULILFDWLRQ 7KH QXPHULFDO DQDO\VLV VRIWZDUH
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XVHG&RPVRO0XOWLSK\VLFVKDVGHILQHGPRGXOHVWRFRQQHFWDQG
RSWLPL]H WKH YLEUDWLRQ UHVSRQVH RI VROLG PDWHULDOV G\QDPLF
EHKDYLRURISLH]RHOHFWULFPDWHULDOVVWUXFWXUHYLEUDWLRQVDQGLWV
FRQQHFWLRQWRWKHVXUURXQGLQJIOXLGERWKRXWVLGHDQGLQVLGHRI
WKHFORVHGYROXPHVLQWKHUHDFWRU,WLVDOVRSRVVLEOHWRPRGLI\
WKH QXPHULFDO PRGHO ZLWK UHVSHFW WR WKH QRQOLQHDU UHVSRQVH
FDXVHGE\FDYLWDWLRQ>@
,Q HVVHQFH WKH VRIWZDUH XVHG WR PDQDJH WKH V\VWHP V
OLQHDU UHVSRQVH ZLWK WKH DVVXPSWLRQ RI D JOREDO ORVV IDFWRU
FRQWLQXRXVO\ GHWHUPLQHG E\ PHDQV RI H[SHULPHQWV 7R VSHHG
XS WKH QXPHULFDO FDOFXODWLRQ SURFHGXUH WZR LPSRUWDQW
VLPSOLILFDWLRQVPDGHUHIHUWR PRGHOLQJWKHORVVIDFWRUE\D
FRPSOH[ YDOXHG <RXQJ PRGXOXV   KDQGOLQJ WKH KDUPRQLF
UHVSRQVHFDXVHGE\FDYLWDWLRQE\DQDO\]LQJSUHVVXUHUHVSRQVHV
PRGH VKDSH DW VSHFLILF KDUPRQLFV 7KH JRDO RI RSWLPL]DWLRQ
ZDV WR FUHDWH KLJK YLEUDWLRQ DPSOLWXGH LQ WKH WXEH ZDOO 7KH
YLEUDWLRQ SDWWHUQ RI WKH WXEH ZDOO FUHDWHV D UHVRQDQW PRGH LQ
WKHHQFORVHGZDWHUYROXPHFDXVLQJDKLJKSUHVVXUH]RQHLQWKH
FHQWHU RI WKH WXEH =RQHV ZLWK KLJK VRXQG SUHVVXUH VRXQG
SUHVVXUH YDULDWLRQ  DUH GLUHFWO\ UHODWHG WR D KLJK FDYLWDWLRQ
LQWHQVLW\
+LJKFDYLWDWLRQLQWHQVLW\UHTXLUHVD PDWFKLQJEHWZHHQWKH
PHFKDQLFDOFRPSRQHQWVOLNHWUDQVGXFHUV±WXEHUHDFWRU±DQG
WKHDFRXVWLFZDYHSURSDJDWLRQLQWKHZDWHUYROXPHLQVLGHWKH
UHDFWRU WXEH %HVW FRXSOLQJ EHWZHHQ VWUXFWXUDO YLEUDWLRQ
EHQGLQJZDYHV DQGVRXQGZDYHVLQWKHZDWHURFFXUDWWKHVR
FDOOHG FULWLFDO IUHTXHQF\ VHH )LJXUH  $W WKH FULWLFDO
IUHTXHQF\ WKH EHQGLQJ ZDYH ZDYHOHQJWK HTXDOV WKH DFRXVWLF
ZDYHOHQJWKLQZDWHU DERXWPPDW+] 7KHEHQGLQJ
ZDYH SURSDJDWHV VSLUDOO\ DORQJ WKH WXEH OHQJWK >@
&XVWRPL]LQJ WKH WXEH WKLFNQHVV LQQHU GLDPHWHU OHQJWK DQG
ERXQGDU\ FRQGLWLRQV FUHDWHV D FRXSOHG UHVRQDQFH LQVLGH WKH
UHDFWRU WXEH 7KLV IRUPV D VWDQGLQJ ZDYH OLQNLQJ VWUXFWXUDO
YLEUDWLRQV WR WKH ZDYH SURSDJDWLRQ LQ ZDWHU YROXPH 7KH
RSWLPL]DWLRQ RI WKH UHDFWRU JHRPHWU\ DQG WKH ERXQGDU\
FRQGLWLRQVUHTXLUHVQXPHULFDOVLPXODWLRQV

ZDV VLPXODWHG E\ XVLQJ SUHVVXUH DFRXVWLFV 7KH YLEUDWLRQDO
GLVSODFHPHQW RQ WKH WXEH ZDOO LV JHQHUDWHG E\ WKH VRQRWURGHV
FRQQHFWHG WR WKH WXEH ZDOO 7KH VRQRWURGHV DUH H[FLWHG E\
VLQVRLGDO YROWDJHDW WKH GLVFUHWH IUHTXHQFLHVLQ WKHUDQJH IURP
 WR  N+] %RWK WKH VWDLQOHVV VWHHO DQG SLH]RHOHFWULF
PDWHULDOV DUH FRQVLGHUHG LVRWURSLF DQG HODVWLF 7R PDWFK
QXPHULFDO DQG H[SHULPHQWDO UHVXOWV WKH RYHUDOO ORVV IDFWRU LV
DOWHUHG E\ D FRPSOH[ PRGXOXV RI HODVWLFLW\ RQ WKH VROLG
VWUXFWXUHV
,,, (;3(5,0(17$/ 6(783
9HULILFDWLRQRIWKHUHDFWRUGHVLJQUHTXLUHVPHDVXUHPHQWRI
IUHTXHQF\ UHVSRQVHV DQG PRGH VKDSHV  LQ WKH FHQWHU RI WKH
WXEH )LJXUH  VKRZV D VFKHPDWLF UHSUHVHQWDWLRQ RI WKH
PHDVXUHPHQW VHWXS XVHG WR YHULI\ WKH WUDQVLHQW FDYLWDWLRQ LQ
WKH GHYHORSHG UHDFWRU 7HFKQLTXHV DSSOLHG ZHUH FRQWUROOHG
XVLQJD3&EDVHGVRIWZDUHDQGKDUGZDUH &/,2 IRUIUHTXHQF\
UHVSRQVH PHDVXUHPHQWV LQWLPHDQGIUHTXHQF\GRPDLQDW 
N+] VDPSOLQJ UDWH 3UHVVXUH UHVSRQVHV ZHUH PHDVXUHG DW 
9$ HOHFWULF LQSXW SRZHU $ VLJQDO FRQGLWLRQLQJ DPSOLILHU
% . 1(;86   FRQQHFWV D SUHVVXUH VHQVRU '\WUDQ
PRGHO 9  DQG D PLQLDWXUH VKRFN W\SH DFFHOHURPHWHU
3&% 0  WR WKH PHDVXUHPHQW V\VWHP 7KH SUHVVXUH
WUDQVGXFHU KDV DQ XSSHUIUHTXHQF\ OLPLWDWLRQ RI  N+]
3UHVVXUH UHVSRQVH ZDV DOVR PHDVXUHG XVLQJ DQ RVFLOORVFRSH
ZLWKDEDQGZLGWKRI0+]


)LJXUH6FKHPDWLFVHWXSIRUXOWUDVRXQGFRQWUROOHGFDYLWDWLRQH[SHULPHQW
WHVW 7KH LQVWDQWDQHRXV HOHFWULFDO SRZHU GHWHUPLQHG YLD WKH WUDQVPLVVLRQ
IXQFWLRQ EHWZHHQ WKH WUDQVGXFHU YROWDJH DQG YROWDJH DFURVV UHVSHFWLYH
VHULHVUHVLVWRUV 2KP 

,9 6,08/$7,215(68/76

)LJXUH7KHUHDFWRUZLWKWKUHHDWWDFKHGVRQRWURGHV7KHLQQHUWXEH EOXH LV
SODFHGDWWKHFHQWHURIWKHUHDFWRU

7KH VFDODEOH XOWUDVRXQG UHDFWRU FRPSULVHV VRQRWURGHV
GULYHQ E\ SLH]R HOHFWULF WUDQVGXFHUV ZKLFK ZHUH SRVLWLRQHG
UDGLDOO\ DW WKH UHDFWRU ZDOO ZLWK R DQJXODU VHSDUDWLRQ 7KH
GHYHORSHG UHDFWRU FRQFHSW XVHV D YHUWLFDO WXEH LQ VWDLQOHVV
VWHHOYHQWHGLQWKHWRSHQG 7KHVXVSHQVLRQIORZWKURXJKWKH
WKLQ LQQHU WXEH RI SODVWLF PDWHULDO 39& RU 3&  ZKLFK LV
UHODWLYHO\WKLQLVFHQWHUHGDORQJWKHOHQJWKRIWKHUHDFWRU7KH
RXWHU WXEH ZDOO LV H[FLWHG ZLWK SLH]R HOHFWULF WUDQVGXFHUV WR
LQGXFH EHQGLQJ ZDYHV LQ WKH UHDFWRU WXEH VHH )LJXUH  ZLWK
LQQHUWXEH7KHSRVLWLRQVDQGFRQQHFWLRQVRIWKHSLH]RHOHFWULF
WUDQVGXFHUV DUH FDUHIXOO\ RSWLPL]HG 7KH VLPXODWLRQV ZHUH
PDGH XVLQJ D SUHVVXUH DFRXVWLF PRGHO IRU WKH ZDWHU VROLG
PHFKDQLFPRGHOIRUWKHVWUXFWXUHDQGSLH]RHOHFWULFPRGHOIRU
WKH WUDQVGXFHUV 7KH XOWUDVRXQG ZDYH SURSDJDWLRQ LQ ZDWHU


)LJXUH   (VWLPDWHG OLQHDU IUHTXHQF\ UHVSRQVH FDOFXODWHG VWHSZLVH IRU RQH
IUHTXHQF\ DW WKH WLPH  IRU )(PRGHOHG DQG RSWLPL]HG FDYLWDWLRQ UHDFWRU
3UHVVXUH UHVSRQVH LV GHWHUPLQHG DORQJ WKH FHQWUDO OLQH RI WKH UHDFWRU ZLWK D
ORVV IDFWRU RI  H[SHULPHQWDOO\ GHWHUPLQHG  ,Q WKH UHDO DSSOLFDWLRQ WKH
SUHVVXUH UHVSRQVH WRDSXUH VLQHEHFRPH QRQOLQHDUDQG WKH H[FLWDWLRQ VLJQDO
EHFRPHGLVWRUWHGVHHQDVDKDUPRQLFVSHFWUXPLQIUHTXHQF\GRPDLQ
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)LJXUH)(RSWLPL]HGDQGH[SHULPHQWDOO\YHULILHGSURWRW\SHUHDFWRUOHQJWKPPD 'LVSODFHPHQW P LQWKHWXEHVWUXFWXUHDQGVRQRWURGHVWXQHGWRN+]
E 7KHVRXQGSUHVVXUHOHYHO 63/ G% LQWKHZDWHUYROXPHLQVLGHWKHWXEHDWN+]F 63/ G% DWWKHQH[WSRVVLEOHKLJKHUH[FLWDWLRQIUHTXHQF\N+]

7KH )(VLPXODWHG SUHVVXUH UHVSRQVH )LJXUH   ZDV
GHWHUPLQHG ZLWK DQ DVVXPSWLRQ WKDW WKH HQFORVHG YROXPH RI
ZDWHU EHKDYHV OLQHDUO\ ,Q SUDFWLFH FDYLWDWLRQ RFFXUV ZKLFK
PHDQV WKDW WKH LQSXW SRZHU SXUH VLQXVRLG DW RQH RU YDULRXV
IUHTXHQFLHV  WUDQVIRUPV LQWR D KDUPRQLFDOO\ UHODWHG IUHTXHQF\
UHVSRQVH VSHFWUXP ZKHUH VRPH RYHUWRQHV KDYH DV KLJK RU
KLJKHU DPSOLWXGH WKDQ ZKDWRFFXUVDW WKH H[FLWDWLRQ IUHTXHQF\
)LJXUH 
)LJXUHVKRZVWKHIUHTXHQF\UHVSRQVHLQWKHFHQWHURIWKH
ILQDOYHUVLRQRIWKHSURWRW\SHUHDFWRU7KHUHDFWRUJHRPHWU\KDV
EHHQ RSWLPL]HG WKURXJK DQ LWHUDWLYH SURFHVV RI QXPHULFDO
VLPXODWLRQ LQ SDUDOOHO ZLWK H[SHULPHQWV WR REWDLQ WKH GHVLUHG
UHVSRQVH)LJXUHVKRZVWKHVLPXODWHGYLEUDWLRQDQGSUHVVXUH
PRGH VKDSHV DW WZR UHVRQDQFH IUHTXHQFLHV IRU WKH RSWLPL]HG
UHDFWRU7KHPRVWFULWLFDOVWHSLQWKHDFRXVWLFPRGHOLQJZDVWR
PRGHO WKH ERXQGDU\ FRQGLWLRQV LQ D SK\VLFDOO\ UHDOLVWLF ZD\
&ULWLFDODVSHFWVDUHWKHDWWDFKPHQWRIWKHHQGFDSVWRWKHWXEH
UHDFWRUDQGWKHHODVWLFFRQQHFWLRQRIWKHVRQRWURGHWRWKHWXEH
ZDOO 7KH OHQJWK RI WKH ZDWHU FROXPQ LQVLGH WKH WXEH KDV D
PDMRULPSDFWRQWKHSUHVVXUHUHVSRQVHDQGLVWKHUHIRUHYDULDEOH
DQG DGMXVWHG IRU PD[LPXP SUHVVXUH UHVSRQVH 7KH ERXQGDU\
FRQGLWLRQEHWZHHQWKHHQGSLHFHDQGWKHWXEHZDOOLVLPSRUWDQW
IRU WKH UHVSRQVH 6RQRWURGH UHVSRQVHV DUH GHILQHG E\ WKH
SLH]RHOHFWULFPDWHULDODQGLWVJHRPHWU\DVZHOODVWKHOHQJWKRI
WKH VXSSRUWLQJ PDVVHV )LQDOO\ WKH RSWLPXP H[FLWDWLRQ
IUHTXHQF\ LV WXQHG E\ DGMXVWLQJ WKH FODPSLQJ IRUFH (DFK
VRQRWURGHZDVWXQHGVHSDUDWHO\WRWKHVDPHIUHTXHQF\DQGWKHQ
WHVWHGWRJHWKHUWRHQVXUHDQHTXDOLQSXWSRZHUGLVWULEXWLRQ
$ JRRG UHDFWRU GHVLJQ SURYLGHV KLJK JDLQ ZKLOH LW LV
UHODWLYHO\UREXVWWRJHRPHWULFGHYLDWLRQVGXHWRPDQXIDFWXULQJ
DQG DVVHPEO\ $ QXPHULFDO VHQVLWLYLW\ DQDO\VLV VHFXUHG D
PD[LPXPSUHVVXUHLQWKHFHQWHURIWKHWXEHLQUHODWLRQWRWKH
JHRPHWULFDO GHYLDWLRQV 7KH UHVXOWV RI WKH VHQVLWLYLW\ DQDO\VLV
VKRZV IRU H[DPSOH WKDW D OHQJWK WROHUDQFH RI  PP
SURYLGHV D SUHVVXUH UHGXFWLRQ RI DERXW  G% ZKLFK
FRUUHVSRQGVWRORZHULQWHQVLW\ 7KH OHQJWKRIWKH ZDWHU
FROXPQLVIRXQGWREHWKHJHRPHWULFDOSDUDPHWHUWKDWSURYLGHV
WKHJUHDWHVWVHQVLWLYLW\

7KHORVVIDFWRULVGHWHUPLQHGDVWKHVXPRIDOOORVVHVLQWKH
V\VWHP /RVVHV RFFXU GXH WR JHRPHWULFDO GHYLDWLRQV WKH
PLVPDWFKEHWZHHQWKHVRQRWURGHVDQGWXEHUHDFWRUDVZHOODV
IULFWLRQEHWZHHQWKHVRQRWURGHPDVVHVDQGSLH]RHOHFWULFGLVF


)LJXUH   &DOFXODWHG DQG PHDVXUHG IUHTXHQF\ UHVSRQVH 7KH VROLG OLQH
UHSUHVHQWVWKHVRXQGSUHVVXUHPHDVXUHGE\DSUHVVXUHVHQVRULQWKHFHQWHURI
WKH WXEH UHDFWRU 7KH UHDFWRU ILOOHG ZLWK GHJDVVHG ZDWHU ZDV H[FLWHG ZLWK D
VZHSWVLQHVLJQDODWPD[LPXPHOHFWULFSRZHU7 &
/XOH7HNQLVND8QLYHUVLWHW
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$Q HQHUJ\ HIILFLHQW GHYLFH UHTXLUHV D ORZ RYHUDOO ORVV
IDFWRU DQG H[SHULPHQWV WR   REWDLQ LPSHGDQFH PDWFKLQJ
EHWZHHQ FRPSRQHQWV   HTXDOL]H GLIIHUHQW FRPSRQHQWV
UHVRQDQW IUHTXHQF\   PLQLPL]H FRXSOLQJ ORVVHV  
GHWHUPLQH UHTXLUHG HOHFWULFDO SRZHU WR UHDFK RSWLPXP
FDYLWDWLRQLQWHQVLW\
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&+$G%63/N+]+])ODW7RS8QVPRRWKHG
)LOHSXUVLQZLWKWKUHHVRQRVKRWZDWHUIIW


)LJXUH  7KH PHDVXUHG SUHVVXUH UHVSRQVH LQ WKH FHQWHU RI WKH UHDFWRU WXEH
ILOOHGZLWKGHJDVVHGZDWHUDW&

7RPLQLPL]HWKHORVVIDFWRUUHTXLUHVKLJKO\DFFXUDWHDVVHPEO\
RI SUHFLVLRQPDFKLQHG SDUWV DQG WR GHWHUPLQH WKH RSWLPDO
RSHUDWLQJ WHPSHUDWXUH 2WKHU DVSHFWV DIIHFWLQJ WKH ORVV IDFWRU
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LVWKHPHFKDQLFDOORDGLQJRIWKHSLH]RHOHFWULFPDWHULDODQGWKH
DPRXQWRIEXEEOHVQHDUWKHWXEHZDOOVLQWHUIDFHV
9, 237,0,=$7,212)&$9,7$7,21,17(16,7<
&DYLWDWLRQ LQWHQVLW\ LV WHPSHUDWXUH GHSHQGHQW 3UHVVXUH
PHDVXUHPHQWV LQ WKH FHQWHU RI WKH UHDFWRU VKRZHG WKDW WKH
VRXQG LQWHQVLW\ LQFUHDVHV E\  G% ZKHQ WKH ZDWHU
WHPSHUDWXUHLQFUHDVHGIURPWRR&5R]HQEHUJ>@VKRZHG
WKDWWKHHURVLRQUDWHVRIDOXPLQXPIRLOUHDFKHVDPD[LPXPDW
D ZDWHU WHPSHUDWXUH RI R& $ UHVXOW FRQILUPHG ZLWK WKH
FXUUHQW UHDFWRU SULQFLSOH ([SHULPHQWDO UHVXOWV VKRZV WKDW WKH
HURVLRQ UDWH RI DOXPLQXP IRLO )LJXUH   EHFRPH HYLGHQW
DOUHDG\ DIWHU  VHFRQGV RQ D IRLO VWULS SODFHG LQ WKH KLJK
SUHVVXUH ]RQH $IWHU  VHFRQGV WKH HURVLRQ LV H[WHQVLYH
,QWHUPLWWHQW H[FLWDWLRQ VHHPV WR EH DGYDQWDJHRXV LQ D
VWDWLRQDU\VXVSHQVLRQ:KHQDVRXQGZDYHVKRFNVWKHOLTXLGLW
VHHPV OLNH WKDW FDYLWDWLRQ LQWHQVLW\ EHFRPHV H[WUD KLJK
LQLWLDOO\ $ JUHDWHU HURVLRQ HIIHFW LV REVHUYHG ZKHQ WKH
DOXPLQXPVWULSLVH[SRVHGWLPHVVHFRQGV

DQGFDYLWDWLRQLQWHQVLW\7KHPDLQUHDVRQIRUUHGXFLQJHURVLRQ
UDWH LV WKDW WKH ILEHU ZDOO WDNHV XS VRPH RI WKH FDYLWDWLRQ
HQHUJ\LQWKHIRUPRIPHFKDQLFDOSURFHVVLQJRIWKHILEHUZDOO
DQGIULFWLRQORVVHV
9,, &21&/86,21
7KH ILQDO UHDFWRU GHVLJQ LV WKH UHVXOW RI DQ LWHUDWLYH
RSWLPL]DWLRQ SURFHVV IRU UHSHDWHG PXOWLSK\VLFV VLPXODWLRQV
DQG H[SHULPHQWV 7KH IXQGDPHQWDO GHVLJQ SULQLFLSOHV DUH
IRXQGLQ>@7KHUHDFWRULVVFDODEOHDQGFDQEHDGDSWHGWR
DQ DSSOLFDWLRQ ZLWKLQ WKH SURFHVV LQGXVWU\ 5HVRQDQFH
HQKDQFHG XOWUDVRXQG FDXVHV WUDQVLHQW FROODSVHV RI WKH
FDYLWDWLRQEXEEOHVLQWKHFHQWHURIWKHWXEHUHDFWRU7KHZDWHU
YROXPH EHWZHHQ WKH RXWHU ZDOO RI WKH WXEH H[FLWHG E\ SLH]R
HOHFWULF GULYHQ VRQRWRGHV  DQG SRO\FDUERQDWH WXEH DFWV DV
HIIHFWLYH ZDYH FDUULHU RI KLJK LQWHQVLW\ XOWUDVRXQG 2QH
DGYDQWDJH RI WKH FRQFHSW LV WKDW WKH GHJDVVHG VWDJQDQW ZDWHU
YROXPHUHVXOWVLQDPLQLPXPRIFDYLWDWLRQLQWKHWUDQVPLVVLRQ
RI XOWUDVRQLF ZDYHV WR WKH LQQHU WXEH 2SWLPL]HG YLEUDWLRQ
SDWWHUQDOORZVSUHVVXUHPD[LPXPWRDSSHDULQWKHFHQWHURIWKH
LQQHUWXEH )LJXUH 
$&.12:/('*0(17
7KH SURMHFW ZDV IXQGHG E\ 6ZHGLVK (QHUJ\ $JHQF\ DQG
KDV EHHQ VXSSRUWHG E\ /XOHn 8QLYHUVLW\ RI 7HFKQRORJ\ c)
6&$ 6WRUD (QVR +ROPHQ ,QQYHQWLD $% 78 'UHVGHQ DQG
0LG 6ZHGHQ 8QLYHUVLW\ 6&$ KDV PDQXIDFWXUHG WKH
XOWUDVRXQG FRQWUROOHG FDYLWDWLRQ UHDFWRU DQG DVVRFLDWHG
VRQRWURGHV/XOHn8QLYHUVLW\ RI7HFKQRORJ\DQG,QYHQWLD $%
KDV VXSSRUWHG ZLWK ODERUDWRU\ IDFLOLWLHV VLPXODWLRQ VRIWZDUH
DQG PHDVXUHPHQW HTXLSPHQW c) KDV VXSSRUWHG ZLWK
VLPXODWLRQ VRIWZDUH DQG FRPSXWHUV IRU IOXLG G\QDPLF
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Abstract

The pulp and paper industry is in continuous need for energy-efficient production processes.
In the refining process of mechanical pulp, fibrillation is one of the essential unit operations that
count for up to 80% of the total energy use. This initial study explores the potential and
development of new type of scalable ultrasound reactor for energy efficient mechanical pulping.
The developed reactor is of continuous flow type and based on both hydrodynamic and acoustic
cavitation in order to modify the mechanical properties of cellulose fibers. A comparison of the
prototype tube reactor is made with a batch reactor type where the ultrasonic horn is inserted
in the fluid. The pulp samples were sonicated by high-intensity ultrasound, using tuned
sonotrodes enhancing the sound pressure and cavitation intensity by a controlled resonance in
the contained fluid. The resonant frequency of the batch reactor is 20.8 kHz and for the tube
reactor it is 22.8 kHz. The power conversion efficiency for the beaker setup is 25% and 36 %
in case of the tube reactor in stationary mode. The objective is to verify the benefit of resonance
enhanced cavitation intensity when avoiding the effect of Bjerkenes forces. The setup used
enables to keep the fibers in the pressure antinodes of the contained fluid. In case of the
continuous flow reactor the effect of hydrodynamic cavitation is also induced. The intensity of
the ultrasound in both reactors was found to be high enough to produce cavitation in the fluid
suspension to enhance the fiber wall treatment. Results show that the mechanical properties of
the fibers were changed by the sonification in all tests. The continuous flow type was
approximately 50% more efficient than the beaker. The effect of keeping fibers in the antinode
of the resonant mode shape of the irradiation frequency was also significant. The effect on fiber
properties for the tested mass fraction was determined by a low-intensity ultrasound pulse-echo
based measurement method, and by a standard pulp analyzer
Keywords: ultrasound reactor, hydrodynamic and acoustic cavitation, cellulose fiber properties,

1. Introduction
In pulp and paper industries, the use of electrical power is high and therefore industries are
constantly developing new energy efficient processes and techniques. Hence, the development
of new equipment is of importance for improving both paper quality and energy efficiency. In
this process, fibrillation of mechanical pulp is the most energy demanding processes, which in
some cases use up to 80% of electrical power is used, with an efficiency of approximately 1 %
[1]. During the paper manufacturing process, fibers go through physical modification that
affects the fibers ability to form paper. The physical modification of the fibers during refining,
increases the bonding ability of fibers [1 – 3] and the same leads to stronger paper [4 - 5]. To
improve the energy efficiency of refining of fibers, it is of interest to develop an alternative type
of processing techniques compared to today’s traditional double disc refiners. The main
objective is to reduce the energy consumption while paper quality is maintained or improved.
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This study aims to investigate two different ultrasound reactors for the treatment of cellulose
fibers. The use of ultrasound technology is alluring since it permits a possibility to delaminate
the fibers by inducing cavitation in the flow field [6]. The other main advantage of using
ultrasound technology, is that it can be applied in different stages during the paper
manufacturing process.
The application of high powered ultrasound can modify fiber morphology through cavitation.
When a liquid is subjected to sufficient negative pressure during the rarefaction cycle, the
molecules will be pulled apart to a distance greater than the inter-molecular van der Waals
forces of attraction keeping the liquid intact and thereby resulting in the formation of small
cavities or gas-filled micro-bubbles. Growing over a few cycles by taking in dissolved gas and
vapor from the liquid, bubbles reach a resonant size. At a certain critical size, the bubble will
resonate and then grow rapidly to 2 to 3 times its resonant size. Moreover, the bubble
oscillations are about 90° out of phase with the pressure, so the outer pressure already started
to increase when the bubble reach is the maximum size and begin to collapse. When the bubble
collapses it releases energy as an increase in pressure, up to 200 atm, and temperatures rise
higher than 5000°C producing high velocity jet which affects the fiber surface [9].
There are some findings [10 – 13], that already proved the efficiency and use of ultrasound to
develop paper properties. The results of ultrasound are similar to mechanical refining and causes
lesser damage to the fiber morphology [10 – 13]. The ultrasonic treatment promotes external
fibrillation and internal fibrillation. Compared to disc refining, the ultrasound treatment is less
harmful to the bulk of the fiber wall and also can result in improved mechanical properties of
paper. It can also be noted that the ultrasonic radiation act mainly causing the external
fibrillation than collapsing the fiber walls [10 – 13].
The aim of this investigation is to evaluate two different types of ultrasound-excited cavitation
reactors for fibrillation of cellulose fibers. The first type is an ultrasound batch reactor for 5g of
cellulose fiber inserted into a small container positioned in the most intensive cavitation zone.
The second type of reactor is shaped as a straight tube where the fiber suspension flows through
an acoustically optimized and controlled cavitation zone. The main focus is the optimization of
geometry to combine several resonance phenomena to minimize energy transfer losses between
the piezo-driven horn structure, tube structure and water volume. A particular challenge was
to optimize the cavitation reactor with respect to the effect on the sound propagation caused
by the suspended fibers.

2. Experimental set up
2.1 Cavitation reactors
The experimental set up of the batch reactor is shown in Figure. 1(a). It consists of a glass
cylindrical beaker with 71 mm in inner diameter filled with water to a height representing 5/4th
of the acoustic wavelength of fluid. The water volume was 330 ml. The mid-plane of the
sample container is placed 40 mm from the bottom. The sample container is used to keep the
fibers under test fixed in the acoustic anti-node of the fluid volume. The beaker volume is
acoustically excited by a sonotrode at a frequency of 20.8 kHz. The distance between the tip
of the sonotrode and bottom corresponds approximately to one wavelength in the fluid (74
mm). The dimensions of the beaker are chosen to enhance the vertical mode and suppress the
radial mode (26.5 kHz). The breathing mode of the beaker structure is at 18.5 kHz. The exact
excitation frequency of the sonotrode is tuned for each experiment since the resonant mode
varies slightly depending on the experimental conditions.
The ultrasound tube reactor comprises of three sonotrodes, driven by piezo electric discs,
positioned radially at the reactor wall with 120° angular separation. The developed reactor
concept uses a vertical tube in stainless steel (Di=91 mm), with tube wall thickness of 10 mm,
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ventilated at the top. The suspension flows through the inner tube of polycarbonate material
(PC) with 3 mm wall thickness and 30 mm inner diameter placed at the center line of the
reactor. The outer tube wall is excited with piezo electric transducers to induce breathing and
bending wave modes in the reactor tube, as in Figure 1(b) with inner tube [14]. The dimensions
of the outer and inner tube are optimized to enhance a pressure modeshape (22.5 kHz) that
maximize the pressure variation along the reactor center line

Figure 1(a) and (b): Schematic representation of beaker reactor and tube reactor used for pulp treatment with
pressure mode highlighted.
2.2 Apparatus used

Evaluation of the reactors requires measurements of frequency responses and sound pressure
mode shapes. The measurement setup used to verify the transient cavitation in the developed
reactor includes PC-based software and hardware (CLIO) for frequency response measurements
in time and frequency domain at 192 kHz sampling rate. Pressure responses were measured at
1 - 80 VA electric input power. A signal conditioning amplifier (B&K NEXUS 2692) connects
a pressure sensor (Dytranmodel 2200V1) and a miniature shock type accelerometer (PCB
353M15) to the measurement system. The pressure transducer has a frequency range of 300
kHz. The pressure response in the time domain was monitored using a 1 MHz bandwidth
oscilloscope [14].

3. Experimental Methods
1.1 Aluminum foil test
The sound field in the ultrasound reactors was characterized by the aluminum foil test and
hydrophones. To investigate the ultrasonic cavitational yield of the reactors 128 circular discs
of aluminum foil, 5 mm in diameter and 15 μm in thickness, were used as test material. In the
first test, the foil pieces were dropped in the water filled beaker (330 ml) to float freely. In the
second experiment, the foil discs were placed in small container as shown in Figure 1(a). The
container was set 40 mm from the bottom of the beaker in the pressure anti-node of the
standing wave in the beaker. In the third test the 128 circular discs of aluminum foil, were
circulated freely following the continuous flow through the tube reactor. The total volume of
the circulating water was 2.25 liters, the cavitation volume was 0.25 liters giving a duty cycle
of 11%. After an electrical energy equivalent exposure, the aluminum foil discs were removed
for observation of the damage pattern.
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Calorimetric test
Calorimetry method was used for quantifying the acoustic power transferred to the liquid [16].
The method determines the power dissipation based on the temperature rise (dT/dt) of the
liquid and its thermal properties. The efficiency of the ultrasound reactors is determined
through the heat transfer caused by cavitation. The acoustic energy generated by the vibrating
sonotrodes is dissipated as heat in the liquid. The dissipated ultrasonic power Pdiss was calculated
from the rate of temperature increase when ultrasound is on, and rate of temperature decrease
when ultrasound is off as specified in Equation 1.
ܲௗ௦௦ = ܥ ܯ

݀ܶ
݀ݐ

(1)

where Cp is the specific heat capacity of the liquid (J/kgK), M is the mass of liquid (kg) and dT
represents the total temperature difference over the time interval dt [17] .
Power density was determined as a reference for upscaling of the process of ultrasonic
reactors [35]. The ultrasonic power density, ȫ [3], [36] was calculated by Equation (3).
ߎ=

ܲ
ܸ

(2)

Where PA is the applied acoustic power [W] and V is the volume of the ultrasonic reactor with
the unit of cm3.
The power conversion efficiency of the reactors was determined by Equation 3.
ᐭ=

ܲ
݈݁݁ܿ)ܹ(ݎ݁ݓ ݈ܽܿ݅ݎݐ

(3)

Table 1 show the properties of the materials used in the calorimetric test.
Table 1. Material properties used for calorimetric test

Material used in calorimetric setup

Specific heat capacitance

Density of material

(JKg/K)

(kg/m3)

Stainless steel

460

7800

Aluminum

336

2700

Polycarbonate

1210

998

Water

4190

998

Quartz glass

700

2200

A. Fiber quality
The fibers used in the experiment both in beaker reactor and the tube reactor are hardwood
fibers, which is in never-dried form. The pulp was sampled from a paper mill producing
hardwood pulp from birch, bleached, totally chlorine-free (TCF) and the mean fiber length
was found to be 0.932 mm [21]. The fibers did not receive any pre-treatment prior to
ultrasound exposure. After ultra-sonication the samples were analyzed with respect to fiber
properties and the energy consumption of the sonication.
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The experiments were made in three different settings as shown in Figure 1: (i) freely floating
fibers, (ii) fixed fibers in a beaker reactor and (iii) in a tube reactor where the fiber suspension
flowed through the inner volume of the reactor. The experimental parameters are summarized
in Table 2 and 3. The experimental design for verification of the cavitation effect on fibers
properties was based on the following parameters:
1.
2.
3.
4.
5.

Type of treatment
Exposure time
Electrical input power
Excitation signal
Concentration of fiber suspension (0.33-0.67% fiber)
Table 2: The experimental design for beaker reactor (330 ml) where fibers are free or fixed.

Test
Nr
Ref
BExp1
BExp2
BExp3
BExp4
BExp5
BExp6
BExp7
BExp8
BExp9
BExp10

•
•
•
•
•

Type of treatment

Conc
%
0.43
0.32
0.49
0.33
0.40
0.33
0.55
0.55
0.64
0.59
0.50

Free
Free
Free
Free
Free
Free
Fixed
Fixed
Fixed
Fixed
Fixed

mass
g
1.44
1.08
1,631
1.11
1.36
1.10
1.83
1.83
2.15
2.00
1.67

fUS
kHz
20.9
20.9
20.5-21.4
20.5-21.4
20.9
20.5-21.4
20.6
20.5-21.4
20.5-21.4
20.6
20.5-21.4

signal

Sine
Chirp
Chirp
Sine
Chirp
Sine
Chirp
Chirp
Sine
Chirp

Temp interval
°C
21
50-52
50-51
51-52
50-52
50-51
49-50
50-51
51-52
50-52
51-52

EXP
s
167
163
322
295
92
188
150
360
333
91

Type of fiber (Birch, never dried)
Concentration of fiber suspension (0.3-0.6% fiber)
Flow rate: 0.25 kg/s
Suspension volume flowing through the reactor: 2.25 liters
The sonification volume of the tube reactor : 0.25 liters

Table 3: Experimental design in case of fibers processed by hydrodynamic and acoustic cavitation in the tube
reactor.
Test
Nr
Ref
Exp1
Exp2
Exp3a
Exp3b
Exp4
Exp5

Conc
%

mass
gram

Mass in reactor
g

0.43
0,53
0,45
0,52
0,66
0,62
0,51

9,6
11,8
10,1
11,7
14,9
14,0
11,4

1.07
1.31
1.12
1.30
1.65
1.55
1.26

fUS
kHz
23.6
23.4
23.2
22.8-23.7
22.8-23.7
22.8-23.7
23.2

*Efficient Exposure time of fibers in reactor
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signal

Temp interval
°C

EXP
s

EE-time*
s

sine
sine
chirp
chirp
chirp
sine

24-25
50-49.3
49.6-49.2
52-52
50-48
48.1-47.7

180
180
240
180
360
360

20
20
27
20
40
40

4. Results and discussions:
1.2 Aluminum foil test
Cavitation intensity is temperature dependent. The aluminum disc tests were carried out at the
same electrical energy level input to the sonotrodes. In case of the batch reactor the exposure
time was 71 seconds and the electrical power was 75 VA. In case of tube reactor the exposure
time was 33 seconds and the electrical power input was 162 VA. In both cases the temperature
was 22oC and the excitation signal used was a pure sinusoid frequency. The tube reactor was
irradiated at 23.4 kHz and the batch reactor at 20.8 kHz. .
The erosion rate of aluminum foil discs as in Figure 2 and Figure3, become evident already
after 33 seconds when flowing through the tube reactor. Where as in beaker (both in free and
fixed situation of aluminum pieces) there was a very minute erosion almost invisible to the
naked eye. A greater erosion effect was observed when the aluminum foil is exposed a longer
duration. Hence, from the foil erosion images it is clear that aluminum discs in tube reactor
eroded much greater than in the beaker. This verifies the energy efficiency of tube reactor
design and its capability of a very intense cavitation effect.

Figure 2: Aluminum foil pieces exposed to ultrasound of 33 sec in the tube reactor.

Figure 3 Aluminum foil pieces exposed to ultrasound of 33 sec in the beaker reactor (a) freely dropped (b) fixed foil
pieces.

The pictures revealed the impact of ultrasound on the surface of the aluminum discs. Many
pores and damage were visible on the surface. The holes were bigger and the ultrasonic
cavitation effect was even stronger.
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1.3 Calorimetric
The glass beaker was filled with 330 ml of +55oC water and sonotrodes irradiated the fluid at a
frequency of 20.8 kHz and input power of 52 VA. The beaker was heat insulated. The set up
was left until thermal equilibrium was reached at 45oC. Then the ultrasound was switched on
for 20 minutes and the temperature rise in the beaker was recorded every 5 minute using two
thermocouple type of thermometers with an accuracy of 0.1oC. Figure 4, shows an almost
linear temperature raise for 20 minutes and a subsequent exponential temperature drop for 20
minutes when the sonication was turned off. The acoustic power was then calculated using
Eq.1. The experiment was repeated to assess the stability of the response. The acoustic power
resulting from calorimetry was found to be 13.2 W which leaves up with an efficiency of 25%,
calculated by applying Equation 3. Power density (Equation 2) was 0.156 W/cm3

Figure 4: Input power to the beaker reactor and corresponding internal temperatures.

In the case of the tube reactor, the outer stagnant volume was filled with 1.8 liter of degassed
water, and the inner tube (flow through volume) was filled with 0.25 liter. The reactor was
covered with a heat insulating material. This tube reactor was operated at a frequency of
22.4 kHz at the input power of 225 VA. The reactor was filled with water of temperature
58oC. The set up was left until thermal equilibrium was reached at 45oC. Then the
ultrasound was switched on for 20 minutes and the temperature rise in the tube was
recorded every 5 minute.
Figure 5, shows an exponential temperature raise for 20 minutes when ultrasound was on.
When switched off, the temperature drop was also exponential for the next 20 minutes.
The input acoustic power was then calculated using Eq. 1. The experiment was repeated
to assess the stability of response. The acoustic power determined from calorimetry was
81.6 W with energy efficiency of 36% calculated using Equation 3. The average power
density was found to be 0.125 W/cm3. However, from modelling the ratio between the
averaged squared pressure of the flow through volume and the stagnant volume is 250 ml,
indicating a 4.5 % higher power density in the flow through region.
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Figure 5: Input power to the tube reactor and corresponding internal temperatures.

1.4 Fiber treatment
The fiber treatment conditions are summarized in Table 4. The average fiber geometrical
properties were characterized by an L&W pulp analyzer. The impact on pulp properties was
determined by measuring the ultrasound absorption according to a validated method [31]. The
experimental pulp used for the verification of the cavitation effect on fibers properties was a
never dried type of birch fiber. The fiber suspension concentration was between 0.33 - 0.67%,
see Table 2 and 3.
The results in Figure 6 - 12 indicates that ultrasound controlled cavitation can alter the fiber
properties, both in the case of fixed fibers and free fibers. The variation between pulp samples
can be explained by different effects on the fiber structure. Analyzing the effects of sonification
of single cellulose fibers Iwasaki et.al defined four different effects: (D) deformation of fiber
wall; (S1) peeling off layer 1; (SW) Swelling of layer two; (F) Fibrillation of layer two (S2). The
results with respect to absorption is in the beginning effects of deformation and swelling [76].
Figure 6, 8 and 9 show the results of the completed absorption measurements. Differences in
absorption characterize changes in the fibers mechanical properties. .
Figure 6 show that the variation in attenuation when processed freely in the beaker is small but
increased, except for sample "BExp2" where attenuation is negative. Test BExp1 and 5 have
approximately the same attenuation. Test BExp3 has the greatest attenuation, which indicates
a change of fiber properties at an energy equivalent to 3452 kWh/bdt. In case of sample BExp3
the fiber suspension was exposed by a chirp signal within the frequency band of 20.5-21.5 kHz.
Increased attenuation in case of high power relates most likely to internal and external
fibrillation, as other fiber parameters do not change significantly. However, test BExp2 has a
significantly lower absorption which may be related to the lower sonification energy, since the
sonification signal type is the same. The chirp signal and the shorter exposure time used in
BExp2, however, give a higher peak power level .Figure 11 also shows that the mean fiber
length is significantly shorter than for the other test samples. This is in line with some earlier
experiments when absorption values lower than the reference was related to damage of fiber
walls. If that is the case here, it may be caused by the chirp signal, which creates a pulse like
rise of acoustic power. At 60°C the cellulose structure is still brittle and could be damaged by
misguided and too powerful cavitation.

8

Table 4: Energy conversion of beaker experiments.
Test
Nr
0ref
BEXP1
BEXP2
BEXP3
BEXP4
BEXP5
BEXP6
BEXP7
BEXP8
BEXP9
BEXP10
Exp1
Exp2
Exp3a
Exp3b
Exp4
Exp5

Type of
treatment
Free
Free
Free
Free
Free
Free
Fixed
Fixed
Fixed
Fixed
Fixed
Tube
Tube
Tube
Tube
Tube
Tube

fUS

signal

kHz
n/a
20.9
20.5-21.4
20.5-21.4
20.9
20.5-21.4
20.6
20.5-21.4
20.5-21.4
20.6
20.5-21.4
23.6
23.4
22.8-23.7
22.8-23.7
22.8-23.7
23.2

n/a
sine
chirp
chirp
sine
chirp
sine
chirp
chirp
sine
chirp
sine
sine
chirp
chirp
chirp
sine

Temp
interval
°C
21
50-52
50-51
51-52
50-52
50-51
49-50
50-51
51-52
50-52
51-52
24-25
50-49
50-49
52-52
50-48
48-47

EXP

Power

Energy

kWh/bdt

s
n/a
167
163
322
295
92
188
150
360
333
91
20
20
26,7
20
40
40

W
n/a
45
43
43
45
76
40
47
38
40
77
212
281
254
262
258
248

Ws
n/a
7515
6992
13813
13275
6992
7520
7050
13788
13320
7007
4240
5620
6773
5240
10320
9920

dry fiber
n/a
1941
1191
3452
2711
1773
1140
1068
1784
1851
1166
897
1388
1450
879
1846
2183

Figure6: Measured ultrasonic absorption of fiber suspensions sonicated in a beaker. The change of the normalized
attenuation indicates a change of the fiber mechanical properties.
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Figure 7: Length and width distribution of test samples: Ref, BExp1, Bxp3, and BExp 5.

The fiber types tested have been analyzed with L&W pulp analyzer, see Figure 7, 10 and
11. After the cavitation treatment, fiber suspensions were tested and analyzed to assess the
size and shape distributions. From Figure 11, we can infer that the change in fiber properties
of test samples BExp2 and BExp4 may be related to a delamination or other modification
of the fibers wall, which was indicated by the fibers ultrasonic absorption properties. It was
found that test BExp3, BExp5 and BExp1 had almost identical geometrical distributions,
see figure 7.
In Figure 8 the result of sonification of fixed fibers, denoted test BExp6 to Bexp10 is
presented. Test BExp6 has the highest attenuation, which indicates a change of fiber
properties at an energy equivalent to 1140 kWh/bdt. In case of test BExp6 the fiber
suspension was irradiated by a sinusoidal signal at 20.6 kHz. Increased attenuation relates
most likely to internal and external fibrillation, as other fiber parameters do not change
significantly by ultrasonic treatment. Test BExp10 has a lower absorption which may be
related to a delamination of the fiber's walls or other structural changes, caused by the chirp
signal with highest rms power. The chirp signals characteristics having a sudden increase of
power when hitting the systems resonance frequency, may have exceeded the suitable
cavitation intensity and caused fiber wall structural changes.
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Figure 8: Measured absorption of fiber suspensions treated in a beaker with sample cell. The change of the
normalized attenuation rate indicates a change of the fiber mechanical properties.

Figure 9 shows the result obtained from the sonication of fibers in the tube reactor set up,
denoted test Exp1 to Exp5. Test Exp3b has the largest attenuation, which indicates a change
of fiber properties at an energy equivalent to 879 kWh/bdt. In case of test Exp3b the fiber
suspension was exposed to a chirp signal at 22.8-23.9 kHz. The increased attenuation relates
most likely to internal and external fibrillation, as other fiber parameters do not change
significantly by ultrasonic treatment. Test Exp5 has a lower absorption, maybe related to
structural changes of the fibers wall, caused by the highest rms power and highest exposure
time. These characteristics may have exceeded the suitable cavitation intensity and caused
fiber wall structural changes. It was found that test Exp2, Exp3b and Exp4 had almost
identical geometrical distributions, see figure 10.

Figure 9: Measured absorption of fiber suspensions treated in a tube reactor. The change of the normalized
attenuation indicates a change of the fiber mechanical properties. Reduced absorption indicates a change in fiber
mechanical properties.

11

Figure 10: Length and width distributions of test samples: Ref, Exp2, Exp3b, and Exp4.

Figure 11: Fiber length and width distribution of (a) fibers floating freely sonicated in the beaker; (b) fibers sonicated
in the tube reactor.
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Figure 12: Comparison of measured absorption at 5 MHz. free fibers (top graph) and fixed fibers (bottom graph).
The middle panel refer to the experiments using a tube reactor.

Figure 11 and12, shows a comparison of the cavitation effect with fixed and free fibers in an
ultrasound beaker and ultrasound tube reactor. The maximum absorption was test BExp3 and
BExp6. The power used for these experiments was 3452 kWh/bdt (BExp3), 1140 kWh/bdt
(BExp6) and 879 kWh/bdt (Exp3b). This proves that with tube reactor and using chirp signal
give most energy efficient change of fiber properties.

5. Conclusion
The proposed continuous flow tube reactor concept enable an energy-efficient fibrillation of
cellulose fibers. The reactor type is two times more efficient than a standard beaker setup
irradiated by an ultrasonic horn at the same supplied electrical energy level. The proposed tube
reactor has an impedance matched coupling between the sonotrodes - tube wall structure –
degassed water jacket – and flow through volume that is maintained when high power is
applied. The flow through volume has a greater amount of bubbles by hydrodynamic effects
which maximize the cavitation intensity. This changes the acoustic properties of the sample
under test and therefore an adaptive regulation of excitation frequency and electrical power is
required. In the prototype reactor, fibers and water are divided into a pure water phase and a
fiber suspension phase of approximately 0.5% to 1% concentration by mass of fibers. It can be
concluded that, further analysis should be done on fibers to characterize tensile strength as well
as SEM analysis in order to further clarify the effect of cavitation on the structure of the fiber
wall. For future work, it is also proposed that the study is extended to include fibers from
different wood species and production process in studying energy efficient fibrillation.
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Abstract
Process intensification by hydrodynamic and acoustic cavitation aims for better recoveries and less energy use.
Previous research has shown the potential in using ultrasound for intensified leaching [1 - 3]. The idea is to
perform a leaching process at a much lower temperature than in the autoclave process currently used in the
industry. The proposed technique has also the potential to increase the recovery rate of the leaching process.
Despite the generally accepted benefits of ultrasound assisted leaching the method is not practiced in
hydrometallurgical processes. This is because the method is not fully developed and problems have been
encountered in the implementation in a larger scale. The technology is found to be unstable, have low energy
efficiency and in some applications, have a short lifespan. Energy efficient initiation and collapse of cavitation
bubbles requires optimization of: (i) vibro-acoustic response of the reactor structure; (ii) multiple excitation
frequencies adapted to the optimized reactor geometry; and (iii) flow conditions with respect to pressure and
temperature for the used leaching reagent. The objective is to fine tune a previous developed high power
cavitation reactor, to recover tungsten by leaching of a scheelite concentrate (5%) by sodium hydroxide (10M).
The numerically optimized reactor concept was excited by two frequencies 23 kHz and 39-43 kHz in
various flow conditions. The leaching reagent temperature was varied from 40°C to 80°C. Best test results
show that an energy supplement with acoustic cavitation of 130 kWh/kg concentrate, gives a leaching
recovery of tungsten by 56.7 %, to be compared to 38 % using conventional stirring at the same leaching
time (6h) and temperature (80°C). The results obtained, infer that the method is energy efficient, but that
even higher temperatures and static pressures may be necessary to achieve a leaching recovery rate better than
to today's autoclave technology.

1

Introduction

The project aims to improve the leaching process by utilizing hydrodynamic and acoustic
cavitation. Ultrasound controlled cavitation is known to give an accelerated leaching process
with higher yield at a lower temperature in comparison to existing technologies [1]. The
challenges are linked to up-scaling, robustness and energy efficiency. Target material in this
investigation is scheelite concentrate (CaWO4) that requires very severe leaching conditions
regarding temperature and pressure, i.e. autoclave leaching, and thus becomes energy intensive.
The objective is to optimize the process regarding cavitation intensity, excitation frequency, flow
conditions, temperature and input power using a previously developed cavitation reactor
concept. The project goals relates to:
1.

Optimized leaching recovery and kinetics as a function of temperature, input
electrical power, excitation frequency, solid concentration, and particle size

2.

Defined principles for reactor design, sensitivity analysis and upscaling.

1.1 Leaching by ultrasound
Intensification of leaching by high power ultrasound to generate transient cavitation has a great
potential in various possible applications within mineral processing and hydrometallurgy. Some
of the examples are a) Improved dispersion and mixing of mineral particles in suspension b)
cleaning and activation of particle surfaces by cavitation c) removal of the diffusion layer around
particles and micro-grinding by increasing the particle collision, etc.
Separation methods are often described as a kinetic process and show both an increased yield
and improved efficiency during ultrasound excitation. Metal extraction by a leaching process can
be more efficient with ultrasound assistance due to very high local temperatures, which increases
the solubility and diffusivity and high pressures, which favor penetration and transport, that occur
when cavitation bubbles form and collapse close to particle surfaces as shown in Figure 1.
When cavitation occurs in a liquid close to a particle the cavity collapse is asymmetrical and
high-speed jets of liquid are produced. However, parallel to the production of micro-jet effects
clouds of bubbles are also collapsed, thereby generating powerful shockwaves in the fluid.

Figure 1: Principle of ultrasound cavitation [4]. The initiated bubbles grow due to acoustic excitation
and evaporation and finally reach critical size (resonance) when it grows quickly and collapse violently.
The impact on the particle surface of these jets and shock waves are very strong and can after
interaction produce newly exposed and highly reactive surfaces. Additional effects are so called
secondary flows, known as acoustic streaming, which can remove reaction products from the
surfaces and thereby significantly reduce diffusion layers so that the leaching progresses faster [2].
Based on the properties given above ultrasound has the potential to be beneficial in
hydrometallurgy by improving both leaching kinetics and recoveries. The following two cases
can be identified where ultrasound could improve leaching:
Case 1: Leaching of minerals where leaching proceeds through the surface reaction controlled
mechanism characterized by a high activation energy. Minerals that fall into this category are
tetrahedrite, nickel laterites, scheelite, wolframite, etc. These types of minerals are typically
leached in autoclaves at elevated pressures (up to 20 bars) and temperatures (up to 240ºC) making
them highly energy intensive. Other examples are metallurgical by-products like slag, dust, etc.,
where speiss formed in base metal production is one example. The possibility to perform the
leaching at lower temperatures under atmospheric pressures has significant energy saving
opportunities [2].

Case 2: Leaching processes where leaching kinetics are slow due to the formation of diffusion
layers forming on the surface of the particles to be leached, i.e. through a diffusion controlled
mechanism. This is the case for leaching of chalcopyrite in sulfate solution where the chalcopyrite
surface with time is known to be passivated by the formation of a surface layer resulting in low
copper recoveries. Another example is during cyanide leaching for gold extraction where the
gold particles sometimes get covered by clay or oxide layers. In these cases, ultrasound can
remove these layers and give higher metal recoveries during leaching [3].
Despite these generally accepted benefits of ultrasound assisted leaching the method is not
practiced in hydrometallurgical processes. This is because that the controlled cavitation is not
fully developed and problems are encountered in the implementation on a larger scale. One
limitation often seen relates to the use of sonotrodes or horns directly inserted in the fluid.
Typically, when the power delivered to the reaction mixture increases, the rate of the reaction
increases to a maximum and then decreases with a continued increase in power [5]. A possible
explanation for the observed decrease at high powers is the formation of a dense cloud of
cavitation bubbles near the probe tip which acts to block the energy transmitted from the probe
to the fluid [6 and 7]. Another reason for not so good results over time is that the technology
can be unstable, often related to temperature dependence and changes of system response and
also the temperature of the fluid increases, acoustic propagation is changed and piezo material
becomes overheated. On the plus side is that this technology can produce results not achievable
otherwise.
To overcome identified challenges like need for up-scaling, increased energy efficiency and
better robustness, multi physical optimization are required. The last ten years of development of
multiphysic software enables extensive optimization of a highly coupled system for a specific
application. Good results, however, require close collaboration of several different areas of
knowledge. In contexts where energy costs are high, there is a particular need to optimize the
process, which largely applies to a leaching process, in which a reduced energy demand and the
faster process is a prerequisite for profitability.
1.2 Hydrodynamic and acoustic cavitation
The reactor principle is based on a two-step cavitation procedure [8]. First cavitation bubbles are
initiated by flow through a nozzle and then collapsed by high intensity ultrasound in a resonant
chamber. To maximize the cavitation intensity, the process temperature must be optimized with
regard to static pressure and the boiling temperature of the leaching reagent.
Achieving transient cavitation requires knowledge of how different excitation mechanisms and
resonance principles can interact and be optimized [9 – 13]. The reinforcement required can be
partially achieved through resonance by geometrical optimization of the surrounding structure
and fluid volume, i.e., excitation frequency is tuned in relation to the wavelength in a defined
volume. To achieve a high efficiency of energy transfer from the electrical power to the impact
on the leaching process, a number of development and optimization steps are needed. The most
fundamental aspects are:
a) Feeding techniques to initiate cavitation bubbles and to maintain an even distribution
of solid mineral particles in the leaching solution,
b) Optimization and adaptation of number of interconnected resonant systems and
c) An energy efficient ultrasonic excitation principle to create the transient collapse of
oscillating cavitation bubbles.
With the help of experimental investigations a number of factors important for the leaching
process have been identified like for e.g., chemical and mineralogical composition of the
material, type of leaching reagent and its concentration, solid concentration and density of the

pulp, mineral particle size distribution and surface area, flow rate, supplied cavitation intensity,
temperature, and static pressure.
The process can be seen as a chain of components and aspects coupled to each other that needs
to be optimized. The goal is an efficient conversion of electrical power to resonance enhanced
ultrasound and mechanical energy on the solid in the leaching reagent. The input electric power
is controlled by feedback to the signal generator, via measurement outside the fluid volume
(pressure signal's frequency spectrum). Flow and static pressure are used as control parameters for
creating a stable operating condition, as in Figure 2. Minimizing the overall loss factor is a critical
aspect for optimal results. To maximize cavitation intensity, a combination of two to three
excitation frequencies is likely the best option [12, 13]. Up-scaling is possible by extending the
reactor tube, and by connection of several tubes in parallel or series.
There are several possible effects that cause an intensified leaching. One is that cavitation bubbles
are collapsed near or on the surface of the particles in the leaching solution. The other likely
effect is that bubbles form clouds and generates shock waves when collapsed. A possible
important aspect for an energy efficient leaching process is to collapse cavitation bubbles
proportional to the size of mineral particle structures. Mineral concentrates have typical particle
size distributions within the range 10-100 μm. The bubble sizes of importance are related to the
3rd to 9th harmonics o f t h e excitation frequencies in the range of 20-40 kHz. Increasing
excitation frequency reduces the size of cavitation bubbles.

Figure 2: Conversion of electrical power into mechanical energy in the form of vibrations and sound waves
to excite and collapse cavitation bubbles on the Scheelite emerged in the leaching reagent. Excitation
frequencies, temperature, flow conditions and static pressure are control parameters for creating stable and
optimum operating conditions.

2

Methods and Procedure

2.1 Material
The object is a concentrate of scheelite (CaWO4), an oxide mineral which is generally a difficult
to leach mineral. In industrial processes, scheelite is leached in autoclaves at temperatures around
200ºC in alkali solutions that can be either sodium carbonate or sodium hydroxide. Alkali
concentration during leaching is high and thus gives a highly viscous leaching solution. The
expected reaction formula is defined as follows:
2NaOH(aq) + CaWO4(s)

Na2WO4(aq) + Ca(OH)2(aq)

The scheelite concentrate had a d50 and d90 of 24.96 and 78.43 μm, respectively. The leaching
reagent, sodium hydroxide, was at a concentration of 10 molar and the scheelite concentrate was
mixed in the leaching reagent at a solid content of 5%. The total volume for each test was 220
mL.

2.2 Leaching procedure
The developed reactor principle utilizes a combination of hydrodynamic and acoustic controlled
cavitation (Figure 3). The developed reactor is a flow through type both numerically and
experimentally optimized [8, 14]. The two stage design including both an adjustable nozzle and
a subsequent acoustically excited resonant reactor volume at fixed frequencies (Figure 3). The
reactor is developed to take advantage of structural acoustic resonance amplification. The reactor
shell consists of a 10 mm thick tube of stainless steel which is excited by nine sonotrodes. The
sonotrodes, which consists of a resonant structure and integrated piezo-ceramic elements (Figure
4), are excited by electrical signals that vary over time. In this study, the excitation signals were
limited to pure sinusoids at fixed frequencies optimal for the reactor design.
The outer tube wall vibrations are coupled to the contained fluid at the so called critical
frequency. That is a frequency where bending waves of the tube couples most efficiently to the
sound waves of the fluid. At the critical frequency, the bending wave speed equals the speed of
sound in the fluid. The outer tube diameter was chosen to get both a radial standing wave in the
fluid as well as a breathing mode of the tube shell, see Figure 5. Powerful excitation of the reactor
walls, aim for an efficient and controllable cavitation intensity of the leaching reagent flowing
through the inner tube. The goal of the geometrical design is to create high vibration amplitude
in the tube wall that generates a high sound pressure variation along the symmetry line of the
reactor volume. The cavitation intensity is proportional to the sound pressure level.

Figure 3: Principal design of the developed ultrasound controlled cavitation reactor.
The reactor was FE-modeled in 3D using COMSOL Multiphysics®. By extensive numerical
optimization, four different resonance phenomena were unified to a coupled resonance [8]. The
leaching reagent was modeled by the impedance properties of sodium hydroxide and an
experimentally determined loss factor. The system response at resonance is controlled by the loss
factors in the system. The loss factor for each resonance mode is determined by impedance
measurements on the voltage and current signals feed to the sonotrodes using a chirp signal.

Figure 4: Geometrical configuration of the optimized tube reactor: a) Cross-sectional view of the
reactor. b)side view of the reactor c) Meshed model of the reactor for multiphysics finite element
optimization of sound pressure response.
Figure 5 shows the simulated frequency response of the reactor when excited with two different
types of Sonotrodes tuned to 22 kHz and 37 kHz. Calculation was performed with stepwise
sinusoidal excitation, giving the linear system response at each frequency. At the resonance
frequencies, the corresponding modes gives a high cavitation intensity in the central region of
the reactor, see Figure 6. The maximum input power at the excitation frequencies were 250
VArms at 22.6 kHz, and 200 VArms at around 40 kHz. The power conversion efficiency of the
water filled reactor and no flow, was 36% (determined by calorimetric test [15]). The
performance was verified by foil tests.

Figure 5: Estimated linear frequency response (calculated stepwise for one frequency at the time) for
FE-modeled and optimized cavitation reactor. Pressure response is determined along the central line
of the reactor, with a loss factor of 2% (experimentally determined). In the real application, the pressure
response to a pure sine become non-linear and the excitation signal become distorted, seen as a harmonic
spectrum in frequency domain.

Figure 6: FE-calculated pressure response of optimized reactor geometry at 21.8 kHz (a) and 37.1
kHz (b);. The sound pressure level relates to linear acoustic modeling at low input power. However,
in reality the response at a single excitation frequency reaches about 190 dB. Due to non-linear effects
the total frequency response is seen as a wide harmonic spectrum well beyond 100 kHz, where most
of the harmonic amplitude values reach levels of 185-190 dB.
The mineral suspension flows through a separate PVC-plastic tube (Øi=16mm) centered in the
water-filled reactor (Figure 7). Before entering the reactor cavitation bubbles are initiated by
flow through a specially designed nozzle. The nozzle function can be varied by changing the
orifice plate, which is a 5-15 mm thick cylindrical disc with a number of small holes in three
different geometrical patterns [16], see Figure 8. The basic idea with the orifice plate is to create
a local velocity and pressure change, which together with flow friction through the narrow holes,
initiates cavitation bubbles. In the second intermediate stage, the bubbles are furthered excited
and collapsed in the resonance amplified reactor volume [14].
For each test, samples from the leaching solution were taken every hour. The fluid flowing
through the reactor system had a total volume of 220 ml, where 33% were within the acoustic
cavitation reactor. Each sample taken was 1.5 ml, using a pipette that was inserted into the
temperature controlled mixing container. The taken sample was then filtered using a 0.45 μm
syringe-filter setup. The filtered solution was analyzed for tungsten through ICP-OES

Figure 7: a) Measurement setup for intensified leaching by hydrodynamic and acoustic cavitation b)
Photo of the measurement setup for leaching of scheelite using sodium hydroxide as leaching reagent.

Figure 8: Orifice plates M1, M2 and M3 designed, tested and evaluated during experimental
optimization.
2.3 Experimental design
Optimum performance regarding the reactor for acoustic and hydrodynamic cavitation requires
a multivariate tuning procedure. There is a critical linkage between the leaching solution and
solid material regarding cavitation intensity, excitation frequency, and flow conditions. Factors
of importance are exposure time, temperature, excitation frequency, input power, static pressure,
flow characteristics and concentration. All factors were monitored and feedback controlled
during the experiment. The optimization strategy (Table 1) referred to:
x

Process parameter optimization for energy efficient leaching of tungsten from scheelite
concentrate (with a given size distribution) by acoustic cavitation

x

Evaluation of different flow conditions and nozzle geometries regarding hydrodynamic
cavitation

Table 1: Experimental design for optimized leaching by hydrodynamic and acoustic cavitation.
Test
(No)
1
2a
2b
3a
3b
4
5
6
7
8
9
10
11

3

US f1 US f2 Flow rate
Flow
(kHz) (kHz) (lit/min) direction
23
23
23
23
23
23
23
23
23
23
23
23

------39
39
39
39
39
39
39
39
39

0.53
0.53
0.53
0.53
0.53
0.53
0.53
0,53
0,53
0,53
0,80
0,80
0,80

Bo-Up
Bo-Up
Bo-Up
Bo-Up
Bo-Up
Bo-Up
To-Do
To-Do
To-Do
To-Do
To-Do
To-Do
Bo-Up

HC
(type)

US power
(VARMS)

Temp (°C)

Exp Time
(Hours)

No
No
No
No
No
Yes M1
No
No
No
No
Yes M2
Yes M3
Yes M3

50
100
200
100 / 100

40
60
60
60
60
60
60
60
60
80
60
60
80

5
5
5
5
5
5
5
5
5
5
3
3
5

200 / 200
200 / 200
0
250 / 250
200 / 200
200 /200
200 /200
200 / 200
200 / 200

Results

The ultrasound cavitation reactor was adapted to handle a highly concentrated leaching reagent
(10 M sodium hydroxide). Tests were conducted at 38, 60 and 80°C at varying flow conditions,
input powers and excitation frequencies. The excitation signals were adapted to the reactor's
experimentally optimized frequency response at around 23 kHz and 40 kHz. The temperature
60° C was selected for comparison with reference data.
Table 2: Experimental details and summary of results with respect to tungsten (W) recovery [%].
Test
(No)

a)
b)
c)

US f1
(kHz)

US f2
(kHz)

Flow
(l/min)

Flow
Dir

HC

US
Power
(VARMS)

Temp
(°C)

Exp
Time
(h)

Chem
W
(%)

US+Chem
W
(%)

1

22.9

---

0.53

BoUp

No

36.2

38

5

3.7

5.1

2a

23.0

---

0.53

BoUp

No

104

60

5

19.1

18.3

2b

23.4

---

0.53

BoUp

No

210

60

5

19.1

20.3

3a

23.1

39.0

0.53

BoUp

No

120/110

60

5

19.1

17.0

3b

24.1

43.1

0.53

BoUp

No

220 /200

60

5

19.1

23.2

4

23.8

43.5

0.53

BoUp

YesM1

190 /170

60

5

19.1

20.4

5a

-

-

0.53

ToDo

No

0

55

5

19.1

9.6

a,b

6

23

41

0.54

ToDo

No

250/220

60

5

19.1

15.8

7a,b

22

39

0.54

ToDo

No

200/200

60

5

19.1

16.7

8a,b

22

39

0.54

ToDo

No

200/200

77

3 (5)

(26.1)

25.5 (31.1)

9a,b

22

39

0.80

ToDO

YesM2

200/200

65

3

14.5

19.1

10a,b

22

39

0.80

ToDo

YesM3

200/200

65

3

14.5

21.4

11c

22.3

39.6

0.80

BoUp

YesM3

220/150

80

3 (5)

(26.1)

34.2 (53.1)

Experiments with different flow direction (top/down) since bigger mineral particles was trapped at the orifice plate in test 4
Re-designed sonotrodes, since piezo properties changed during long term exposure
The final test was performed in a bottom-up flow direction, where bubbles goes with the flow and heavier particles stays longer time

From the results summarized in Table 2 it can be concluded that the recovery rate is dependent
on process temperature, input acoustic power and flow conditions. The results from 5h exposure
span from 3.7% recovery in case of 38°C and chemical reactor leaching, to 53.1 % recovery in
case of hydrodynamic and acoustic cavitation at 80°C. In the latter case using 370 VARMS input
electrical power at two different ultrasound excitation frequencies.
Figure 9 represents the temperature effect on recovery rate, which increased from 5.1% at 38°C
to 9.4% at 55°C, when only flowing around in the reactor. In case of only chemical reactor
leaching, the recovery rate increased from 3.7% to 26.1% when temperature was increased from
38°C to 80°C. Recovery rate increased from 5.1% (38°C) to 31.1% (77°C), in case of acoustic
cavitation (flow but no hydrodynamic cavitation).

Figure 9: Leaching recovery of tungsten (W) from Scheelite, with respect to process temperature

Figure 10 indicates the effect of input power on the recovery rate of tungsten. At 100 VARMS
power and a single frequency excitation (23.4 kHz) at 60°C, the recovery rate after 5 hours
exposure was 18.3 %. Increasing input power to 210 VARMS at a single frequency (23.1 kHz),
increased recovery rate to 20.3%. A doubling of the input power to 420 VARMS, by excitation
of two ultrasound frequencies, the recovery rate reached to 23.1%.

Figure 10: Leaching recovery of tungsten (W) from Scheelite, with respect to input power and number of
excitation frequencies.

Figure 11 shows the effect of flow conditions and hydrodynamic cavitation. The flow direction
gave the most pronounced effect, which might be obvious. The flow against gravity gets a
recovery rate that is almost 50% better. The top-down flow gives in average 16% recovery and
bottom-up flow gives more than 20% recovery in a case of 400 VARMS and two excitation
frequencies. The better result for bottom-up flow is most likely due to the advantage of the
gravitation effect, which keeps heavier particles longer time inside the reactor.

Figure 11: Leaching recovery of tungsten (W) from Scheelite, with respect to flow condition and hydrodynamic
cavitation.

In case of hydrodynamic cavitation, the test results did not fully explore the benefit of bottomup flow direction. The top-down flow tests when using orifice plates M2 and M3 gave a better
recovery rate (19.1 - 21.4% after 3h) compared to bottom-up flow with orifice plate M1 (20.4%
after 5 h). The reason to believe in bottom-up flow direction, was the fact that nozzle M1 did
not work properly. When the reactor was dismantled after Test 4, it was seen that bigger particles
have got stacked in the volume before the orifice plate. Therefore, the orifice plate was replaced
by M2 and M3 (Figure 8). In similar test conditions M3 gave better recovery than M2, so the
final test was made with bottom up flow direction using orifice plate M3 at a temperature of
80°C. The final result (Test 11) verified the choices made and showed a significant improvement
in recovery rate (53.1 % after 5h and 56.4% after 6h). The 56.4% tungsten recovery was obtained
by an energy supplement equivalent to 130 kWh/kg scheelite concentrate. A chemical reactor
test, when stirring 220 ml of the leaching reagent at the same temperature and exposure time,
gave 38 % recovery of tungsten.

4

Discussion

A limitation in the experimental setup was that the volume of the cavitation reactor only
represented 33% of the total circulating volume. This means that the energy supplied to the
material to be leached can be more than doubled in an up-scaled reactor geometry (longer tube),
thereby increasing the yield for a given exposure time. A longer reactor (vertical orientation)
also means a natural increase in the static pressure in the system.
A specific problem during tests was overheating. One aspect was a too soft piezo material (pzt27]
that became stiffer over time, which altered the resonance frequencies of the sonotrodes.
Therefore, the sonotrodes needed to be modified after Test 4 by increasing the length of the

supporting masses by 2.0 mm. The other aspect of overheating was due to a too high input
power and the fact that process temperature of 80°C requires additional cooling of the
sonotrodes.
A possible improvement when hydrodynamic cavitation becomes more pronounced is to tune
the higher excitation frequency differently. Despite the good recovery rate of Test 11, the input
power at 39 kHz was low, due to some impedance miss-match. One hypothesis is that the
impedance of the inner tube structure changed, which had a negative impact on the response of
the sonotrodes used for the excitation frequency 39 kHz.
In general, an even higher process temperature may be needed, which require better heat
insulation and over pressure of the water volume inside the reactor. However, the leaching
reagent may not need over pressure, if a process temperature of 80-90 degree is enough. The
optimal process temperature is in proportion to the boiling temperature of the leaching reagent
(137°C for NaOH, 10M). Finally, a higher flow rate is may be needed to take full advantage of
the hydrodynamic cavitation effect induced by the designed orifice plate M3.

5

Conclusions

The objective with the ongoing project was to fine-tune a scalable reactor concept 43r34u])
with respect to leaching of scheelite, a mineral known to be hard to leach. The leaching reagent
was a mix of sodium hydroxide (NaOH, 10M) and 5% scheelite concentrate. The focus was on
optimizing the recovery of tungsten on basis of acoustic cavitation intensity, process temperature
and flow conditions.
Best test result shows that an energy supplement by hydrodynamic and acoustic cavitation of 131
kWh/kg concentrate, gives a leaching recovery by 56.4 % after 6h exposure at 80°C. The result
can be compared to a 38 % recovery when using conventional stirring at the same exposure time
and temperature [19]. The supplemented energy by acoustic cavitation seems to increase
recovery rate proportional to higher process temperatures. This is most likely caused by
collapsing bubbles, which generates an increase of microscale temperatures and removes diffusion
layers by shockwaves and micro-jets.
However, longer exposure time and a higher process temperature are necessary to achieve a
leaching recovery rate corresponding to today's autoclave technology. The long-term target is
to maximize the recovery rate of tungsten (>90%) from the scheelite concentrate.
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